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PREFACE 
 

Seldom do professionals and laypersons exchange in writing technical information even though doing so could ben-
efit all participants. Itôs a missed opportunity when family Bromeliaceae is the subject, and the would-be consumers are 
botanists, commercial growers, and hobbyists. For these individuals, one of the greatest of the impediments is a dichoto-
mized literature with technical data and jargon-rich narratives served up for the first audience and for the second a more 
casual less exacting mix. Itôs this special issue of Selbyana that represents my effort to help narrow this gapðto author a 
publication useful for individuals with different levels of preparation and different reasons for wanting to know more 
about where the bromeliads came from and how they operate today. Itôs my hope that every reader whatever their incen-
tive will find its contents useful and perhaps even inspiring enough to prompt further inquiry into the evolution and per-
formance of this fascinating group of plants.  

The information presented in the introduction to Bromeliaceae and the following ten topical essays occasionally is 
redundant and the cross-referencing extensive compared to the number of citations that require consulting the primary 
scientific literature. Itôs a tactic designed to make as self-contained and explanatory as reasonable what some individuals 
might consider a rather daunting body of information. As compensation, anyone wishing to explore many of the covered 
subjects in more detail can consult the bibliography. A glossary tailored for the non-specialist further ties the contents of 
this volume of Selbyana into a higher order whole by including examples drawn from Bromeliaceae. Where reliance on 
a rarified term cannot be avoided itôs usually defined at first use. Several of the essays could serve as a basis for a work-
shop or mini course. The artwork, except for some of the photographs, is original with the author. 

Most of the facts contained in the following essays first appeared in dozens of what already is a substantial and 
growing collections of publications that comprise the scientific literature devoted to bromeliad biology. Given that a nar-
rativeôs impact can be diminished by too many citations Iôve cited only enough such reports to illustrate the kinds of 
questions being addressed and methods employed by todayôs plant scientists. Treatments that deal with photosynthesis, 
mineral nutrition and water relations prevail because these are the aspects of botanical structure and function that most 
decidedly place Bromeliaceae ahead of most of the other angiosperm families as ecologically mega-diverse and the 
home of some of the plant kingdomôs most impressive practitioners of unusual, sometimes even novel, lifestyles. Ex-
cluded because they don't figure prominently in the presentations are publications concerned primarily with horticulture 
and taxonomy. Those reference that are included are accompanied by summaries of their contents.    

Below are examples of the kinds of questions raised in this special issue of Selbyana most of which relate to sub-
jects treated in the final six of the ten essays.  

 

1. How close are the most highly derived of the atmospheric bromeliads to the limits of botanical specializa-
tion? Are their eco-survival bandwidths accordingly narrow? 

2. How vulnerable are the bromeliads to global change, particularly to climate change and to over fertilization 
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by rising concentrations of atmospheric CO2? What about the effects of twice the amount of naturally oc-
curring reactive nitrogen? 

3. Is the physical miniaturization exhibited by the most diminutive of the atmospheric bromeliads part of an 
adaptation to twig epiphytism? 

4. Is there functional significance to the banding and other foliar ornamentations that occur so widely among 
the tank-bearing members of subfamilies Bromelioideae and Tillandsioideae and if so, what is it? 

5. How do the microflora (= microbiome) that resides in a bromeliadôs phyotelma (= tank) assist its nutrition 
and promote its welfare in general? What substances are exchanged, and is a capacity to utilize organic ni-
trogen a special trait exclusive to tank-mediated nutrition? In what ways do the tank bromeliads render their 
phytotelmata hospitable to beneficial fauna as well as useful microbes? 

6. Has epiphytism guided bromeliad speciation and if so how? 

7. What triggered the crown radiation of Bromeliaceae beginning about 20 million years ago? 

8. What conditions (selective pressures) favored refinement of the bromeliad trichome? How does this minute 
epidermal appendage play such a pivotal role for many bromeliads under so many different circumstances? 

9. Why has the phytotelm shoot been such a powerful driver of success for Bromeliaceae when presence of a 
similar device in other families (e.g., Asteliaceae) has not? 

10. How would the woodland ecosystems that host abundant bromeliads respond if these plants were reduced 
in number and taxonomic diversity or eliminated by global change? How would system wide processes like 

nutrient cycling and retention and photosynthesis be ÁÆÆÅÃÔÅÄȩ 
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ESSAY AA: I NTRODUCTION 
More than two thousand years ago a curious Greek 

philosopher exclaimed ñhorror vacuiò upon observing 
how air behaves when subjected to different pressures. 
What Aristotle discovered on that occasion remains with 
us today embodied in the familiar axiom ñNature abhors a 
vacuumò. Had this ancient scholar been privy to the con-
tents of this special issue of Selbyana he could have add-
ed that life as well is a space fillerðin this case a filler of 
inhabitable spaceðand even better that life creates more 
of the same. Such a revelation would have been eminently 
defensible given that of all of the hundreds of families of 
flowering plants few matches Bromeliaceae as a doer of 
both deeds. To appreciate why this is so we need only 
examine its members many of which qualify as ecological 
engineersðas plants that inordinately influence the struc-
ture and dynamics of the ecosystems of which they con-
stitute exceptionally influential parts (Benzing 2000).  

Better than half of the bromeliads obtain what they 
need to grow and reproduce in peculiar ways and from 
unconventional sources. In addition, they do so under 
conditions that often exceed in harshness and deprivation 
those experienced by most land-dwelling flora. Moreover, 
itôs not just the epiphytes and lithophytes that account for 
the familyôs extraordinary success as  creators of habita-
ble space, but also many of its soil-rooted terrestrials. Itôs 
what evolution has wrought for the most specialized of 
the bromeliads relative to their capacity for stress-
defiance and ability to colonize space largely devoid of 
other vascular flora that receives top billing in the follow-
ing ten Essays. Featured as well is the unequaled recruit-
ment of life-sustaining assistance from mutualistic biota 
that range from microbes to mammals.  

The following ten narratives are crafted to serve two 
not entirely distinct audiences. The first consists of seri-
ous hobbyists and professional growers and the second of 
botanists and practitioners of related academic disci-
plines. Individuals who fit the first description should 
consider the following brief profile of Bromeliaceae prep-
aration for the subsequent more detailed presentations all 
of which require some knowledge of basic botany. A 
more elaborate than usual glossary is provided to assist 
these less seasoned readers. Essays A-D being the most 
straightforward of the lot will prove particularly useful for 
the non-specialist, whereas the better prepared consumers 
upon reading E-J may discover new and productive ways 
of thinking about subjects with which they already are 
quite familiar.  

Vital statistics, origins, and phylogeny  

 Bromeliaceae probably achieved its status as a dis-
tinct family, which means when it became recognizable 
by todayôs taxonomic criteria, sometime early during its 
crown radiation meaning somewhere around 20 million 
years ago (Figure 1AA). The daughter lineages produced 
as this event unfolded owe their existence to a stem line-
age whose own beginning dates back to yet an earlier ex-

pansion. The familyôs evolution to become what we see 
todayðclose to 3600 species assigned to more than 75 
genera distributed unequally among eight subfamiliesð
occurred as Planet Earth was undergoing a prolonged pe-
riod of cooling that 2.6 million years ago gave way to the 
Pleistocene Epoch with its abruptly alternating glacial and 
warmer climates that fostered additional speciation within 
what by that time were the familyôs current subfamilies, 
down to and including many if not most extant (= living) 
genera. Additional promoters of diversification beginning 
in the Pliocene Epoch were mountain building (= oroge-
ny) and repeated marine transgressions and retreats 
caused by fluctuating sea levels. The increasingly recog-
nized important role played by hybridization, past and 
present, in bromeliad evolution is aired in Essay E.  

Proto-Bromeliaceae wasnôt alone in its response to 
the Pliocene-Pleistocene, geologic/climatic dynamic, but 
it certainly ranked among the most profoundly affected of 
the impacted flora. Particularly favorable for its robust 
crown expansion were the repeated oceanic intrusions 
that submerged from several directions much of South 
Americaôs extensive low-lying interior. The break ups 
(vicariance; see Essay E) of what had been wide ranging 
populations and the subsequent divergence to new species 
status of many of the fragments remains evident today in 
the high incidence of endemism among the bromeliad 
communities of the north and central Andes, the Brazilian 
Shield/Atlantic Forest region and the Guayana Highlands 
of northern South America. An area farther north that in-
cludes much of Mexico, parts of the Caribbean, and Cen-
tral America turned out to be yet another site of exuberant 
diversification in this instance involving components of 
early subfamily Tillandsioideae other than those whose 
descendants would end up centered within what today is 
the Atlantic Forest biome and neighboring drier land-
scapes. 

According to whatôs known about angiosperm phy-
logeny the stem lineage fated to become Bromeliaceae 
evolved slowly at first (exhibited status) within nascent 
order Typhales. Still uncertain is what triggered its even-
tual quickened pace. Was the impetus the acquisition of 
what now are one or both of the familyôs signature attrib-
utes they being the leafy tank and the absorbing tri-
chome?  More likely what favored the vigorous speciation 
and adoption of the unusual life strategies (e.g., atmos-
pheric epiphytism) featured among several of its younger 
lineages (e.g., core Tillandsioideae) was a coincidental 
coming together of these two plus additional more com-
mon place traits a number of which are identified below 
and more fully described in Essays A, B, F, H. 

The brocchinioid lineage being relic within and sister 
to the rest of its family provides a suggestive look-back at 
why Bromeliaceae became exceptionally diverse in terms 
of its vegetative structure and function and ecology 
(Figure 1AA). Most revealing among its survivors (20 
species all assigned to Brocchinia) is a suite of unusual 
enablementôs several of which occur as more refined ad-
aptations among the members of one or more of the fami-
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Figure 1AA: A DNA-based phylogeny of Bromeliaceae that reveals the relationships among representative genera and the 
eight subfamilies.  
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lyôs more recently emerged lineages. Particularly provoc-
ative are carnivory, feeding by ants, mineral nutrients de-
rived from litter and animal waste, absorbing foliar tri-
chomes, phytotelms, and much diminished dependence on 
roots. The outstanding question boils down to this: is the 
hyper-diverse sometimes novel ecology manifested by 
todayôs Bromeliaceae attributable to life history influenc-
ing traits already expressed when the family embarked on 
its crown radiation?  

To be a bromeliad usually means being a slow grow-
ing perennial herb (= no woody tissues present) that re-
quires no less than 2ï3 years for initial flowering. Repeat-
ed flowering (= polycarpy) comes close constituting a 
second family norm where each ramet (= secondary 
shoot) following the seedling shoot needs at least a full 
year to mature plus several more to ripen its single crop 
of fruit and export to daughter ramets unexpended nutri-
ents (Figures 2AA, 4AA). The familyôs few monocarps 
(= plants that flower but once) require a decade or more 
to marshal the resources necessary to fuel that single life-
ending reproductive effort with some Puya spp. rivaling 
for longevity the century plants of family Agavaceae. 

Bromeliaceae also demonstrates much mosaic evolution. 
While the groupôs propensity to exploit resource-deficient 
hence stressful habitats often is aided by a major reorgan-
ization and refinement of the vegetative body, its flowers, 
fruits, and seeds remain relatively faithful to ancestral 
conditions (Figures 1C, 2ï3D). 

The familyôs DNA-determined phylogeny further 
reveals that homoplasy (= convergent and parallel evolu-
tion and the loss and gain of body parts) explains the tax-
onomically separated multiple occurrences of much of the 
peculiar morphology and physiology that defines its mod-
ern condition (Figures 1ï5AA). For example, the phy-
totelm-bearing (= tank equipped) shoot has arisen sepa-
rately in subfamilies Bromelioideae, Brocchinioideae, and 
Tillandsioideae and foliar trichomes capable of supple-
menting to fully replacing absorbing roots occur in Broc-
chinioideae and Tillandsioideae and to a lesser degree in 
Bromelioideae (Figure 3AA). CAM-type photosynthesis 
has evolved much more frequently sometimes followed 
by its diminishment presumably as the effected lineage 
experienced shifted growing conditions. Today, many 
closely related species differ on this basis with one or 
more conducting CAM and the balance the more basic C3

-type mechanism (Essay A). Additional homosplasic 
traits include carnivory, drought-deciduousness, and myr-
mecotrophy (= plant feeding by ants), epiphytism, and 
much having to do with sexual reproduction most notably 
floral peculiarities harmonized to encourage visitations by 
bats, birds, and representatives of numerous categories of 
insects (Figure 3D). 

Vegetative morphology 

It can be difficult to identify the oldest of the multi-
ple body plans that the members of a broadly diversified 
clade (= a group comprised of all of the species derived 
from a common ancestor i.e., a stem lineage) often dis-
play, but fortunately Bromeliaceae doesnôt pose this chal-
lenge. Whereas the earliest monocots possessed primitive 
dicot among their monocot features the stem group re-
sponsible for the familyôs crown radiation probably did 
not. More likely, its members already exhibited the famil-
iar strap-shaped, parallel veined foliage with sheathing 
bases and a fibrous root system (Figures 2, 4AA). The 
stemôs vasculature, rather than forming a continuous ring 
as for most of the modern dicots probably occurred as it 
still does among the extant monocots as a series of scat-
tered discrete bundles each of which consists of water 
conducting xylem and food transporting phloem tissue 
(Figures 2AA, 4AA).  

The short-stemmed non-impounding shoot exempli-
fied by predominantly terrestrial and lithophytic genera 
(e.g., Fosterella, Pitcairnia) almost certainly most closely 
resembles the familyôs prototypic body plan. If so, the 
pattern of growth described under the previous heading 
hasnôt changed much over considerable geologic time, 
which is to say that most of the living bromeliads remain 
modular with each subunit (ramet) consisting of a com-
pact shoot that ends its growth by producing a terminal 

Figure 2AA: The leaf anatomy of a tank-bearing brome-
liad illustrating gas exchange through stomata. The different 
sized arrows indicate that the transpiration ratio (the amount of 
H2O expended relative to the quantity of CO2 fixed during 
photosynthesis) being so large presents the most serious liabil-
ity for plants that live on land (Essay A). Note that in addition 
to the moisture stored in an open leafy tank (phytotelm) the 
leaves contain water storage tissue that contracts during 
drought as it releases its contents to keep adjacent photosyn-
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inflorescence plus one or more axillary buds destined to 
become the next in a series of ramets produced by a kind 
of branching labeled sympodial (Figure 4AA). Leaves 
that are most often born in a tight spiral elongate from 
basal meristems, which makes the individual appendage 
oldest at its tip and youngest just above its point of depar-
ture from the supporting adventitiously rooted stem 
(Figure 7F).  

The body type just described is exceptionally versa-
tile as demonstrated by its support of numerous  lifestyles. 
The version faithful to the phytotelm design grants access 
to enough moisture and nutrients from a variety of 
sources to enable its owner to abandon soil for anchorage 
on substrates that need provide nothing more than me-
chanical support, a host (= a phorophyte) for instance (for 
the epiphytes), or an expanse of solid rock (for the litho-
phytes). Here and there the basic modular arrangement 
has given way to its unitary alternative as a means in a 
few instances to achieve tree-like proportions. Itôs here as 
well that thick rigid walled cells derived from an apical 
meristem, as for the palms, have proven equal to the di-
cotôs wood for strengthening the robust stems and heavy 
crowns of the sentinel-like Puya spp. and Brocchinia mi-
crantha (Figure 4AA). Itôs also worth noting that a hand-
ful of small-bodied species produce axillary inflores-
cences (e.g., Tillandsia complanata). 

Four traits stand out among the many that underlie 
bromeliad success as epiphytes, lithophytes, and terrestri-
als native to arid and/or nutrient-deficient habitats.  The 

Figure 3AA (also see Figure 4F): The foliar trichome. 
A, B illustrate the type born by many atmospheric bromeliads 
sectioned to show how the wing of its cap flexes up and down 
as the more centrally located of its cells swell and shrink as 
the leaf surface to which it is attached alternately is moistened 
and dries. In effect, sculpted lower cell walls opposed by 
equally rigid complimentarily shaped upper walls joined to-
gether by flexible radial walls allow the thick central portion 
of the cap to rise and fall thereby controlling what can enter 
but not exit the leaf interior along the chain of living cells that 
comprise the trichome stalk. The cap depicted in B is only 
partially collapsed to better illustrate its action. The caps atop 
the trichomes born by three tillandsioid species (C = Tilland-
sia ioantha, D = Catopsis nutans, E = T. tectorum) are includ-
ed to illustrate how this structure varies across the subfamily 
plus a fourth (F) to show the less concentrically organized 
structure of the caps that characterize most other Bromeliace-
ae.  

Figure 4AA: The shoot and root morphology of a tank-
bearing bromeliad. Note how the roots exit the stem well below 
their points of origin and that they occur interspersed among the 
stem vascular bundles that comprise the stele from which they 
originate. The apical meristem of the shoot is shown intact and 
sectioned. 
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first three being a greatly diminished root system, a tank-
equipped (phytotelm) shoot and the absorbing trichome 
involve botanical structure and function (Figures 2AAï
4AA, 7F). Number four being water-conserving CAM-
type photosynthesis governs carbon/energy balance and 
water relations, so its treatment belongs under the forth 
coming heading eco-physiology (Essay A). Because 
CAM occurs widely among the higher plants the much 
more limited presence of the phytotelm-type shoot and 
even more so the absorbing trichome, warrant higher pri-
ority in our analyses. As for enabling trait number one, 
hundreds of non-bromeliads scattered through more than 
a dozen families share similarly diminished root systems, 
but almost all as aquatics (e.g., Ceratophyllum), so for 
them this condition arose under the guidance of natural 
selection operating within a wholly different environmen-
tal context (Essays F, H). 

Essays F and H describe how the atmospheric-type 
body plan (e.g.,Tillandsia usneoides) grants ecological 
opportunity denied the possessors of its antecedent tank-
centered architecture. Even so, rhizome structure, leaf 
shape, size, and color in various combinations allow the 
latter species access to multiple sources of nutrients and 
numerous kinds of living space (Figures 5ï7F). Short 
rhizomes, for example, mandate tight packing (e.g., most 
phytotelm-bearing members of subfamily Tillandsioide-
ae), whereas connections measured in tens of centimeters 

result in loose networks of widely separated ramets (e.g., 
Neoregelia spp.) and for the robust terrestrials as exem-
plified by Bromelia karatas means to produce impenetra-
ble thickets of heavily armed foliage. Which axillary buds 
positioned along the stem develop into next generation 
offshoots can influence whole plant form and function. 
The closer to the base of the terminal inflorescence the 
more crowded the resulting daughter ramets and the more 
debris can accumulate close to roots and foliage equipped 
with absorptive trichomes (Figure 7F).  

Essay B explores the suitability of the phytotelm 
type shoot in its various iterations to host the biota re-
quired to mineralize intercepted litter, to process captured 
prey and to nurture living providers of nutrients such as 
frogs. Essay F considers how this leafy contraption bene-
fits its owners at the chemical level. Considering their 
enablement of the familyôs importance all these phenome-
na call for deeper inquiry. What, for instance, is the func-
tional significance of the tank shootôs often elaborately 
ornamented foliage (Figure 4B)? Might these displays 
help recruit beneficial tank dwellers, or as residents help 
secure their safety or both? And what about microbes? 
How closely does what transpires in the vertebrate gut 
with its dynamic microbiome parallel happenings in the 
leafy cavities maintained by so many bromeliads? To 
what extent have specific combinations of shoot size, 
shape, color, and physiology evolved to accommodate 
shade versus undiminished sunlight, to retain water in an 
open reservoir through extended dry spells or to intercept 
and extract nutrients from impounded solids?  

Having identified benefits, whatôs negative about 
possessing a tankðthe adverse tradeoffs? How does its 
presence restrict ecological opportunity? For one, anchor-
age on twigs and similarly weak perches is denied all but 
the most diminutive of the tank-bearer the urn-shaped 
Catopsis spp. being good examples. And life deep within 
an evergreen canopy can imperil a plant that depends on 
foliage densely congested on short stems (Figure 2I). 
Constrained capacity to energize photosynthesis must be 
an especially serious challenge for the Billbergia spp. and 
others equipped with self-shading steeply tubular ramets. 
Conversely, deposits of light-blocking litter can create the 
same problem for species equipped with flatter shoots. 
Essays F and H describe whatôs known about how the 
atmospheric bromeliads left tank-related constraints be-
hind as they adopted means to colonize more resource-
deficient living spaces (Figure 1H).  

Evolution beyond the tank-bearing ramet stage did-
nôt require abandonment of all that had come before as 
modularity, sympodial branching, and determinant 
growth culminating in a terminal inflorescence continue 
to describe the hundreds of atmospheric-type bromeliads. 
It did relax what had been constraints on leaf form and 
phyllotaxis (= the arrangement of leaves on stems) as root 
function diminished and the foliar trichome took over as 
the chief device for obtaining moisture and nutrients. This 
anatomical repositioning and combining of disparate 

Figure 5AA: A hypothetical phylogeny crafted to illus-
trate the genetic juxtapositions among 11 extant and one ex-
tinct lineage, how the Linnean taxonomic categories nest in 
hierarchical order beginning with species through order and 
an example of parallel evolution (homoplasy) that resulted in 
a dual emergence of the leafy tank (phytotelm). Consult the 
text for additional detail. 
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functions highlight two important phenomena: the re-
markable plasticity of the monocot version of the vascular 
plant body and the role this flexibility has played in the 
emergence of a lifestyle thatôs unique among the flower-
ing plants. Variations on the atmospheric theme are dis-
cussed in Essay H.  

How the atmospheric bromeliads became what we 
see today demonstrates one of evolutionôs fundamental 
characteristics this being that heritable change occurs 
largely by reshuffling existing traits and/or by bringing 
about their repurposing or modification. True novelty is 
the exception, but when it occurs its consequence can be 
dramatic including tolerance for previously lethal grow-
ing conditions and pursuit of new ways that a plant can 
make its living. Bromeliaceae exemplifies both. From the 
tank-dependent came the atmospheric-type lifestyle, 
which in turn made possible colonization of habitats that 
require of their residentôs extraordinary stress-tolerance 
and special means to access moisture and nutrients 
(Figure 4G). This progression could occur only because 
certain pre-existing attributes were amenable to rework-
ing coincident with the arrival of key revolutionary traits 
that complimented or replaced more conventional ones. 
Such was the case when the absorbing trichome in its 
most functionally refined state co-opted the role formerly 
played by the leafy phytotelm just as the latter eliminated 
need for absorbing roots and access to soil.  

Only a handful of bromeliads lack their familyôs sig-
nature umbrella-shaped foliar trichome. Itôs a novel de-
vice whose functions are atypically diverse as epidermal 
appendages go, and these functions co-occur in different 
combinations depending on the species (Figures 3AA, 
4F). Where most conventionally structured as in subfami-
ly Pitcairnioideae it appears to provide only what most 
foliage needs where exposed to the atmosphere that being 
predominantly mechanical means to slow transpiration, 
discourage enemies and shield against photo-injury. But 
for the phytotelm-bearing bromeliads, and even more for 
the atmospheric types, what accrues beyond or in addition 
to the usual is ecologically transformative.  

Nutrition, photosynthesis, and water relations 

It would be odd if the peculiar ecology and physical 
form that describe so much of Bromeliaceae werenôt ac-
companied by similarly unconventional ways of making a 
living, most interestingly, by how nutrients and water are 
acquired and used. Not surprising, this logic fails to apply 
for the most fundamental of plant lifeôs processes such as 
cellular respiration and protein synthesis, but it does for a 
spate of higher-level performances that require integrated 
action by specific cells, tissues, and organs. Itôs the ways 
that these body parts interact and complement one another 
that allows different species to succeed under different 
growing conditions, particularly those related to climate. 
This is why carbon/energy balance (photosynthesis), wa-
ter relations and mineral nutrition warrant the label eco-
physiology rather than general or basic physiology. What 

follows are brief introductions to these three operations 
all of which receive fuller consideration in Essays A, B.  

Only one of the major mechanisms that the higher 
plants employ to evade the devastating effects of drought 
doesnôt occur among the bromeliads. Missing is the resur-
rection strategy whereby a subjectôs water content is tied 
to the wetness of its immediate surroundings, which as-
sures  that this value fluctuates rapidly and to extremes in 
concert with that of the source (Essay A). A couple of 
rock-dwelling Pitcairnia spp. reportedly survive deep 
desiccation, but it takes a prolonged dry spell to reach 
such profound deficits (up to 95%) meaning that the af-
fected subject cannot be considered poikilohydrous like 
the ñresurrectionò type ferns and mosses. Drought decidu-
ousness, although uncommon in the family, can be well 
developed (e.g., Pitcairnia heterophylla). Drought-
endurance serves much more of Bromeliaceae whereas 
true aquatics are few (e.g., the rheophytic pitcairnias). 
Finally, substantial portions of the memberships of Til-
landsioideae and Pitcarinioideae, some Bromelioideae 
and a scattered species in other subfamilies qualify as 
mesophytes meaning that although short of being wetland 
natives they exhibit no obvious preparedness to resist, 
avoid or tolerate more than modest dry downs. 

Essay A explains how photosynthesis and water use 
are inextricably linked, and why the two being inter-
locked constitutes globallyðfor agriculture and in the 
wildðthe most powerful of natureôs constraints on plant 
growth and reproduction. It also describes xero-
morphology (= anatomy adapted for plant retention of 
absorbed moisture) and the physiological and phenologi-
cal (= seasonal schedule) quirks that allow flora to avoid 
or tolerate hyper-arid conditions. Life cycles brief enough 
to complete within a single rainy season, and seasonal 
deciduousness for the perennial allow species so endowed 
opportunity to counter predictable (seasonal) dry weather, 
but the bromeliads, most of which are evergreen and nev-
er short-lived, must have more or less continuous access 
to moisture, be drought deciduous or sequester excess 
moisture (be succulent or tank-equipped) and use it with 
extraordinary efficiency. 

No data indicate that the bromeliads require any unu-
sual mineral elements, but at least a few species have 
proven capable of sequestering non-nutritive substances 
that include several of the so-called technological metals 
(e.g., chromium, copper) and certain gasses (e.g., SO2, 
mercury vapor; Essay B). Because of these propensities 
several Tillandsia spp. have been used to monitor air 
quality at sites across tropical and subtropical North and 
South America. A sampled colony of Tillandsia paucifo-
lia growing on mangroves along Floridaôs south gulf 
coast contained as much sodium as some of the true halo-
phytes (= genetically determined salt-tolerant plants), and 
experimental subjects representing the same species ex-
hibited luxury consumption taking up  phosphorus far 
beyond short term needs. Conversely, assays of other spe-
cies suggest that key elements, particularly nitrogen and 
phosphorus, can occur in bromeliad foliage at concentra-
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tions well below those considered adequate for most 
crops.  

Much is already known about how the bromeliad 
trichome, and phytotelm-equipped shoot replace root sys-
tems, but inquiry into the ways that third parties assist 
mineral nutrition have lagged by comparison. In effect, 
trichome-bearing foliage renders the leafy tank somewhat 
akin to a botanical stomach with its resident detritivores 
(= invertebrates that consume dead plant material) and 
communities of microbes acting in lieu of digestive en-
zymes to release from intercepted biomass nutrients for 
plant use. Especially promising on this score is the on-
going effort by a group of Brazilian scientists to under-
stand tank leaf function at the molecular level. Essays B 
and F describe preliminary results plus how certain tank-
inhabiting microbes fix gaseous nitrogen (N2) into botani-
cally usable (= reactive) forms (Figure 7F).  

It remains to be determined whether the fungi that 
live within or on the foliage of at least some bromeliads 
contribute nutritionally to their hosts in ways analogous to 
what the mycorrhizal types provide for soil-rooted flora. 
And itôs not just the tank-dwelling microbes and fauna at 
issue here, but as well the diverse air breathers that occu-
py the spaces among the older dry leaf bases of the large 
phytotelm-equipped individual. Ants are enticed to feed 
the ant-house species (Figures 1, 5B) while a smaller 
subset of behaviorally more plant-dependent species liter-
ally farm another group of bromeliads (e.g., Aechmea 
mertensii) in a way that includes the sowings of seeds 
during the building of covered aerial runways and nests. 
Finally, carnivorous Brocchinia reducta consumes pri-
marily ants while epiphytic Catopsis berteroniana 
(Figure 6B) is adapted to harvest airborne prey (Essay 
C). 

Reproduction 

Numerous pollination syndromes, gender expres-
sions and breeding systems mix and move genes for the 
angiosperms. For the bromeliads its wind alone of the 
major conveyors of pollen thatôs missing whereas orni-
thophily (= pollination by birds) is overrepresented, espe-
cially among the tillandsioids (= members of subfamily 
Tillandsioideae), and chiropterophily (= pollination by 
bats) has evolved in at least four of the eight subfamilies 
(Figure 1AA). Diverse kinds of insects participate as well 
the flowers visited emitting fragrances that range from 
floral to cadaverous with the foragerôs reward mostly con-
sisting of pollen and/or nectar. Many of the most diminu-
tive members of subfamily Tillandsioideae produce seeds 
unassisted (Essay H). For many bromelioids (= members 
of subfamily Bromelioideae) and tillandsioids fruit set 
depends less on alluring petals and sepals than on brightly 
colored bracts and foliage (Figures 3D, 4B).  

The typical bromeliad flower is described as perfect 
meaning bisexual, but dioecism (= male and female flow-
ers born on separate individuals) has emerged repeatedly 

and sometimes early enough during the history of a genus 
to affect its entire membership (e.g., Hechtia), but more 
commonly later with the result being two or more gender 
expressions. Catopsis nutans includes bisexual and dioe-
cious populations and Aechmea mariae-reginae is trioe-
cious, its three genders (= floral morphs) being male (= 
staminate), female (= pistillate) and hermaphroditic (= 
perfect flowered). Monecism, the arrangement whereby 
the individual plant produces female and male flowers or 
combined perfect and unisexual types, has emerged in 
Cryptanthus. Both self-compatibility (= fruit set possible 
with self-pollen) and self-incompatibility are common, 
the incidence of the former probably being more frequent 
than the latter. Close relatives that more often differ by 
mating system than gender expression indicate that of the 
two options itôs the former thatôs the more amenable to 
evolutionary change.  

Most herbaceous perennials flower repeatedly so the 
low incidence of monocarpy among the bromeliads fits a 
global pattern. The familyôs far more common modular 
body design is especially well-suited to promote not only 
serial sexual but vegetative propagation (Figure 4AA). 
Sever the rhizomes that connect adjacent ramets, a natural 
eventuality for long-lived Bromelia spp. among others, 
and what results are populations of physiologically auton-
omous daughters that constitute clones (= genets). Keep 
in mind that vegetative and reproduction by seed yield 
different benefits, and for the former itôs the preservation 
of tested genotypes. While the number of offspring tends 
to be modest the robustness of the individual progeny 
compared to that of an embryo inside a seed assures that 
among the advantages of asexuality is the holding of pre-
viously occupied territory. Gene flow and recombination 
and the colonization of new and re-colonization of for-
merly occupied sites are the primary sexually-obtained 
benefits that if absent would preclude adaptation and spe-
ciation (Essays C, D). 

The occasional bromeliad reaps in combination some 
the benefits of sexual and asexual reproduction by ripen-
ing what appear to be seeds that contain clusters of paren-
tal cells  (pseudo-embryos) instead of true embryos that 
by definition result from unions between sperm and eggs 
(Figure 2D). Tillandsia intermedia along with several 
more similarly epiphytic relatives engage in a practice 
that crudely parallels the above by generating fair sized 
plantlets on inflorescences whether or not capsules had 
developed there first. However, being aerial by habit the 
chances of post-dispersal success seem likely to be poor. 
The grass-like offshoots that develop around the bases of 
the young ramets of quite a few of the soft leaved til-
landsioids (e.g., Guzmania lingulata var. minor) usually 
fail to be replaced later by one or more robust daughters 
located closer to the inflorescence. Axillary bud(s) des-
tined to produce ramets usually remain dormant until the 
parent shoot ceases production of foliage in favor of a 
growth-terminating inflorescence (Figure 4AA).  
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The bromeliad fruit is either a capsule (dry walled, 
multi-seeded and dehiscent) or a berry (fleshy walled, 
indehiscent and multi-seeded). Whatôs contained inside 
the former comes in three versions: naked, equipped with 
a small wing, or tuft of hairs or a more dispersal-enabling 
umbrella-shaped coma constructed of thin extensions of 
the seed coat (Essay C; Figure 1C). The more intriguing 
among the fruit-seed combinations are those that match 
identifiable groups of dispersers. The two most revealing 
among what may be many additional more subtle target-
specific arrangements engage birds or bats. Both enclose 
seeds hard-coated enough to pass intact through a verte-
brate gut. Qualities that distinguish members of the first 
category include small size (<2.0 cm), mostly white or 
blue and no perceptible odor The second bat-favored 
product is larger, dull except for a coat of silvery tri-
chomes and rotten smelling at ripeness. A third much 
smaller assemblage of berry-producers employ seeds pos-
sibly equipped with a diffusely organized minute edible 
appendages (= aril) that suggests tandem dispersal, first 
by a bird or mammal and then, following retrieval from 
feces, by arboreal nest-gardening ants. 

Speaking of reproduction itôs worth keeping in mind 
that it takes no more than an organismôs presence for it to 
influence much of what transpires nearby and often well 
beyond. No individual can avoid all sorts of engagements 
because creatures whatever their identity or lifestyle de-
pend for what they need on their surroundingsð
surroundings that include climate, resources, and benefi-
cial and antagonistic agents. Being immobile itôs especial-
ly important that a plant tune its performance, and some 
much more than others, to match its life-affecting circum-
stances some of which are biotic and others abiotic herbi-
vores and soil type being respectively two familiar exam-
ples (Essays C, I). Think back to your high school biolo-
gy textbook and recall how many lines were needed just 
to illustrate the interconnectedness of the participants in 
an ecosystemôs food web. 

Reproduction hands down ranks among the most 
illustrative of the stages of a plantôs life cycle to illustrate 
the necessity of community-wide coordination because 
sexual success so often requires animal assistance and 
must occur when conditions favor seed set and develop-
ment and then dispersal. Consider just pollination, a phe-
nomenon that involves coordination with and competition 
for individual floral foragers and ultimately the mainte-
nance of the populations of those  same animals. Several 
co-occurring Costa Rican bromeliads, acting in concert 
with neighboring flora, flower on staggered schedules 
reportedly to sustain populations of shared pollen vectors. 
Cues available to mediate such arrangements range from 
the celestial to the onset and conclusion of wet and dry 
seasons. A consistent flowering schedule signals many a 
bromeliadôs capacity to perceive day length (e.g., cultivat-
ed Tillandsia xerographica during September/October in 
northern Ohio; Essay I). On the other hand, the precipi-
tous drops in temperature that cause certain tropical or-

chids to flower (e.g., Sobralia spp.) have yet to be report-
ed for a bromeliad. 

Ecology and importance in ecosystems 

This brief profile opened with Bromeliaceae por-
trayed as modest in size yet exceptionally diverse by veg-
etative form, function and ecology with much of its mem-
bership adept at pursuing challenging lifestyles while an-
chored on substrates hostile to more conventionally 
adapted flora. Although adequate as a brief introduction it 
ignores the familyôs performance deficiencies several of 
which markedly constrain its ecological breath and geo-
graphic extent. This being said, the message of the com-
ing Essays emphasizes the impressiveðhow so many of 
its members operate  exceptionally well often dominating 
habitats and even qualifying as keystone elements in com-
munities located high up in forest canopies, situated on 
sheer rock faces and rooted in arid soils. At the same time 
know that it is underrepresented if present at all in many 
widely occurring kinds of neotropical habitats. 

Itôs definitely the absorbing trichome and leafy tank 
that allow so many species to deviate from their familyôs 
ancestral reliance on soil to live as epiphytes, users of 
inselbergs as exemplified by Brazilôs Sugarloaf Mountain 
and as denizens of the barren rocky field habitats scat-
tered across the geologically ancient Guayanan and Bra-
zilian Shields. Terrestrials assigned to Aechmea, Bromelia 
and similarly vigorous clone-forming members of addi-
tional genera play key roles as colonizers/stabilizers in 
many coastal strand and dune formations across the Car-
ibbean region south to Brazilôs Restingas. Tillandsia 
landbeckii forms near monocultures in parts of Peruôs 
hyper-arid Atacama Desert sustained exclusively, except 
during El Ni¶o years, by coastal fogs. Elsewhere, espe-
cially deep inside dense evergreen forests and in wet-
lands, any bromeliads present seldom amount to more 
than minor players. Only the occasional Puya spp. and a 
few additional family members tolerate deep frost, clearly 
the most telling of the climatic constraints on family suc-
cess.  

Bromeliaceae wouldnôt be nearly as appealing as a 
source of subjects for scientific inquiry if its members 
were wholly terrestrial because no other family baring 
Orchidaceae along with the ferns demonstrates as well 
how nonparasitic plants utilize other flora as substrates. 
Again thanks to the presence of phytotelms and absorbing 
trichomes for all but the ant-nest garden specialists and a 
few others, nothing restricts the aerial bromeliadôs an-
chorage to some narrowly proscribed substrate. Where 
pluvial conditions prevail the arboreal species, along with 
abundant lichens and bryophytes, can burden canopies 
with metric tons of biomass per hectare. At the opposite 
extreme, hot dry woodlands from Mexico to Bolivia sup-
port extensive communities of grey tillandsias along with 
some equally xerophytic ferns. Spanish moss alone can 
exceed by volume of photosynthetic tissue that main-
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tained by its oak and cypress hosts along the Gulf and 
south Atlantic coasts of the United States.  

The atmospherics and Tillandsia usneoides, by shad-
ing and breaking branches can seriously debilitate a host, 
and T. recurvata hastens the demise of portions of the 
crowns of Prosopis glandulosa with its girdling wiry 
roots. Bromeliads equipped with tanks offer compensa-
tion by delivering positive services across densely colo-
nized woodland ecosystems. Large individuals become 
biodiversity hot spots (Essays B, F), and along with the 
provision of high quality habitat comes another contribu-
tion in the form of up to thousands of liters/hectare of im-
pounded water able to cool and humidify canopy air. Sig-
nificant as well are the mantles of suspended humic soil 
created with the assistance of decomposers that feed on 
bromeliad litter and the contents of tanks. Absent these 
varied inputs faunal inventories would be shorter and in-
clude fewer of the invertebrates that create such bridge-
works and in turn use them to travel between canopy and 
forest floor further blurring the physical separation of 
these adjacent living spaces. Much awaits discovery re-
garding the epiphytic bromeliads and not only about how 
they and their associated biota interact, but how they af-
fect an ecosystemôs mineral cycling, aggregate photosyn-
thesis, and more. 

Except for the most ornamental Cryptanthus spp. 
and Orthophytum spp. and a scattering of members of 
several additional genera, the terrestrial bromeliads take a 
horticultural back seat to the epiphytes and lithophytes 
hundreds of which are currently in cultivation. Part of the 
problem, for lack of a better descriptor, is ordinariness. 
Except for the presence of spines the bulk of the hechtias, 
dyckias and such, while vegetative, arenôt particularly 
distinct from dry-land natives that represent Agave, Aloe 
and certain members of several additional morphological-
ly comparable monocot genera. Worse yet only the most 
discerning of observers is apt to recognize in nature that a 
non-flowering Cottendorfia along with the other grass 
impersonators, or a Greigia whatever its growth stage, are 
even bromeliads! Compare this lack of distinction with 
the myriad shapes, textures and striking colors displayed 

by so many of the tank-formers and atmospherics (e.g., 
Figures 4B, 3D).  

The future of Bromeliaceae  
in commerce and nature  

Weak barriers to gene exchange between species 
have long permitted breeders to combine through conven-
tional hybridization many of the bromeliadôs most desira-
ble traits. Ananas, the most genetically engineered of the 
genera being the exception, much of the credit for whatôs 
been manipulated so far is owed amateurs. Manufactured 
hybrids abound a fair number of which involve parents 
assigned to different genera, but so far none to separate 
subfamilies. Given the rapid development of ever more 
refined technologies (e.g., CRISPR-type editing tools) 
bromeliad improvement will soon embrace new and ex-
citing approaches. One thatôs sure to come line will in-
volve genome modification beyond the usual additions 
and subtractions of individual genes, for example, up reg-
ulating those parts of genomes responsible for mediating 
the synthesis of desired pigments. Until then, cultivated 
stock will remain dominated by selected wild types and 
hybrids made the old-fashioned way.  

What lies ahead for Bromeliaceae in nature? Most 
vulnerable to extinction will continue to be populations 
with the narrowest distributions the most threatened of 
which occupy only a single Guayanan tepui (e.g., many 
Navia spp.), a Brazilian inselberg (e.g., Tillandsia neglec-
ta) or an isolated forest remnant. At the same time, itôs 
hard to imagine Spanish moss ever experiencing anything 
much beyond local extirpations. Habitat loss and over-
collecting currently head the list as most pervasive of the 
many threats, but climate change and the fertilizing ef-
fects of anthropogenic CO2 and reactive nitrogen could 
well end up exacting even higher tolls if humans continue 
to vaporize fossil fuels at current to even greater rates 
(Essay J). In the final analysis, itôs the familyôs epiphytes 
that stand the best chance of becoming leading botanical 
indicators of global change, but which ones if any will 
count among the earliest responders remains to be seen. 
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ESSAY A. WATER RELATIONS 
Itôs obvious that it takes more than water to fabricate 

a plantôs body, but what else is needed and how is it ob-
tained and from where? Usually, the dozen plus essential 
so-called mineral nutrients (e.g., calcium, nitrogen and 
phosphorus) along with moisture enter the higher (= vas-
cular) plant through its roots. Its aerial portionðthe 
shootðis dedicated instead to capturing the solar energy 
needed to convert CO2 absorbed from the atmosphere 
plus water from the ground into the simple sugar glucose 
with molecular oxygen (O2) as the companion product. 
As such, the green plants operate as autotrophs (= self-
feeders) because unlike the heterotrophs (e.g., animals 
and fungi) their nutritional opposites, they literally build 
themselves from the just identified elemental substances 
instead of consuming ready made biomass. 

More than half of Bromeliaceae secure water and 
mineral nutrients through organs other than roots and of-
ten from sources other than soil. The familyôs epiphytes 
and lithophytes (= plants that grow upon other plants and 
rocks respectively) draw from a variety of alternatives, 
but once again itôs the quantity of available moisture and 
a plantôs capacity to obtain and use it efficiently that de-
termine success. Moreover, itôs difficult to rely on appear-
ance alone to discern the vital services provided by some 
of the most unconventional of a highly specialized brome-
liadôs attributes, the presence of dense layers of elaborate 
trichomes cloaking the so-called atmospheric-type species 
being a prime example. Itôs the peculiarity of these traits 
that bears witness to the evolutionary twists and turns that 
produced the novel lifestyles practiced by the most adap-
tively extreme of the bromeliads. 

How plants that spend their lives on land keep them-
selves adequately hydrated involves two steps the first 
being the absorption of water from an external source and 
the second its judicious use of that resource in the pursuit 
of photosynthesis. Neither act occurs obstacle-free. 
Whatôs listed below constitutes a series of facts provided 
as preparation for the following description of water man-
agement as it is performed by the bromeliads. 

1. The moisture present in a plantôs body represents on-
ly a minute fraction of what it had absorbed prior to 
the making of that measurement. 

2. This reality pertains because little plant-consumed 
water becomes a constituent of the organic molecules 
(e.g., cellulose)) that make up botanical-type biomass, 
i.e., a plantôs body. 

3. The absorbed moisture that doesnôt end up used to 
produce a plantôs body escapes as vapor back into the 
atmosphere and mostly through stomata that also al-
low CO2 to enter to fuel photosynthesis (Figure 
2AA). 

4. Moisture expended in this manner equals transpira-
tion and the price that a plant must pay to live on 
land. 

5. Expending so much hard-won moisture to conduct 
photosynthesis is unavoidable because the diffusion 
gradients that cause CO2 and water vapor to diffuse in 
and out respectively of a leaf favor water loss (Figure 
2AA). Carbon dioxide moves less massively because 
its concentration in air is quite low (~0.03% by vol-
ume). By contrast, the air inside a leaf is routinely 
saturated with water vapor (relative humidity = 
100%; water vapor deficit = 0), while the moisture 
deficit in air tends to be much higher.  

6. Bromeliads cannot extract water from humid air not 
even the atmospheric types despite their possession of 
abundant absorbing trichomes. Moist air does slow 
transpiration and the more so the smaller its water 
vapor deficit.  

7. Entries #4 and 5 explain why the cost in expended 
water of capturing CO2 for photosynthesis is so steep 
and accordingly, why anything that reduces the tran-
spiration ratio (= units of water expended per unit of 
dry matter produced) elevates a plantôs water use effi-
ciency thus reducing its demand, which ultimately 
heightens its drought tolerance.  

The antecedents of Bromeliaceae were terrestrial (= 
soil rooted), and they likely exhibited form and function 
including the conduct of water relations (i.e., water man-
agement) much like what continues among many of its 
members that remain soil-dependent today. In other 
words, the familyôs ancestors much like a substantial por-
tion of its modern species, were served by conventionally 
apportioned and developed and fully performing shoot 
and root systems.  

During the past 15ï20 million years, and especially 
through the most recent 2.6 millions of this number (= the 
Pleistocene Epoch), growing conditions across much of 
tropical America underwent substantial climate change. 
Adding to this widespread chaos was vigorous mountain 
building in what now is the area occupied by the northern 
Andean cordillera. Similar plant-altering disturbance pre-
vailed within what today falls within the national bounda-
ries of countries that include Brazil, Bolivia and Peru. 
Elements of a then younger Bromeliaceae responded with 
bursts of evolution and speciation some of which allowed 
certain of the familyôs lineages to enter old but formerly 
impenetrable and newly emergent habitats. 

By what means did the elements just cited of pre-
modern Bromeliaceae faced with rapidly changing cir-
cumstances including elevating topography deviate from 
what back then already were time tested genotypes and 
phenotypes, and why did only some of the familyôs line-
ages adopt life styles that hadnôt existed before and then 
proceed to spawn hundreds of species? What we see to-
day indicates that the lineages that met this challenge 
most successfully included the precursors of clades (= all 
of the species derived from a single ancestral lineage) 
identified by taxonomists as Aechmea, Cryptanthus and 
Neoregelia, the first and third genera broadly defined, 
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along with numerous additional taxa and core Tillandsioi-
deae. Lineages that experienced less spectacular radia-
tions or those characterized by more speciation than adap-
tive divergence include what today are exemplified by 
genera such as Navia and Puya. 

One trait that contributed inordinately to the familyôs 
extraordinary ecological diversification is plain to see: 
architectural plasticity that arguably exceeds the norm set 
by the angiosperms overall. What had to exist beginning 
at least 15ï20 million years ago was a genetic programð
that portion of the genome that governs an organismôs 
ontogeny (= development)ðable to massively transform 
for certain of the familyôs early elements the basic mono-
cot-type body plan (Essay F). It was this potential guided 
by Darwinian (= natural) selection that explains the emer-
gence of leafy catchments (= phytotelms) and the func-
tional refinements of the epidermal trichome to states that 
allowed shoots to replace roots for all of their usual ser-
vices short of mechanical anchorage. All of this revolu-
tionary change occurred while flowers, fruits and seeds 
remained comparably static.  

Much adaptive fine-tuning followed replacement of 
the root systemôs traditional foraging role by a greatly 
elaborated shoot system. Today, semi-arid habitats and 
dry microsites in wetter locations through tropical Ameri-
ca host tank-equipped family members (e.g., many Bill-
bergia or Aechmea spp.) that feature narrow, steep sided 
phytotelmata (= a phytotelm with its contents) configured 
to retard evaporation and avoid sun scald (Figure 3B). 
Species that produce shallower, broader tanks (e.g., many 
Vriesea and Neoregelia spp.) inhabit humid woodlands 
that subject their aerial and terrestrial bromeliads to heavy 
rains of nutrient-containing litter and filtered sunlight 
thatôs most effectively intercepted by horizontally orient-
ed thinner foliage. Still other species employ shoots 
adapted to secure mineral nutrients from captured prey 
and so on (e.g., Figure 1B).  

Whether perfected beforehand or while absorptive 
duties were shifting from roots to impounding shoots, an 
up grading of the foliar trichome yielded the organ thatôs 
made possible the life formðthe atmospheric typeðthat 
depending on the species remains unmatched in the fami-
ly for stress-tolerance and architectural streamlining 
(Essay H; Figure 2F). The resulting capacity to operate 
minus a more typically developed root system frees up 
material resources for reallocation elsewhere, a condition 
thatôs most pronounced among the densely trichome-
covered grey Tillandsia spp. (again the atmospheric bro-
meliads) some of which, if bearing needle-like foliage 
(e.g., T. tectorum), can survive largely on dew or cloud 
water. Today the bromeliad trichome occurs in many 
shapes and densities on foliage and varies from water re-
pellent to hydrophilic, but to what benefit and for which 
species and under what conditions mostly awaits deeper 
inquiry (Essay H; Figure 3AA). 

The vegetative body that served the antecedents of 
todayôs Bromeliaceae clearly had to undergo major reor-

ganization to deliver the most impressive of the familyôs 
modern eco-performances and lifestyles, but what goes on 
within? What about water management and photosynthe-
sis? Itôs axiomatic that structure and function go hand in 
hand, that the two represent opposite sides of the same 
coin. Most assuredly, more than anatomical modifications 
and relocated functions decide how the least traditionally 
configured of the bromeliads reconcile their requirement 
for moisture with its availability under so many, often 
demanding circumstances. Once again, we return to car-
bon-energy gainðto photosynthesisðthe most funda-
mental and water-expensive of the tasks that the landï
based plant must accomplish sustainably. So how does 
the acquisition of carbon and energy in the form of glu-
cose vary to match so many different growing conditions?  

The toughest of the challenges that a dry-growing 
plant (= xerophyte) faces boils down to its need to 
achieve a sustainable transpiration ratio, and the drier the 
environment the smaller this number must be. Compli-
ance requires an array of traits that dictate how glucose is 
produced and when during the day-night cycle and some-
times also at what time of year (Figure 1A). As usual, 
nature is rife with exceptions, some of which are bromeli-
ads. High water use efficiency is not the leading determi-
nant of plant survival where profligate expenditures pose 
no problem, for instance for wetland flora. Most ill pre-
pared for drought for this reason among the bromeliads 
are the Pitcairnia spp. that inhabit swift moving streams 
(the rheophytes) and a scattering of marsh-dwelling rela-
tives (e.g., Greigia spp.). However, accomplishing ac-
ceptable rates of growth and reproduction within the lim-
its imposed by a less than optimal water supply remains 
crucial for the vast majority of higher plants including all 
but a few bromeliads. 

As already noted, photosynthesis is the process 
whereby plants use solar energy, CO2 and water to manu-
facture glucose after which the carbon, hydrogen and ox-
ygen atoms that make up this simple sugar plus some of 
the absorbed mineral nutrients end up chemically com-
bined as plant-type biomass. Itôs the light required to ac-
complish this outcome that poses a problem because itôs 
during the day when temperatures peak and relative hu-
midity bottoms out that the atmosphere is best prepared to 
desiccate wet objects. Yet the transpiration ratios 
achieved by the bromeliads can be as low as 50 to more 
than 1000 to one. This greater than 20-fold range would 
be puzzling were it not for the fact that more than half of 
the familyôs members can fix CO2 in total darkness via a 
second biochemical pathway into a second product thatôs 
not glucose. More precisely, the high performing species 
conduct CAM-type as opposed to the more primitive, sin-
gle pathway-based C3-type photosynthesis. CAM (= Cras-
sulacean acid metabolism) is merely an augmented ver-
sion of the more fundamental C3 mechanism (Figure 2A).  

Plants that perform C3-type photosynthesis grow 
where moisture is plentiful at least during the growing 
season, and among the bromeliads this category includes 
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the thin leafed, soil-rooted types that dominate genera 
such as Cryptanthus, Fosterella and Pitcairnia. Soft bod-
ied, tank bearing members of subfamily Tillandsioideae 
that comprise Catopsis, Guzmania and most of Vriesea 
also rely on this biochemically less circuitous of the two 
food-making pathways. We already know that daytime is 
the least propitious interval during the diurnal (= 24 hr.) 
cycle to acquire CO2 when the cost is denominated in 
units of expended (transpired) moisture. Accordingly, the 
C3-type bromeliads experience relatively poor water use 
efficiencies as witnessed by transpiration ratios that fall 
near the upper end of the range cited above. Itôs hard to 
imagine a stronger impetus for evolving a way to abandon 
this more ancient of these two ways of capturing CO2. 
Why it remains so common is explained below.  

Figure 3A illustrates the diurnal patterns traced by 
CO2 and water vapor as these two gasses diffuse through 
stomata in and out respectively of the foliage of C3-type 
and CAM-performing bromeliads. Note that transpiration 

for the first subject begins to accelerate at dawn only to 
fall back to near zero around dusk while the course fol-
lowed by CO2 is the reverse mirroring daytime access to 
the solar energy required for the green cells within leaves 
to convert it directly into glucose (Figure 2AA). Some 
dark respired CO2 continues to diffuse out through the 
night, but by day it, along with the CO2 acquired from the 
atmosphere, ends up consumed by photosynthesis. Alt-
hough the apertures (= stoma) of the stomata of C3-type 
plants remain closed through the night minor leakage oc-
curs allowing some additional water to be lost but far less 
than occurs by day. 

The shapes of our C3-type specimenôs gas exchange 
curves compared to those of a practitioner of CAM 
(Figure 3A) confirm that reversing the interval during 

which CO2 is acquired from the atmosphere will ÉÍÐÒÏÖÅ 

(reduceɊ Á ÔÒÁÎÓÐÉÒÁÔÉÏÎ ÒÁÔÉÏ, i.e., increase water use 

efficiency (&ÉÇÕÒÅ σ!Ɋ. The CAM-performing plant 
achieves this advantage by fixing CO2 obtained from the 
atmosphere after the sun goes down. And this time the 
product, which is malic acid rather than glucose, must 
contain less chemical energy, i.e., must be energetically 
cheaper to make. Fortunately for the CAM-equipped indi-
vidual, the CO2 that gets fixed into this simple organic 
acid, a feat that obliges that it expend some of its energy 
reserves primarily that embodied in stored starch, can be 
regenerated later via a chemical breakdown process 
known as decarboxylation (Figure 2A). Because decar-
boxylation is light-induced it cannot take place before 
sunrise after which the retrieved CO2 now trapped inside 
the leaf can be re-fixed, this time into glucose some of 

Figure 2A. The biochemistry of C3 and CAM-type 
photosynthesis. Note that the CAM-performing bromeliad 
must expend some of its carbohydrate reserves (mostly 
starch) nightly to dark-fix CO2 into malic acid. In essence, 
CAM amounts to a CO2 capturing and concentrating mecha-
nism that among additional unidentified benefits increases 
water use efficiency. 

Figure 1A. How the membership of Bromeliaceae distrib-
utes among a series of categories that describe how water is ob-
tained and used. Circle sizes approximate the portions of the 
familyôs species that qualify for each designation and the arrows 
the evolutionary pathways followed as certain lineages evolved 
from one condition to another. Included are some of the traits 
that define the categories. A significant number of species mani-
fest trait complexes that place them between categories. 
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which is allocated for growth with enough held back to 
energize once more by drawing on stored reserves the 
synthesis of the next nightôs quota of malic acid. 

The CAM-equipped bromeliads include within their 
relatively thick foliage abundant hydrenchyma tissue 
whose collapsible colorless cells store moisture far in ex-
cess of their ownerôs short term needs (Figure 2AA). 
During droughts what amounts to a hydric backup mi-
grates as needed to keep adjacent more desiccation-
sensitive photosynthetic tissue sufficiently supplied with 
moisture thereby prolonging the production of glucose 
beyond what otherwise would be possible. Itôs this rela-
tively delicate green layer that sequesters and then decar-
boxylates the malic acid synthesized the previous night. 
In essence, it is this highly active tissue having daytime 
access behind closed stomata to a rich supply of CO2 gen-
erated by the disassembling a reservoir of dark-fixed 
malic acid that allows the CAM-type bromeliad to con-
duct photosynthesis with minimal transpiration, but not as 
it turns out without also incurring a significant perfor-
mance tradeoff. 

A CAM-equipped bromeliadôs ability to store malic 
acid is modest and accordingly so is its capacity to gener-
ate enough glucose to match the rate of growth achievable 
by a C3-type competitor assuming that both subjects are 
experiencing optimum growing conditions. A typical grey 
Tillandsia demonstrates this built-in constraint by requir-

ing multiple years to progress from seed to first flower-
ing, quite a long time compared, for example, to a typical 
Pitcairnia sp. Things could be worse however: slow 
growth mandated by CAM-type photosynthesis and asso-
ciated anatomical traits that limit light and CO2 capture 
would constitute a serious liability were its practitionerôs 
welfare more dependent on competitive prowess than ca-
pacity to tolerate drought. 

Figure 1A shows how the bromeliads distribute 
among categories based on how moisture is obtained, re-
tained and ultimately expended. Drought-avoiding, a label 
articulated more precisely as drought-deciduous, de-
scribes family members that dodge injurious desiccation 
by eliminating transpiration hence photosynthesis while 
itôs least sustainable until humid weather returns. The few 
bromeliads that employ this strategy (e.g., Pitcairnia het-
erophylla) do so by shedding their desiccation-vulnerable 
C3-type performing foliage before dry weather can inflict 
a lethal water deficit. Itôs a tactic that requires the ability 
to anticipate seasonal change as described in Essay I, 
coupled with foliage productive enough to meet a plantôs 
needs for an entire year during a wet season that may ex-
tend less than half as long. 

The drought-enduring bromeliads, unlike the drought
-avoiding kind, conduct net photosynthesis through all but 
the most prolonged bouts of rain-deficient weather. When 
dehydration does exceed a certain threshold the most pro-
ficient practitioners lapse into a kind of quiescence as 
standard CAM-type photosynthesis gives way to a related 
non-growth-sustaining mode of CO2 fixation known as 
CAM-idling. Glucose production continues, but at a rate 
adequate only to recycle respired CO2 within what now 
are leaves continuously buttoned up until precipitation 
returns to eliminate a moisture deficit and allow stomata 
to resume their pre-stress regulation of gas exchange. 
CAM-idling is what it sounds like, a way to keep not an 
engine barely running to save fuel until more power is 
needed, but a mechanism that keeps a plant physiological-
ly prepared to return to business as usual when enough 
water again becomes available to support net photosyn-
thesis. 

Figure 1A points out that a majority of the bromeli-
ads are either drought-enduring CAM-equipped xero-
phytes or mesophytes, meaning in this second instance 
relatively profligate water users (C3-types). The latter cat-
egory likely includes the familyôs recent ancestors as well 
as many of the extant (= living) species deemed most 
primitive according to the DNA-based phylogeny present-
ed in Figure 1AA. Even so, C3-type photosynthesis turns 
out to be sustainable in many moderately arid habitats 
where enough precipitation occurs to keep a leafy reser-
voir (= tank) at least partially filled through enough 
months of the year. Complicating this picture still further, 
quite a few species fall between the categories arrayed in 
Figure 1A. Guzmania monostachia, for example, switch-
es between C3 and CAM-type photosynthesis depending 
on the severity of the experienced water deficit (Essay F). 

Figure 3A. Contrasting patterns of CO2 and water vapor 
exchange during a 24-hour day-night (diurnal) cycle by C3 and 
CAM-type bromeliads. The upper panel shows how the C3-type 
subject expends a substantial amount of water over the course of 
a day as it gains carbon, while at night transpiration falls to near 
zero and some dark-respired CO2 leaks through closed stomata. 
Most of the water expended by the CAM-equipped subject pic-
tured in the lower panel occurs after dark when its stomata have 
opened to allow CO2 to diffuse inward prior to its fixation into 
malic acid.  
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Ongoing investigations of Guzmania monostachia 
indicate that several aspects of its leaf anatomy contribute 
in previously unrecognized ways to its inordinate capacity 
to adjust to the steep fluctuations in light intensity and 
humidity that characterize hyper-seasonal tropical cli-
mates. Some of the traits responsible for this exceptional 
performance reside in the mesophyll, the tissue located 
between the parallel veins that run the length of a leafôs 
blade. They act by heightening a subjectôs capacity to 
rehydrate rapidly and maintain intact (prevent cavitation) 
the columns of water that flow through the xylemôs con-
duits (= vessels) that occupy about half of each vein 
(Figures 2AA, 7F; Males 2017; Males and Griffiths 
2017; North et al. 2015, 2019). It also appears that mois-
ture flows outside as well as within vessels. 

Miniaturization may explain why at least one dimin-
utive bromeliad transports water in a way thatôs distinct 
from what most of the higher plants do being more like 
that performed of necessity by certain mosses owing to 
their lack of xylem vascular systems. Covered instead 
with hydrophilic epidermal trichomes and cup shaped leaf
-like enations water readily flows by capillarity across all 
surfaces hydrating the entire gametophyteðthe structur-
ally more elaborate stage of the two-staged bryophyte life 
cycle (Essay D). In similar fashion, point-applied mois-
ture spreads across densely trichome-covered Tillandsia 
usneoides shoots and much faster than were it moving 
within stems and foliage (Herppich et al. 2018). Could it 
be that the xylem tissue that serves one of the most ana-
tomically reduced atmospheric bromeliads consists large-
ly or entirely of vestigial vessels (Essay H; Figure 2H)?  

Attributes that include how densely trichomes invest 
foliage and their characteristics, mode of carbon gain, 
degree of succulence and a couple of less visible traits 

that concern water relations donôt always indicate where a 
particular bromeliad lives or its life history strategy. Both 
the epiphytes and lithophytes include C3 and CAM-
equipped members of Tillandsioideae, and much of sub-
family Bromelioideae practice some degree of CAM irre-
spective of substrate. Variety along these same lines ap-
plies for the phytotelm-equipped shoot. Circuitous evolu-
tionary histories marked by shifting circumstances, partic-
ularly climate experienced, must account to some extent 
for these inconsistencies. Absent more definitive infor-
mation, the best criterion for estimating a bromeliadôs 
requirement for moisture is its gross anatomy, specifical-
ly, how xeromorphic (= adapted to store and retain excess 
moisture) is its foliage. 

Too little space has been devoted to this first essay to 
cover all thatôs worth knowing about how the bromeliads 
conduct photosynthesis and obtain and use water. Little or 
no mention was made of several phenomena such as the 
fact that too much moisture kills subjects that feature 
dense investments of foliar trichomes (Essay H; Figure 
4F). The same applies even more for the intricacies of 
carbon gain. To what degree, for example, are certain of 
the familyôs C3-type species given their mesophytic na-
ture, prepared by how their stomata perform to prioritize 
water conservation overgrowth? What about the CAM-
conducting species? Finally, thereôs an especially glaring 
gap when it comes to the most compelling issue of all: 
how are the wild-growing bromeliads responding to glob-
al change? All we can do at this point is wait and see 
(Essay J). In the meantime, rest assured that mastery of 
the information presented in this narrative better prepares 
its consumers to grow bromeliads successfully as well as 
tackle the remainder of this special issue of Selbyana. 
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ESSAY B. BROMELIAD NUTRITION  
Many years ago, while I was teaching an introducto-

ry biology course that included a fair dose of botany, one 
of my students expressed a negative sentiment loud 
enough for virtually everyone nearby to hear. ñPlants 
yuckò he almost shouted probably prompted by what 
struck him as yet another wasted 50 minutes. I wondered 
then and occasionally still do how an undergraduate bent 
on earning a liberal arts degree could so thoughtlessly 
disparage the energizer of our planetôs bio-support sys-
tem. More to the point, how could anyone be less than 
awed by the twin realities that itôs photosynthesis that 
ultimately sustains Homo sapiens and that plants produce 
more chemicals useful to humans than all of Earthôs other 
creatures combined? Most amazing of all both feats are 
accomplished using nothing more than sunlight, CO2, wa-
ter and a handful of so-called mineral nutrients (Essay 
A)!   

Plants are autotrophs (= self-feeders) in the sense 
that they literally manufacture their own bodies using on-
ly the sunôs electromagnetic emissions, CO2 and water 
plus the modest subset of chemical elements alluded to 
above. The nutritionally less competent heterotrophsðthe 
animals, fungi, and a large majority of the microbesðdo 
the reverse. Rather than producing cells, tissues and or-
gans from scratch they break down (= mineralize) preex-
isting biomass and use the products that are the same as 
those that the autotrophs use to make their bodies. Itôs the 
repeated building and tearing down accomplished by 
these opposing modes of nutrition that keeps in circula-
tion for repeated reuse nitrogen and phosphorus and the 
other dozen or so mineral nutrients. In the final analysis, 
whatôs going on here boils down to a series of sun-driven 
cycles one for each of the substances essential for life.   

The fact that biomass contains chemical elements 
beyond the carbon, hydrogen and oxygen atoms present 
in CO2 and water confirms that autotrophy as practiced by 
plants involves more than photosynthesis. Nitrogen, for 
example, is a routine constituent of protein and DNA con-
tains phosphorus as well. The light-harvesting capacity of 
a chlorophyll molecule requires the presence of a chemi-
cally bound magnesium atom and so on. These additional 
elements end up in biomass because plants not only fix 
CO2 into the simple sugar glucose using sun-delivered 
energy, but they also accumulate and build into their bod-
ies the afore mentioned essential mineral nutrients. Min-
eral nutrition, as this dimension of autotrophy is known, 
involves some of the most under appreciation of botanical 
adaptations. Itôs the unusual twists and turns that this pro-
cess follows as it occurs among the bromeliads that this 
second Essay is all about.  

The bipartite body possessed by most of the land 
dwelling flora has long been thoroughly tested having 
been in service for more than 400 million years (Essay F; 
Figure 1F). It consists of a root system dedicated to the 
securement of moisture and mineral nutrients, usually 

from the ground, and an aerial portionðthe shoot sys-
temðtasked with capturing CO2 and sunlight as its con-
tribution to autotrophy. About half of the bromeliads re-
main wedded to this historic, anatomically enforced divi-
sion of labor so for their kind itôs business as usual re-
garding the source of the mineral nutrients and how they 
are secured. Major departures from this ancient arrange-
ment characterize the rest of Bromeliaceae, and for these 
species deviations from the conventional determine from 
where nutrients come from and whether other organisms 
assist in their acquisition and processing.  

Possession of a water-filled cavity, or what to a biol-
ogist is a phytotelm, explains how much of the member-
ship of our featured family has succeeded in colonizing so 
many kinds of soil-free habitats (Figure 2AA). Even so 
many facts about the leafy bromeliad tank await discov-
ery, for example, where geographically, how long ago 
and in response to what evolutionary incentives did this 
multi-purposed device make its debut (Essay G). Was its 
presence a precondition for accommodating challenging 
substrates (e.g., the face of a rocky cliff), or did it evolve 
after the familyôs penetration of living spaces particularly 
well suited to exploit its adaptive potential (e.g., the forest 
canopy)? Were the habitats where bromeliads reign su-
preme today relatively vacant prior to colonization by the 
familyôs most specialized members, a category that in-
cludes those equipped with phytotelms? 

DNA reveals that multiple independent emergences 
explain why multiple bromeliad lineages employ the 
same cistern-like device to collect phytomass (= plant 
biomass), particularly litter (= plant debris), and nurture 
the symbiotic organisms needed to liberate some of its 
nutrient content for use by the hosting plant (Figures 
5AA, 6F). This singularly moist chamber with its permea-
ble walls is analogous to a botanical stomach, but to oper-
ate in lieu of roots embedded in soil under so many differ-
ent circumstances requires the variety illustrated in Fig-
ure 1B. Today, well over one thousand species rely on 
phytotelmata (= a phytotelm plus its contents) as a prima-
ry source of mineral nutrients and water. Much of the ar-
chitectural nuance and foliar ornamentation displayed in 
Figures 2Bï6B probably represent finely tuned adapta-
tions. 

 At this point itôs not possible to say whether the tank 
shoot was adopted to improve water relations or extract 
nutrients from impounded debris or both, but subsequent 
modifications involving leaf color, texture, shape and size 
expanded its utility. A lax, flat rosette comprised of broad 
leaves, for example, is well suited to harvest shade light, 
whereas greater exposure and drier air call for something 
more funnel-shaped that while better equipped to reduce 
evaporation from an exposed reservoir the price paid is a 
less effective device for intercepting falling foliage 
(Figures 1B, 3B). Body waste from frogs that spend day-
time hours hunkered down in tall slender bromeliad 
shoots may help lessen this tradeoffôs impact. Further in-
quiry also might reveal whether the ornamentations that 
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Figure 1B: The evolution of the tank-equipped bromeliad shoot. A. Tillandsia usneoides, the ultimate streamlined product 
among the progressively stripped-down atmospheric species. B. Tank shoot architecture suitable for operation in arid, sun drenched 
microsites along with a cross section showing the deep central tank. C. Carnivorous Brocchinia reducta. D. Ant-house Tillandsia 
bulbosa sectioned to show the enclosed leaf base chambers. E. The generalized tank along with a cross section revealing multiple, 
shallow leaf base chambers. F. An ant-garden bromeliad rooted in a carton nest. G. Proto-tank architecture. H. The origin of the tank 
shoot. 
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Figure 2B: A hypothetical depiction of how Bromeliaceae, 
beginning 15-20 million years ago, experienced a proliferation 
of lineages and where and when during this event the tank shoot 
emerged (squares = early emergences; triangles = somewhat 
later emergences). Three of the early lineages (circles) had short 
lives while eight others survived to produce daughter lineages. 
Taken separately the four early and four somewhat delayed tank 
origins exemplify parallel evolution (a type of homoplasy in the 
parlance of the taxonomist; Figure 5AA), but the four early ori-
gins better identify the stem (= ancestral) group as predisposed 
to evolve tanks. Also, the earlier the tank-equipped shoot 
emerged the more extensive its occurrence would be across the 
familyôs current membership (not shown).  
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ana comes off as somewhat more primitively equipped 
than its two terrestrial relatives to rely on meat diet per-
haps because being an epiphyte, even a high light de-
manding type, provides at least some access to litter.  

Neotropical ants, being abundant and diverse by 
where and how they nest and behave, itôs not surprising 
that numerous arboreal types interact to mutual advantage 
with a fair number of bromeliads. These so-called myr-
mecotrophic (= ant-fed) family members manipulate their 
zoological benefactors in two ways, one of which results 
in ant-garden and the other ant-house mediated plant nu-
trition (Figures 1B, 5B). The species that make up cate-
gory one root exclusively in carton, a manufactured com-
posite that certain arboreal ants use to build their aerial 
nests and covered runways. Dispersal from old to devel-
oping gardens depends on pheromone-laced seeds that 
worker ants obligingly employ as construction material 
that upon germination begin reinforcing with roots what-
ever has been built. This first arrangement becomes even 
more powerfully mutualistic when the more aggressive of 
the ants deter intruders including reckless biologists. To 
the participating bromeliadôs detriment, among the pro-
tected biota are pastured ant food-providing aphids and 
scale insects.  

A much larger assemblage of ants, along with a bevy 
of arthropods that includes cockroaches, earwigs, and ter-
mites, favor the dead and moribund foliage that surrounds 
the more centrally located, younger water-holding leaves 
of the litter-impounding bromeliads. Species that offer the 
best of the more enclosed cavities available for nest estab-
lishment include Brocchinia acuminata and Aechmea 
brassicioides. Tillandsia caput-medusaeða signature ant-
house typeðrewards its six legged, occupants with what 
amount to series of internalized swollen leaf axils, each 
liberally lined with trichomes capable of absorbing nutri-
ents provided experimentally as if delivered by ants 
(Figure 5B). To have ant-house providers in three sub-
families within Bromeliaceae further supports the exist-
ence of a family-wide propensity to adopt unconventional 
modes of mineral nutrition.  

Being an atmospheric-type bromeliad, an even more 
specialized condition, is to be able to subsist entirely on 
nutrients delivered in precipitation, aerosols, and airborne 
particulates. Tillandsia recurvata satisfies this criterion in 
spades where it thrives on telephone wires suspended be-
neath unobstructed sky. To perform so well on such mea-
ger fare is attributable to three traits: capacity to scavenge 
minerals from hyper-dilute solutions, growth down-

Figure 3B: A tank shoot configured for service in arid sunny microsites illustrated by Aechmea bracteata, with Tillandsia fas-
ciculata in the background. Photograph by Ella Baron.  


