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The genus Espeletia (Asteraceae) under-
went an accelerated adaptive radiation in
the new habitats of the high tropical Andes
after the relreal of the glaciers. From the
ancestral rainforest species, with lree-like
forms, the genus diversified at high altitude,
developing morphological and physiological
adaptations lo the peculiar combination of
low-temperature, energy and nulrient
stresses of the tropical periglacial environ-
ments. Espeletia offers an  exceptional
example of a laxon undergoing a rapid
evolutionary process through the coloniz-
alion of a lotally original environment: the
cold tropics. Here we review recenl research
on the ecological, biogeographical, laxo-
nomic, morphological and physiological
lrails thal have led lo Lthe adaptive radiation
of Espeletia in Lhis extreme habilal.

The high tropical montane en-
vironments have been, since their
appearance in the Pleistocene, sub-
jected to a series of climatic fluctu-
ations resulting from glacial and
interglacial oscillations. As a result,
a new kind of environment ap-
peared, combining the tropical cli-
matic regime (yearly isothermy and
daily ‘seasonality’) with low tem-
peratures and frequent frost. When
these equatorial high mountains, on
either the continents or oceanic
islands, have high rainfall, similar
environments result. These are the
cold humid tropics, which are re-
gionally differentiated into paramo
(northern Andes), afro-alpine (East
Africa) and tropical-alpine (Hawaii
and Malesia) habitats'. At an inter-
continental level of comparison, the
plants of these environments seem
to show ‘convergent’ evolutionary
responses in both morphology and
physiology. Among the most inter-
esting examples are Espeletia in the
pdramo and Dendrosenecio in the
afroalpine region?*.

Espeletia is one of the best
examples of diversification and
adaptive radiation in a novel en-
vironment. Recent and current re-
search is addressing the following
questions’. What ecological role
does Espeletia play in the high trop-
ical Andes? How did Espeletia dif-
ferentiate? What specific ecological
niches are filled during the process
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of adaptive radiation? What kinds of
morphological and ecophysiologi-
cal diversification accompany the
ecological diversification? Much re-
search is needed to answer these
questions, but on the basis of the
still fragmentary evidence, we shall
discuss some key problems and the
major hypotheses they suggest.

Patterns of diversification and radiation

The genus Espeletia (Asteraceae,
Heliantheae) contains about 130
species endemic to the northern
tropical Andes, extending from the
isolated Sierra Nevada de Santa
Marta in northern Colombia (11°N)
and the Coastal Caribbean Range in
Venezuela, southward to northern
Ecuador (2°S) (Ref. 2).

The distribution of the main archi-
tectural types and reproductive pat-
terns within the genus is shown in
Fig. I. Branched forms, more primi-
tive and closer to the ancestral
type®?, are primarily distributed in
the northern part of this area: the
montane forests (1500-3000 m) of
the Sierra Nevada de Santa Marta,
the Coastal Caribbean Range, the
Sierra de Perija and the Cordillera
de Mérida.

The greatest richness of taxa oc-
curs in the Cordillera de Mérida,
where there are 63 endemic species
of Espeletia; these include a wide
array of growth forms, from
branched trees to dwarf or giant
rosette trees. The Cordillera de
Mérida contains a highly diversified
set of mountain environments,
where the most contrasting habitats
of the northern Andes may be
found®. In the montane forests,
various species of tree-like Es-
peletia occur (Fig. 2), whereas above
the treeline a variety of growth
forms colonize the rich diversity of
substrates resulting from glacial and
periglacial events. From this center
of diversification and radiation, only
the polycarpic rosette forms mi-
grated south and westwards. In the
Coastal Range, only the more primi-
tive, branched, tree-like forms
occur.

We can take as a starting point the
montane forest environment, which
underwent altitudinal oscillations

and fragmentation during the
succession of glacial-interglacial
events, as clearly shown in the
palynological record”. The ‘proto-
Espeletia’? (up to then a restricted
forest taxon) underwent an acceler-
ated process of adaptive radiation,
colonizing the whole range of
postglacial and periglacial habitats,
from cold deserts to permanent
swamps, giving rise to remarkable
life forms and reproductive pat-
terns. The most successful form
within the pdramo belt was un-
doubtedly the unbranched polycar-
pic rosette, which extends for more
than 1000 km from Venezuela to
Ecuador. Outside the Cordillera de
Mérida, more than 60 species with
this growth form are found, from
2500 m to the border of the present
glaciers at 4600 m (Ref. 2). Several
species of unbranched monocarpic
{semelparous) rosettes occur in this
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Fig. 1. Geographical arca of Espeletia and distribution

of some of its growth lorms. |: Sierra Nevada de Santa
Marta. 2: Sierra de Perija. 3: Cordillera de Merida. The
Coastal Caribbean Range lies to the east of the Cor-

dillera de Merida. Adapted from Ref. 2
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Fig. 2. Climatic regimes, life forms and adaptive trends in the species of Espeletia along an altitudinal
gradient in the Cordillera de Mérida, Venezuela. Shown for the annual cycle are: the number of years with
meteorological records, | |; the altitude in metres, { }; the mean annual temperature in °C; and rainfall in
mm. The areas shaded in black correspond to monthly rainfall above 100 mm.

belt, showing a convergent strategy
with Lobelia in the afroalpine zone,
Argyroxiphium in the tropical-
alpine zone of Hawaii and Lupinus
and Puya in the Central Andean
puna®,

Figure 2 shows the altitudinal dis-
tribution of Espeletia in the Cor-
dillera de Mérida. The branched
forms occur in the Andean forests,
where there are no drastic water or
temperature limitations. Immedi-

ately above this belt, in the Andean
paramo, which has a widespread
variety of local climates and habi-
tats, Espeletia radiated in various
forms with quite divergent life
cycles, physiology and reproductive
patterns®!'. Finally, in the most
extreme environment, the high-
Andean cold desert, only the giant
polycarpic rosettes are found.
These same trends in morphology
with altitude are shown by the
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tropics.
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genus Dendrosenecio in the afro-
alpine environments of Mt Kenya'',
suggesting that similar underlying
selective forces operated in both
cases.

Adaptation of giant rosettes to the Andean
periglacial habitats

We will now focus on the giant
polycarpic rosettes, the only growth
form adapted to the most extreme
ecological conditions of the high
tropical mountains. This ecological
accomplishment can be understood
as the result of the evolution and
integration of a series of adaptive
traits along the aititudinal gradients.
In this way, Espeletia was able to
move from the relatively constant
montane rainforest environment to
the almost permanently stress-
generating cold-desert conditions
(Fig. 3) of the high tropical moun-
tains.

In the high-Andean belt, low
mean temperatures prevail all year,
and there are wide daily oscil-
lations. There is a high frequency of
frosts all year round. The 24-hour
rhythm is the key external factor
regulating plant functioning: plants
have to overcome low night tem-
peratures through responses that
allow the continuity of the assimilat-
ive process during daytime hours.
Poor soils constitute an additional
important stress in the high-Andean
belt; this is a consequence both of
the periglacial climatic conditions
and of the short evolution of these
soils. The availability of some nutri-
ents falls within the range typical for
the most nutrient-poor ecosystems.

How is the morphological struc-
ture of the giant rosette adaptive
with respect to the water, nutrient
and carbon budgets? Enough infor-
mation is available to permit a pre-
liminary review. We follow previous
models that have been applied to
various plant forms and ecosystems,
and that involve the separate analy-
sis of the water, nutrient and carbon
economy of plants'?'4,

Biomass and energy allocation

The allocation of plant biomass
among different organs and struc-
tures, expressed as caloric values, is
one of the most revealing aspects of
the overall adaptive strategy. Each
pattern of biomass allocation, in ma-
ture individuals, may be considered
as a functional alternative op-
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timized through natural selection.
Some remarkable aspects of the
pattern of energy allocation in the
giant Espeletias'® (see Table 1) are
as follows:

(1) A major proportion (73.5%) of
the total plant material occurs as
standing necromass (dead leaves
and dead auxiliary reproductive
structures), whereas only 265% is
live biomass, including roots, stem,
leaves, inflorescences and seeds.
This surprisingly high proportion of
dead material attached to the plant
transforms each individual into a
microecosystem with a functional
integration of the productive and
degradative subsystems, the latter
being represented by the decom-
posing plant parts and their ac-
companying decomposers. The
energy stored in live plant parts
is divided in the following pro-
portions: roots, 13%; stem, 17%;
leaves, 29%; ARS, 33%; and seeds,
8%.

(2) The low investment in roots
indicates that the plant does not
exploit a large volume of soil,
as has been reported for some
high-Andean cushion plants (L.
Sarmiento, unpublished data). In-
stead, the plant optimizes the cyc-
ling of its nutrients and the capture
of nutrients from rainfall.

(3} The low investment in non-
assimilative structures reduces the
maintenance cost and improves the
carbon budget (Fig. 4).

{4) A very high ratio of assimilat-
ive to nonassimilative parts (Fig. 4),
close to 1.0 in E. timotensis, con-
trasts with a ratio of 0.1 to 0.01 in
more ‘typical’ trees'>'°,

(5) A high proportion of the total
energy invested in reproduction, as
well as a high reproductive effort,
are essential aspects of the overall
plant strategy, given that mortality
rates are very high during the first
stages of the life cycle.

Leaf rosette

These evergreen rosettes pro-
duce leaves all year round. The
leaves are thick, densely pubescent
and scleromorphic, with small cells
and protected stomata.

The spatial arrangement of leaves
in a terminal rosette has many
consequences for plant function.

(1) The leaves become more ver-
tical along the elevation gradient'’.
This parabolic geometry of the
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Fig. 4. Morphological traits and functional mechanisms involved in the carbon economy of giant

rosettes of Espeletia.

rosette improves photosynthetic as-
similation, since high rates occur at
mid-morning and early afternoon,
when the oblique sun rays are more
efficiently intercepted by the up-
right leaves'®.

(2) Within the rosette, every poss-
ible leaf orientation is found, which
may increase the interception of so-
lar radiation (Fig. 4). At each hour of
the day, the amount of radiation
intercepted by a particular leaf will
be different, and this relationship
changes with the position of the sun.
This feature allows a better use of
solar radiation throughout the day
and the seasons, as well as a more
favourable thermal balance’s.

(3) The arrangement of leaves in
the rosette insulates the apical bud
and the youngest leaves, which
remain protected by the older
ones'?20 Nyctaginistic movements
increase this thermal protection?'.

(4) The geometry of the rosette
influences the surrounding atmos-
phere, forming a permanent bound-
ary layer. This aerodynamic effect
reinforces the one induced by each
individual leaf. The consequences
of the boundary layer on the ther-
mal and photosynthetic balances
are discussed below?.

(5) The rosette intercepts and
channels rainfall, a process whose
magnitude and importance are often
neglected (Fig. 5). The rosette acts
as a collecting funnel that directs a
significant part of the total rainfall
towards the layer of dead leaves,
through which it flows towards the
site at the foot of the trunk where

active roots concentrate. Thus, rain
water is directed towards the most
favourable place to be taken up by
roots, improving water and solute
availability. A similar channelling
of rain water occurs in the epiphytic
bromeliads of tropical rain forests.

Dying and dead leaves

All high-Andean species have a
thick layer of dying and dead leaves
surrounding the stem. As the pro-
cess of dying is gradual, it favours
the reallocation of nutrients to de-
veloping leaves'®. Removal of the
dead leaves significantly increases
the probability of death of the

Table 1. (a) Biomass allocation (% of total biomass in
calories) in different plant organs in E. timotensis. (b)
Ratios between the energy allocated to various plant
parts
{a)
Live Dead

Seeds 2.2 -
ARS? 8.8 1.9

Leaves 7.7 71.6
Stem 4.4 -
Roots 3.4 -

(b)

live 0.36
dead

Ii\./e reprodugtive 0.70

live vegetative

assinjilefltiv.e leaves 0.99

nonassimilative stem + roots
2ARS = Auxiliary reproductive structures:
inflorescences, heads, etc.
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plant?. Their functional role has
been the object of several alterna-
tive, nonexclusive interpretations.
(1) The layer of dead leaves insu-
lates the pith?!, maintaining its tem-
perature above 0°C even when the
air temperature is several degrees
lower. Because of this, the pith water
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(2) The dead leaves are a reser-
voir of nutrients, although their con-
tribution to the nutrient economy
remains unknown (Fig. 6). There is
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an abundant and diversified com-
munity of decomposers inside the
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390

TREE vol. 6, no. 12, December 1991
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standing leaf litter? This un-
doubtedly suggests a continuous
liberation of the soluble fraction of
leaf nutrients. A working hypothesis
is that liberated nutrients are
leached by the flow of water through
the litter, accumulating at the stem's
base and progressively reaching the
zone of fine-root development.
Furthermore, fine roots also de-
velop within the layer of dying
leaves. In this way, nutrients could
be reutilized in a time that depends
upon the decomposition rates and
the rates of downward leaching to-
wards the zone of absorption. As a
sharp nutrient limitation seems to
be a widespread feature of the peri-
glacial habitats colonized by these
giant rosettes, studies on nutrient
utilization and recycling should be
made in order to attain a better
understanding of the whole adapt-
ive strategy of these Espeletia.

(3) The standing dead litter in-
creases the individual basal area
and lowers its centre of gravity, pro-
viding the plant with increased
stability. All factors concerning
mechanical equilibrium appear as
highly favourable for survival, given
that falling as a consequence of their
height and weight is one of the
major mortality causes among adult
individuals.

Voluminous central pith

One of the most peculiar aspects
in the adaptive strategy of Espeletia
is the gradual increase in pith size
and water-storage capacity in those
species occurring in habitats with
greater frequency of frost’. A volu-
minous central pith made up of par-
enchymatous tissue stores water
during the night to sustain up to two
and a half hours of morning transpi-
ration. That seems to be important,
since, during the early morning,
temperatures may remain below
the freezing point, impeding water
uptake by freezing the soil water
and by reducing root permeability®
(Fig. 5).

The development of a volumin-
ous pith also appears crucial for
water and carbon balance, since it
allows the maintenance of open
stomata early in the morning {Fig. 4).
The gradual increase in pith volume
could explain the greater height at-
tained by individuals in the high-
Andean species, as well as the
greater probability of death in seed-
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lings and juveniles without a well-
developed pith?.

Leaf pubescence

In E. timotensis, the effect of leaf
pubescence on leaf temperatures
has been clearly demonstrated®.
Pubescence acts through the forma-
tion of a boundary layer that re-
stricts convection and latent heat
losses without greatly affecting the
absorption of the incoming solar
radiation (Fig. 4). In this species the
photosynthetically active radiation
(PAR) reaching the leaf blade de-
creases by about 15% and there is
also a stronger resistance to CO,
diffusion'®. This effect of leaf pu-
bescence is the opposite of its
known effect on warm desert plants?.
But the increase in leaf tempera-
tures has a positive effect on carbon
gain since they become closer to the
photosynthetic optimum'’. As the
boundary layer lowers transpiration
rates, its action on the water budget
is positive, but as it hinders CO,
exchange, it represents a cost in car-
bon assimilation (Fig. 4). The dense
leaf pubescence also hinders wet-
tening of the leaf surface, decreas-
ing the freezing risk’’ and the
leaching of nutrients.

Other adaptive mechanisms
Sced latency

Seed latency has been found in
some of these species”. Given the
strong interannual variability in cli-
mate that characterizes the high-
Andean environments, seed latency
would certainly increase the prob-
ability of germination under more
favourable weather conditions.
Furthermore, in each seed crop,
some seeds germinate in the year of
production, while the germination
of the others is spread through sev-
eral years, giving rise to a persistent
seed bank.

Supercooling

Only the assimilating leaves are
exposed to freezing temperatures,
the remaining plant structures
either develop in sites with higher
temperatures or are protected by
insulating structures or tissues?.
The live leaves avoid the formation
of ice by supercooling to tempera-

tures of —13°C to —16°C, a fact ap-
parently made possible by the
small cell sizes and the small inter-
cellular spaces for ice nucleation®%3!.

Conclusion

Figures 4 to 6 summarize the whole
set of morphological traits and func-
tional interactions that have led to
the colonization of extreme environ-
ments by Espeletia. As we have
shown, each particular trait is in-
volved in a diversity of functions
related to the overcoming of various
environmental stresses, such as
cold, drought and nutrient shortage.
Thus, for instance, the thick layer of
attached dead leaves insulates the
pith and channels rainfall, while its
mineralization provides nutrients.

One of the most remarkable fea-
tures of high-Andean Espeletia is
their ability to survive through op-
timization of the use of critical
resources. This results from the
development of an integrated eco-
logical system composed of both
the living plant and the standing
dead litter and its decomposers!'?,
The gradual mineralization of the
sequestered nutrients, together
with the humification of part of the
organic materials, leads to the for-
mation of an aerial, plant-linked soil
environment. This coherent system
established within the living indi-
viduals of Espeletia greatly con-
trasts with the surrounding desert
ground.
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