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INTRODUCTION

Tropical and subtropical highland areas are
characterized by a high diversity per unit area
(Korner 1999), which is reflected not only in
species numbers but also in the functional vari-
ability of the ecosystem (Walker et al. 1999).
We analyzed functional variability and archi-
tectonic models to develop an ecological inter-
pretation of taxonomic diversity in Andean wet-
lands.

Plant species are often grouped according
to their morphological characteristics, e.g. for
temperate regions, in terms of the height of
growth meristems during the unfavorable sea-
son, as proposed by Raunkier (1934). This mor-
phological grouping, however, is not directly
applicable to the plant species in high tropical
mountains. Here, the widest temperature oscil-
lations occur daily instead of seasonally, growth
is continuous throughout the year, and dor-
mancy of the growth meristems occurs during
a few hours at night, when temperatures go
below 0°C (simulating the latency season that
lasts several winter months in extratropical
regions) (Sarmiento 1986; Rundell et al. 1994).

For this reason, Hedberg (1964) proposed
a classification of the Afroalpine flora accord-
ing to their different adaptive strategies into
five groups: caulescent rosettes, acaulescent
rosettes, tussock grasses, cushion and sclero-
phyllous shrubs, like some forbs and grasses
that are commonly temperates. Hedberg’s sys-
tem has been accepted as being adequately rep-

resentative of the common pattern in the cold
intertropics to which the diverse plant commu-
nities of the Andean paramos belong (Hedberg
and Hedberg 1979; Smith and Young 1987),
from the humid paramo grasslands in Colom-
bia (Hofstede 1995) to the dry pdramos in Ven-
ezuela (Monasterio 1980a).

Tropical and subtropical highland areas are
characterized by a high diversity per unit area
(Korner 1999), which is not only reflected in
the species numbers but also in the functional
variability of the ecosystem (Walker et al.
1999). From this perspective, the different life-
forms can be interpreted as architectonic mod-
els conditioned for a given function. For exam-
ple, in the giant rosettes of the Espeletia genus,
the marcescent leaves encasing the aerial stem
prevents freezing during the night and allows
the reestablishment of photosynthetic activities
during the first hours of the day (Goldstein et
al. 1984). Therefore, an analysis based on func-
tional variability and architectonic models can
be used for developing an ecological interpre-
tation of taxonomic diversity.

Andean wetlands are located in the driest
paramo of the Cordillera de Mérida, Venezuela.
They occupy geomorphologic situations such
as valley bottoms or microterraces, created by
the deposition of fluvioglacial materials under
the influence of continuous daily freeze-thaw
cycles (Schubert 1979). These wetland environ-
ments are relatively more stable in terms of their
temperature cycles, allowing the establishment
of a grass vegetation (covering less than 10%
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of land surface) made up of highly palatable
forbs and grasses (80% vegetation cover), such
as Calamagrostis mulleri, Muehlenbergia ligu-
laris, Carex albolutescens, and Agrostis brey-
iculmis, which, according to Ivlev’s preference
(Ramirez et al. 1996), have high protein con-
tent. In this sense, these environments are
denominated as Andean grasslands. These wet-
land environments are dominated by Andean
grasses (Molinillo 1992) with a high species
richness and a high vegetation cover (80%).
However, Andean wetlands occupy less than
10% of the land surface, whereas shrubland
with caulescent rosettes of the Espeletia genus,
sclerophylous shrubs, and cushions, all species
with little palatable forage, dominate in the
huge stretch of more than 90% of the land sur-
face (Molinillo and Monasterio 1997a).
Andean grasses have high species richness,
good stability, appropriate ground conservation
and, together with other wetlands and marshes,
form areas with high regional diversity (Moli-
nillo and Monasterio 2002). However, the
diversity in the Andean wetlands is seriously
threatened by intensive grazing (Molinillo and
Monasterio 1997a). Recently, the Andean para-
mos has been subjected to an accelerated pro-
cess of degradation and transformation, charac-
terized by farming intensification and
continuing expansion of the agricultural fron-
tier (Luteyn 1992; Hofstede 1995). The inten-
sity and frequency with which the wetlands are
visited by cattle are correlated with the agricul-
ture activities (Pérez 2000). The increasing
human intervention, frequently involving long
fallow agriculture (Monasterio 1980b; De Rob-
ert and Monasterio 1993), led to higher stocking
rates, grazing, and the formation of induced
wetlands in which the dynamics are controlled
by grazing patterns, especially during the dry
season when the animals are gathered together
in the Andean grasslands (Molinillo 2003).
During the fieldwork in 2002-2003, we
observed that the cattle consumed the palatable
forbs and grasses and trampled the vegetation
in the Andean grasses. For this reason, the target
of this study was to analyze the functional vari-
ability in species of the Andean wetlands by
using ecological variables that are likely to be
affected by grazing in the Andean paramos,
such as the aboveground/belowground phyto-
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mass rate and growth meristem'’s protection. We
compared the species sensitive to trampling in
both intensively grazed and extensively grazed
wetlands. This allows us to analyze the impact
that extensive grazing has on life-forms that are
critical for the conservation and sustainable use
of the Andean wetland. In this work, we do not
study the direct effect of grazing on the studied
species, but some results can be interpreted as
the effect of intensive grazing (0.2-0.4 UA/ha)
on Andean grass (Molinillo 1992).

STUDY AREA

The study was undertaken in the wetland of
Mifafi, in the Sierra La Culata of the Cordillera
de Mérida, Venezuela. The area is a dry paramo
in the cold intertropic, where the annual iso-
therm is 2.8°C, and the average yearly rainfall
is 869.3 mm (Monasterio and Reyes 1980). The
precipitation regime is unimodal, with a single
maximum rainfall peak and a dry season from
December to March. The Ciénaga de Mifafi is
an Andean grassland (Molinillo and Monasterio
1997a) dominated by highly palatable forbs and
grasses, acaulescent rosettes and cushions with
little palatable forage, and on the side of wet-
land, caulescent rosettes of the Espeletia genus,
which come from the rosette land, where the
giant species Espeletia timotensis and Espeletia
spicata (Monasterio 1980a) dominate.

The study was carried out for six species;
three life-forms were analyzed: acaulescent
rosettes, caulescent rosettes, and cushions. The
acaulescent rosettes are studied in Plantago
rigida and Hypochoeris setosa, the caulescent
rosettes in Espeletia batata and Espeletia semi-
globulata, and the cushions in Aciachne pulvi-
nata and Azorella julianii. Forbs and grasses
were not selected for this study because,
although these life-forms are preferred by cat-
tle, we were mainly interested in measuring the
impact of trampling in Andean wetlands. The
species were selected depending on the follow-
ing criteria: annual or perennial, low consump-
tion, little forage, and deficient protein content.

A key case study of grazed Andean wetland
in the Cordillera de Mérida (Molinillo and
Monasterio 2002) demonstrated that these six
species are not palatable or consumed by cattle.
Acaulescent rosettes strongly benefit from
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grazing. In a similar way, the cushion Aciachne
pulvinata occupies open valley bottom areas
where intensive grazing facilitates its establish-
ment (Molinillo 1992). Caulescent rosettes of
the Espeletia genus are not very palatable
because they contain toxic secondary com-
pounds in their young leaves. Nevertheless,
they may be occasionally consumed by cattle
to complete the diet. Finally, it is not well
known if the cushion Azorella julianii is con-
sumed.

A hydrological gradient associated with
superficial drainage patterns within wetlands
determines plant communities in terms of the
dominant life-form structure. Humid areas are
dominated by acaulescent rosettes, forbs, and
grasses, and in the dry areas, caulescent rosettes
of the Espeletia genus and cushions are com-
mon (Figure 13.1).

The study area is located in the National
Park of Sierra La Culata. Despite the protected
status of the study area, some activities such as
the livestock grazing are not controlled by the
park authorities mainly due to disagreement on
management plans between the state and the
local community. The problem of extensive
grazing has not been solved yet (Molinillo and
Monasterio 1997b; Monasterio and Molinillo
2003).

METHODS

Functional variability is analyzed for those vari-
ables that respond to the micro- and mesocli-
matic thermal oscillations of the Andean péra-
mos. These variables, which allow us to
understand some functional characteristics in
the wetland, are: architectonic model, above-
ground/belowground phytomass (AP/BP) and
necromass/total phytomass (N/TP) ratios, and
growth meristem’s protection (a distinctive
characteristic of tropical regions).

To calculate phytomass ratios, aboveground
and belowground biomass are calculated on
adult, reproductive individuals. Biomass was
determined using the cropping method: by har-
vesting and separating into leaves, flowers,
stems, rhizomes or belowground stems, roots,
and necromass. The phytomass ratios were cal-
culated on a dry weight basis.

Growth meristem’s thermal protection for
the six species was analyzed through the tem-
perature differences inside and outside the mer-
istems in October, November, and December of
2002. Air temperature, soil surface temperature,
and humidity were measured with a Lambrecht
(°K) thermohygrometer. Leaf temperatures for
each species were measured using copper-con-
stant (36 caliber) thermocouples, at 2-h inter-
vals during 3 days.

To analyze how plant architecture is related
to ecosystem functioning in piramo wetlands,
soil water-holding capacity was determined in
stands mainly dominated by P. rigida, and used
as a relatively simple model system. Soil sec-
tions (of 50 x 50 cm surface area) were
extracted at different soil depths (0—4 cm, 4-10
cm, and 0-10 cm). These sections were then
saturated with water for 48 h and weighed (sat-
urated weight) and then dried and weighed
again (dry weight). The difference between sat-
urated and dry weights indicated the percentage
of water saturation and the soil water-holding
capacity per unit surface area for each soil
depth.

RESULTS

The results of the phytomass ratios indicated
that the AP/BP ratio was the variable showing
the largest difference between species, with low
values for P. rigida, H. setosa, and A. julianii
and high values for E. batata, A. pulvinata, and
E. semiglobulata (Table 13.1). Hence, two phy-
tomass distribution patterns are evident, with
species that assign a high proportion of total
phytomass in aerial structures and species that
accumulate a large proportion in belowground
structures (Figure 13.2).

An indicator of the importance of phyto-
mass storage in senescent organs in pdramo
flora is the necromass/leaf biomass ratio. The
species with the highest ratios are P. rigida and
E. semiglobulata; they are also the species with
the more pronounced differences in AP/BP
ratios (Figure 13.3). The high aerial phytomass
proportion in rosette species is largely due to
the leaf necromass attached to the aerial stem
(Monasterio 1986), whereas in P. rigida, most
of the necromass is attached to the belowground
stem. Even so, both species share the low ratios



Land Use Change and Mountain Biodiversity

190

"B[ONZAUAA ‘BPUPIN 3P BID[[IPI0D) ‘(W O0Et) HEHA 9P ETeu 1) 9y} ur saads Xis jo uonnquusip feneds [euozuoy 1°gL 3MNOIL

sisusjourn) epsdsy  H

ejejnqodiwss endfadsy ¢ um gp+

\ :? > er3Iaquisfeynui
O

-Xare)-snsoifewree) ‘g

epidu ofejueld 1 un 0—-0T

]

@

jul
\

()

&)

€ X
sassead
uespuy

S30BIISIOIIN

pueg
911950y



191

Functional Diversity of Wetland Vegetation in the High-Andean Paramo, Venezuela

LS80°0 ¥ 8760
7600 F THLO
LLTOF STY'O
6600 ¥ 18770
$91°0 ¥ €6T°0
8¢0°0 F $OL0
dI/N

‘ssewrolAyd [210)/SSBWOINDU = JI/N ‘SSeuIolq [ejoyssewiolq aanonpoidar = g /gy ‘SSewolq [e10)/SSeuIolq 1001 = gL/gOy
{SSEWOIq [e10)/(SWIA)S punoIFIopun pue [eLISe) SSBUIOIQ AJOJR[IWISSEUOU = ¢ [/ VN ‘SSeWoIq [eJ0}/SSewolq Jea] AIoje[ruIsse = g1/ TV SSewolq punoidmoraq/punoidasoqe = gg/dV -210N

0 Y01'0 * 0VT'0

0 LIO0 ¥ 1200

€900 9110 9¢0°0 ¥ 2e00

0 Iv1°0 ¥ 90£°0

[¥0°0 ¥ 801°0 8010 F ILTO

870°0 ¥ TTO0 YOI'0 * $TH'0
41/94 41/404

0
SCI'0 ¥ 6890
€070 F 1680
§60°0 F LESO
P10 F 996°0
¥80°0 ¥ TTH'0
41/4VN

YO1°0 ¥ 65L°0
9I1'0 * £6T°0
002°0 * 8510
1010 # SST°0
801°0F vL1°0
860G ¥ 0¢1°0
/a1

POL'T F eLL'E pwuapnd auyovioy
61'S0vY ¥ €0'v8Y1 pipnqolSnuas viagadsy
906’1 ¥ 61T°C pipiDq PYIJAdSy
LST'0 ¥ 0020 nuoynf vijo102y
GLE F LSYO Ds013s siavYI0diy
vLO'O F S81°C vpr8u 0Sviuvig
a9/9v saadg

soijey ssewoig

spuepam owesed ueapuy wouy sa1dads 10} (UoneIAIp plepue)s F) sones ssewo}iyd Idesany

1'€1 318V1




192 Land Use Change and Mountain Biodiversity
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FIGURE 13.2 Vertical spatial distribution of phytomass in species of Andean wetlands. (1) Plantago rigida,
(2) Hipochoeris setosa, (3) Calandrinia acaulis, (4) Azorella julianii, (5) Espeletia batata, (6) Espeletia
semiglobulata, and (7) Aciachne pulvinata. NAB: nonassimilatory biomass, including aerial stems and rhi-
zomes; ROB: root biomass, including primary and secondary roots; AN: aboveground leaf necromass; BN:
belowground leaf necromass; LB: leaf biomass; and RB: reproductive biomass.
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FIGURE 13.3 Average mass in different plant compartments for P. rigida and E. semiglobulata (+ standard
deviation). NAB: nonassimilatory biomass, in aerial stems or rhizomes; ROB: root biomass; N: leaf necromass;
ALB: photosynthetic biomass; and RB: reproductive biomass. Different letters (a, b, ¢, d) indicate significant
differences (p = .05).

of assimilatory leaf biomass to total phytomass,
suggesting that they are slow-growing, long-
lived species that store large amounts of phyto-
mass during their life cycles.

In general terms, the six species accumulate
a large proportion of phytomass as leaf necro-
mass and show a low proportion of photosyn-

thetic biomass. As a consequence, it suggests
that extensive livestock grazing may enhance
the vegetation cover in the Andean wetlands
because it increases the trampling of species
that have a large proportion of buried leaf nec-
romass (such as P. rigida, H. setosa, and
A. julianii), and it decreases the low proportion
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of leaves in long-lived species (such as the
Espeletia genus) that are occasionally con-
sumed by cattle (Molinillo 1992). The root bio-
mass ratios reported here for all species are
below those typically found in alpine ecosys-
tems (Korner 1999). Within the species studied,
the large proportions of root biomass are
replaced by belowground stems in species such
as H. setosa and A. julianii. Hence, the density
of H. setosa increases in areas with intensive
grazing.

The Mifafi wetland showed an annual iso-
therm of 4.7°C (£2.1°C) and pronounced daily
temperature variations, with a maximum of
12.8°C (£2.4°C) and minimum of 0.7°C
(£1.3°C) for the study period. All analyzed life-
forms protect their growth meristems from
night frost, and this is reflected in the higher
temperatures within meristems compared to
external temperatures. Depending on the num-
ber of hours that meristems stay below 0°C,
three adaptive strategies of wetland vegetation
can be defined: species showing no freezing
temperatures, such as P. rigida and H. setosa;
species staying only a few hours under freezing
temperatures, such as E. semiglobulata and A.
pulvinata; and species with protected mer-

istems, but which, nonetheless, spend several
hours at subzero temperatures, such as E. batata
and A. julianii (Table 13.2).

Moreover, the parabolic distribution of
leaves (to protect growth meristems located in
the center) in all species, except for A. pulvinata
(in which more complex mechanisms are
involved), contributes to the avoidance of leaf
overheating during peak radiation hours (Mon-
asterio and Sarmiento 1991). Continuous tram-
pling by cattle can change the parabolic distri-
bution of leaves, which protects the growth
meristem from night frost, and this can explain
the fast drop in temperature when the leaves of
Espeletia batata were damaged by trampling.

Finally, the results of water saturation in
vegetation stands dominated by P. rigida indi-
cate that it is in the top 4 cm of the soil profile
that the highest water-holding capacity is found
(1640 1 m™, Table 13.3). This coincides with
the soil layer in which most of the leaf necro-
mass from acaulescent rosettes are concen-
trated. The water capture is seriously threatened
by intensive grazing and cattle trampling, which
adversely affects hydrological functions in the
Andean wetlands.

TABLE 13.2

Average maximum and minimum temperatures and number of hours registered
with temperatures below 0°C for six species from Andean wetlands

Vegetation Thermic Response

Daily Maximum

Species Temperature (°C)
Plantago rigida E 21 6.6
I 18.7+4.3
Hypochoeris setosa E 19.3 £ 6.7
I 15+ 4.5
Espeletia semiglobulata E 179 £ 5.7
1 12.8 £3.1
Espeletia batata E 275+6.3
1 30.8 5.1
Azorella julianii E 26.1£94
1 187 x7
Aciachne pulvinata E 345+38
1 23.8 + 4.5

Note: E = external temperature; I = internal temperature.

Daily Minimum Number of Hours

Temperature (°C) Below 0°C
E 0.2 +0.01 E 0
1 1.4 04 I 0
E 1.7 £ 1.07 E 10
1 0414 1 0
E 3+205 E 10
I 0.3 +2.08 1 3
E 4x19 E 11
1 29x1.2 1 7
E 37+£25 E 12
1 1.3+07 1 6
E 51+19 E 11
I 04 £0.7 1 3
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TABLE 13.3

Water storage capacity in an Andean wetland dominated by Plantago rigida

Water Storage Capacity of an Andean Wetland

Surface Area

Treatment N (cm?)
Total soil 4 1714 £ 519
(0-10 cm depth)

Top soil layer 10 476 + 6.6
(04 cm depth)
Lower soil layer 5 776 £9.90

(4-10 cm depth)

Saturated Weight
® Dry Weight (g) Rainfall (mm)
3443 £ 53 1277 £21.2 13,445 + 4,474
137.6 £ 15.5 613 £9.1 16,455 + 3,899
207.6 £ 12.7 1204 x 11.3 11,414 = 1,769

DISCUSSION

It is interesting to examine how the species that
occupy the wettest environment in tropical
highlands distribute their resources, and to ana-
lyze if these phytomass distribution patterns
constitute “successful decisions” in terms of
ecosystem functioning (Monasterio 1986).
Moreover, the diversity of architectonic models
studied in Andean pdramo wetlands has impor-
tant ecological implications, as it determines
the vertical spatial distribution of energy incor-
porated into the ecosystem.

The results presented here show two differ-
ent patterns of energy distribution. On the one
hand, there are species that distribute large phy-
tomass proportions to aerial structures (more
than 30 cm aboveground), with AP/BP ratios
above one. This model is common in species
of tropical ecosystems (Smith and Klinger
1985). On the other hand, there are abundant
species in wetland ecosystems with low aerial
biomass and AP/BP ratios between 0.1 and
0.001. This last model of belowground accu-
mulation is characteristic of species of alpine,
arctic, and tundra ecosystems (Smith and
Klinger 1985).

In alpine regions, where the low tempera-
tures are the main limiting factor (Aber and
Melillo 1991), the species show low photosyn-
thesis and growth rates and slow litter decom-
position. Life-forms dominant in Andean wet-
lands show morphological and
ecophysiological adaptations to low tempera-
tures and extreme daily temperature fluctua-
tions (Goldstein et al 1984; Monasterio and
Sarmiento 1991; Rada 1993). As a result of

their adaptations to the extreme conditions of
the paramo, the species show slow rates of plant
growth (Rada 1993). In this sense, several
authors agree that these ecosystems are fragile,
showing slow rates of regeneration after distur-
bances such as grazing and fire (Luteyn 1992;
Hofstede et al. 1995; Hofstede 2001).

The high leaf necromass proportions
present in the studied species have been related
to thermal insulation. In the case of giant
rosettes, a cover of dead leaves isolates living
tissues in aboveground stems, protecting them
from nocturnal freezing and regulating their
water balance (Goldstein and Meinzer 1983).
This mechanism is also involved in thermal pro-
tection of leaf meristems (Smith 1974; Monas-
terio 1986). The stored necromass does not con-
stitute an active energy reserve, but plays a
critical role in nutrient translocation from dead
leaves to active tissues (Garay et al. 1982) and
might, in addition, contribute to water recharge
in paramo wetland ecosystems. The same could
be true of the acaulescent rosette Plantago
rigida in our study, in which a large proportion
of the leaf necromass encases the belowground
stem, strongly increasing the water-holding
capacity of the top few centimeters of the soil.

The effect of extensive grazing in the
Andean pdramos, in general, depends on the
intensity, frequency, and sequence of cattle
presence in the paramo grasslands (Molinillo
and Monasterio 2002). A low animal intensity
increases the species richness because the com-
petitive exclusion decreases, and the fast-grow-
ing forbs are able to show explosive coloniza-
tion. However, a high animal intensity
decreases the diversity of species (Sarmiento et
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al. 2003). For example, the low frequency of
grazing and fire in the west paramos decreased
the tussock density and increased the fraction
of forbs and grass species in the vegetation
composition. However, a high animal intensity
decreased the diversity of species (Sarmiento et
al. 2003) and increased the fraction of less-
palatable forbs (Hofstede 1995; Verweij 1995;
Molinillo and Monasterio 2002).

There are some alternative management
practices in the Venezuelan Andes, that
emphasize the need to conserve piramo diver-
sity (Sarmiento et al. 2003). Intensification of
agriculture in some areas seems to be the best
way to reduce the total area under cultivation,
while maintaining production levels and
improving biodiversity, given that representa-
tive natural areas are set aside for protection
(Sarmiento et al. 2002). Another factor to be
analyzed is the impact of grazing practice,
which is likely to have a pronounced effect on
the vegetation structure and diversity in
Andean grasslands.

Even though the effect of extensive grazing
within the wetland ecosystem is not analyzed
here, the functional variability could certainly
play a critical role in determining the water
balance in these high-Andean piramo environ-
ments, in which the aboveground and below-
ground stems could act as water reservoirs,
while standing leaf necromass could provide
improved water capture by acting as a funnel.
Therefore, the conservation of species and func-
tional diversity for a sustainable use of the
Andean wetlands necessarily implies appropri-
ate cattle management strategies in the Venezu-
elan Andean region.

SUMMARY

Tropical mountain diversity is not only
expressed as richness per unit area but also in
terms of the functional variability of highland
species. In the wetlands of the Andean piaramo
above 3800 m, a diverse array of plants coexist
that can be grouped into acaulescent rosettes,
caulescent rosettes, cushions, forbs, and
grasses — the same life-forms defined by Hed-
berg (1964) for the Afroalpine belt. Each of
these life-forms can be interpreted as an archi-

tectonic model in which phytomass distribu-
tion in aboveground and belowground struc-
tures (including senescent leaves) and thermal
protection of growth meristems can provide
key information on the functioning of the wet-
lands in the Andean piramo. The results of
this study in the Venezuelan Andean wetlands
show a variety of phytomass patterns, with
species that accumulate phytomass in above-
ground structures and species that do the same
in belowground structures, particularly as bur-
ied leaf necromass. Phytomass accumulated as
leaf necromass has different functions, such as
protection of the growth meristems from low
temperatures or water capture in the topsoil
profile (e.g. an increase of water was found in
wetlands dominated by the acaulescent rosette
Plantago rigida, which has a high under-
ground leaf necromass). Extensive grazing
modifies the diversity and composition of spe-
cies and, consequently, the relative abundance
of the species that are not consumed by cattle
(cows and horses) but are susceptible to dam-
age by trampling. This has effects on the
hydrological functioning of these ecosystems,
which constitute the headwaters of important
rivers draining into the Amazon catchment.
Therefore, conservation of the biodiversity of
the Andean wetlands necessarily implies
appropriate cattle management strategies in
the Venezuelan Andes.
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