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Abstract

This paper analyses the problems involved in the conservation and management of the hydrological system of the South
American paramo. The paramo consists of a collection of neotropical alpine grassland ecosystems covering the upper region of the
northern Andes. They play a key role in the hydrology of the continent. Many of the largest tributaries of the Amazon basin have
their headwaters in the paramo. It is also the major water source for the Andean highlands and a vast area of arid and semi-arid
lowlands, where paramo water is used for domestic, agricultural and industrial consumption, and the generation of hydropower.
Recently, the paramo is increasingly used for intensive cattle grazing, cultivation, and pine planting, among others. These activities,
as well as global phenomena such as climate change, severely alter the hydrological regime. A review on the state of knowledge of
its hydrology is given in a first part. In a second part, the impact of human activities and climate change on the hydrology of the
paramo is discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction as much as 95% of the total flow (Liniger et al., 1998).

Globally it is estimated that about 40% of the global

Mountains fulfil important ecological and economic
functions for the surrounding lowlands, including the
sustenance of ecological minimum flows, and water pro-
duction for agriculture, food production and hydropower
generation. In arid regions, the total contribution of
mountainous areas to catchment discharge may represent
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population lives in watersheds of rivers originating in the
planet’s different mountain regions (Beniston, 2003).
Discharge from many mountainous areas is characterized
by a disproportionally large contribution with regard to
the catchment area, as well as a high reliability and low
coefficient of variation (Viviroli et al., 2003; Messerli
et al., 2004; Viviroli and Weingartner, 2004).

The hydrological importance of mountain areas stands
in sharp contrast with their vulnerability. In many locations,
human land use rapidly encroaches on natural areas,
resulting in an increased stress on the ecosystem and
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environmental deterioration. In addition to ecological and
geomorphological deterioration, such as loss of habitat and
diversity or increased erosion, these land use changes may
have a thorough impact on the water cycle. Changes in
glacier dynamics, snowcover, soil properties and vege-
tation, landcover and land management alter the water
regulation capacity of mountainous catchments in different
ways. Increased consumption and extraction may result in
lower base flows. On a larger scale, climate change has
similar effects: a higher energy input enhances the
hydrological cycle and may increase precipitation and
evapotranspiration. Glacier melt and an upward shift of the
snowline affect discharge rates and timing (Foster, 2001;
IPCC, 2001; Meybeck, 2004).

Due to the difficult monitoring circumstances, and
therefore the relative scarcity of long range datasets, our
knowledge of runoff generation in mountain areas is
limited, in particular in the tropics and the subtropics. As
important, limiting our knowledge is the complex topo-
graphy, vegetation and soils, and the rapid spatial and
temporal changes in climatic parameters (Beniston, 2003;
Meybeck et al., 2005).

This complexity renders the sustainable management
of mountainous water resources particularly challenging
(Liniger et al., 1998), particularly in the Andean paramos.
The péaramo, both referred to in singular and in plural
pdaramos, is a collection of neotropical alpine ecosystems
within the grassland biome or Orobiome. It covers the
upper region of the northern Andes between the upper
forest line (about 3500 m altitude) and the permanent
snow line (about 5000 m) (Castaiio, 2002; Hofstede et al.,
2003) (Fig. 1). The paramo is the major water provider
for the Andean highlands of Venezuela, Colombia and
Ecuador, extensive parts of the adjacent lowlands, and the
arid coastal plains of North Peru. The water quality is
excellent, and the rivers descending from the paramo
provide a high and sustained base flow. On the other hand,
human activities, such as cultivation, intensification of
livestock grazing, Pinus plantations and tourism, in-
creased recently in the paramo. These activities may
significantly alter the hydrological behaviour of the
paramo, affecting directly the water supply function.
Like other mountain ranges, the paramo is subject to
global climate change. As these problems are becoming
critical, effective land use planning is necessary to ensure
optimal water supply to cities and rural areas. This
planning requires a good understanding of the paramo
hydrology that can support major decisions that have to be
taken in the near future.

This paper gives an overview of the current state of
scientific knowledge of the hydrology of the paramo,
identifying contradictions and major scientific gaps in our

Fig. 1. Approximate extension (in black) of the paramos in the
northern Andes of Venezuela, Colombia, Ecuador and Peru, with a
small, isolated patch in Costa Rica.

understanding of the hydrological system. In a second
part, we review the current knowledge of the impact of
human activities on the hydrology of the paramo, based
on available information on the paramo as well as infor-
mation from similar hydrological systems.

2. The Andean paramos

The Andean paramos consist of accidented, mostly
glacier formed valleys and plains with a large variety of
lakes, peat bogs and wet grasslands intermingled with
shrublands and low-statured forest patches (Fig. 2). They
cover the upper parts of the northern Andes, roughly
between 11° north and 8° south latitude. As such, they
form a discontinuous belt between the Cordillera de
Merida in Venezuela and the Huancabamba depression in
northern Peru. The southernmost paramos, occurring in
southern Ecuador and northern Peru, have a slightly
different graminaceous vegetation and may locally be
known as “Jalca”. Additionally, two separate paramo
complexes exist, one in Costa Rica and one in the Sierra
Nevada de Santa Marta, Colombia (Hofstede et al., 2003;
Kappelle and Horn, 2005). Similar biomes are found in
other continents. Tropical alpine grasslands similar to the
paramo are abundantly present in the affoalpine belt,
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Fig. 2. Typical view of the south Ecuadorian paramo (Soldados valley, El Cajas National Park, south Ecuador).

stretching from Ethiopia and Uganda to Kenya, Tanzania
and South Africa (Hedberg, 1964, 1992). To a smaller
extent, they occur in New Guinea and Indonesia (Hofstede
et al., 2003). While most analyses are also valid for these
regions, this study concentrates on the South American
paramos. The total area covered by paramo is estimated
between 35,000 (Hofstede et al., 2003) and 77,000 km?
(Dinerstein et al., 1995). This discrepancy is primarily due
to uncertainties in the lower limit of the paramo. The
natural forest limit is severely altered by human activity
(logging, intensive grazing), which makes the difference
between natural and artificial grasslands difficult to
distinguish.

The isolated and fragmented occurrence of the paramo
over the Andean highlands promotes high speciation and
an exceptionally high endemism. The paramo hosts about
5000 different plant species. About 60% of these species
are endemic, adapted to the specific physio-chemical and
climatic conditions, such as the low atmospheric pressure,
intense ultra-violet radiation, and the drying effects of
wind. The vegetation consists mainly of tussock grasses,
ground rosettes, dwarf shrubs cushion plants and conspic-
uous giant rosettas, such as Espeletia sp. and Puya sp.
(Acosta-Solis, 1984; Vargas and Zuluaga, 1986; Luteyn
et al., 1992; Hofstede, 1995d). In some areas, a clear
altitudinal vegetation gradient is present. In the subpar-
amo, 3000-3500 m altitude, mosaics with shrubs and
small trees alternate with grasslands. Extensive cloud
forests may develop at certain places, consisting of small,
twisted and gnarled trees with small and thick, notophyl-
lous leaves and many epiphytes. In the proper paramo
(3500—4500 m), grasslands dominate and patches of
woody species such as Polylepis sp. and Gynoxys sp.

occur only in sheltered locations and along water streams.
The superparamo is a narrow zone with scarce vegetation
between the grass paramo and the snow line. In all
vegetation belts, azonal vegetation types (cushion bogs,
mires, aquatic vegetation) occur in flat, perhumid areas
(Cleef, 1981).

Despite the remoteness and the cold and wet climate,
human activity in the paramo is not uncommon. Human
presence in the upper Andes goes back to prehistorical
times (Chepstow-Lusty et al., 1996) but in many cases,
activities were limited to extensive grazing by free
ranging animals. It is supposed that these activities do
not pose a significant pressure on the ecosystem. Some
regions, however, are characterised by intensive cultiva-
tion of potatoes and beans, and these practices are still
increasing rapidly, despite the technical difficulties
involved in cultivation of the paramo. Access is difficult
and most soils have to be drained intensively as they tend
to be severely waterlogged, but population growth, in-
creased urbanisation and soil degradation in the lower
valleys have pushed the agricultural limit upwards into the
paramo. Finally, tourism has become an important aspect
of paramo management, which may improve local live-
lihoods and economic development. Wide concern is
rising that the intensification and amplification of these
activities interferes with its environmental services.

3. The climate

The paramo features a typical tropical high mountain
climate. Due to its location close to the equator, the daily
solar radiation is almost constant throughout the year. This
constancy sharply contrasts with the daily cycle, which is
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Fig. 3. Daily variation in average, minimum and maximum radiation (left) and in average daily rainfall (right) in the paramo of Chanlud, south

Ecuador (3800 m).

quite marked (Fig. 3). Intraday temperature variations of
more than 20 °C are common (“summer every day and
winter every night”, Hedberg, 1964). Sarmiento (1986)
gives a comprehensive overview of the meteorologic data
from several weather stations in the paramo of Venezuela,
Colombia and Ecuador. The climate of the paramos of
Costa Rica is described by Herrera (2005). Figs. 3 and 4
show data from the paramo of Machangara, south
Ecuador (Buytaert, 2004). These typical temperature
variations determine the role of frost and snow. Due to the
lack of seasonality, the snow line is very sharp and con-
stant throughout the year. Between 4000 and 5000 m
altitude, frost occurs frequently during the nighttime but
daily maxima are sufficiently high to prevent snow and ice
accumulation. Below 4000 m altitude, frost does not
occur regularly and when it occurs, it is restricted to a few
hours before sunrise. Nevertheless, ice and glacier activity
upslope of the paramo belt may sustain important water
supplies, especially in dryer paramos (e.g., Cotopaxi,
Chimborazo).
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Fig. 4. Monthly rainfall (bars) and potential evapotranspiration (line)
in the paramo of Machangara near Cuenca (3800 m).

Temperature variability in the paramo depends pri-
marily on two aspects: the altitudinal gradient and the air
humidity, determined by the local climate. The lapse
rate, which is the change in average temperature with
altitude, is typically between 0.6 and 0.7 °C
100 m™ '(van der Hammen and Hooghiemstra, 2000
Castafio, 2002), but values as low as 0.5 °C 100 m !
have been observed (Bacuilima et al., 1999). Air
humidity not only decreases the lapse rate, but also
lowers the daily temperature variation. In seasons with
high cloudiness, the total solar radiation at ground level
is low during the day, whereas high relative humidity at
night greatly reduces the coldness due to longwave
outgoing radiation from the ground and vegetation. An
opposite effect occurs during dry days.

Contrary to the temperature, precipitation in the
paramo is highly variable, ranging from 700 mm up to
3000 mm (Luteyn, 1992), with some extremes in limited
areas, up to 6000 mm (Rangel, 2000). Rainfall variability
at a small scale is mainly determined by variations in wind
direction and wind speed, which are controlled by the
steep slopes and the accidented topography. At a larger
scale, the precipitation pattern is influenced by both the
Pacific and the Amazon basin. The eastern slopes are
dominated by perennially wet easterly trade winds ori-
ginating over the tropical Atlantic and Amazon basin. In
the northernmost Andes of Venezuela, northern Colombia
and Costa Rica, the northeast trade winds cause a marked
dry season. The western slopes of Colombia and Northern
Ecuador are influenced by an intertropical convergence
zone (ITCZ) over the eastern Pacific (Vuille et al., 2000).
The ITCZ is responsible for a continuous moisture in the
form of rain, clouds and fog, as a result of the orographic
uplift. Finally, the paramos on the western slopes of south
Ecuador and north Peru are influenced by dry and cool
airmasses from the Humboldt Current, and are therefore
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much dryer, except during El Nifio (Sarmiento, 1986;
Luteyn, 1999). The inter-Andean valleys between the
western and the eastern mountain range undergo a varying
influence from oceanic and continental airmasses, result-
ing in a bimodal seasonal distribution. These complex
interactions, combined with the irregular topography and
the large differences in slope, exposure and elevation,
result at local scale in strongly varying weather patterns.

An altitudinal effect is superimposed on the regional
precipitation mechanisms. On the windward eastern
slopes descending towards the Amazon basin, the
highest rainfall is found between 400 and 800 m
(Rossenaar and Hofstede, 1992), due to the orographic
effect, gradually diminishing with increasing altitude.
On the west oriented slopes highest precipitation is
found between 2000 and 2500 m or even higher
upslope. The inner Andean slopes are heavily influ-
enced by rainshadow effects, for rains coming from
both the Amazon basin and the Pacific lowlands. In
some paramos, condensation belts exist at certain
altitudes. These belts are wetter, and have a lower
amplitude of temperature variation than adjacent areas
(Cleef, 1981).

4. The soils

The most common soils in the paramo are Andisols,
Entisols, Inceptisols and Histosols in the Soil Taxonomy
(Soil Survey Staff, 2003) classification, or Andosols,
Regosols, Umbrisols and Histosols in FAO’s World
Reference Base for Soil Resources (FAO/ISRIC/ISSS,
1998). Most paramo soils are volcanic in origin. They
form a uniform blanket covering the tertiary bedrock of
the Andean cordilleras. Depending on the location, soil
thickness ranges from a few cm to several meters. Despite
the complex geology and topography, the soils in the
paramo are quite homogeneous.

Two main factors determine the soil type and pro-
perties: (1) the climate, and (2) the existence of a
homogeneous layer of volcanic ashes from quaternary
volcanic eruptions (Sauer, 1957; Colmet-Daage et al.,
1967; Barberi et al., 1988; Winckell et al., 1991). The
cold and wet climate, and the low atmospheric pressure
favour organic matter accumulation in the soil. This
accumulation is further enhanced by the formation of
organometallic complexes strongly resisting microbial
breakdown. Al and Fe for these complexes is supplied
by the breakdown of volcanic ashes and bedrock
(Colmet-Daage et al., 1967; Nanzyo et al., 1993). The
resulting soils are dark and humic and they have an open
and porous structure. In more water saturated areas or
regions with less volcanic influence, organic soils

(Histosols) develop (Buytaert, 2004). At steeper loca-
tions, soils are very thin and show few horizon
development (Cleef, 1981; Rangel, 2000).

4.1. Water retention

From a physical perspective, the soils of the
paramo have many properties in common with upland
peat soils. They contain elevated amounts of organic
C, which is typically around 100 g kg '. In wet
locations (>900 mm yr '), organic C contents of up
to more than 40% are not uncommon (Buytaert et al.,
2005c). Locations with more frequent ash deposits are
characterised by younger soils with a C content of
about 4—10% (Zehetner et al., 2003). In dryer regions,
organic matter accumulation is slower, and similar C
contents are found. Podwojewski et al. (2002)
measured 7% in the paramo of Chimborazo
(<600 mm yr '). A negative correlation between the
altitude and organic C content is common (Zehetner et
al., 2003). Basic physical properties of paramo soils
available in literature are given in Table 1. Strongly
related to the high organic C content, the soils have an
open and porous structure and a very high porosity
and a large hydraulic conductivity. Dry bulk density
ranges from as low as 0.15 g cm > in wet conditions
and weathered soils to about 0.9 g cm > in younger
soils in dryer regions (Buytaert et al., 2005¢). When
the soils are saturated, water content may exceed 4 g
g ?, decreasing to 0.1-2 g g~> at 1500 kPa suction
(Table 1).

This extremely high water retention of Andosols has
been described by various authors (Rousseaux and War-
kentin, 1976; Shoji and Fujiwara, 1984; Nanzyo et al.,
1993) and is mostly attributed to the presence of amor-
phous clay minerals such as allophane and imogolite. Yet,
many paramo soils, in particular highly weathered soils in
wet regions, are devoid in short range order minerals. In
these soils, Al and Fe released by volcanic ash breakdown
is completely bound to organic matter forming organo-
metallic complexes (Poulenard, 2000; Buytaert, 2004).
Though, organic C accumulation gives rise to a hydro-
logical behaviour that is very similar to allophanic soils
(Buytaert et al., 2005a). In particular, 1500 kPa water
content and the amount of micropores, is highly affected
by the amount of organic C. As a result, organic colloids
are very important in microporosity development. The
increase in volume of micropores (>2 pum) due to organic
C ranges from 4.1 m 1 g~ ' (Buytaert et al., 2005a) to
7.5 ml g '. This value is much higher than what is
commonly found in most soil types (0—3 ml g~ ', Brady
and Weil, 1999; Poulenard et al., 2001).
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Table 1

The value range of hydrophysical soil properties in the upper horizons (H and/or A) in paramo soils described in literature. The literature references
are: 1. Buytaert et al. (2005¢); 2. Buytaert (2004); 3. Buytaert et al. (2002), 4. Podwojewski et al. (2002), 5. Poulenard et al. (2003); 6. Poulenard et al.
(2001); 7. Zehetner et al. (2003); 8. Pérez (1984, 1991, 1992); 9. Rangel (2000). CO = Colombia; EC = Ecuador; VE = Venezuela

Source Location Altitude Precipitation Bulk density Organic C 33 kPa* 1500 kPa*
(m alt.) mm yr gcem ? % gg! gg!

1 Rio Paute basin, EC 3600 800-1300 0.23-0.95 14-44 - 0.29-2.26
2 Machangara, EC 3700 1100 0.13-0.27 18-34 - 1.31-2.39
2 Ningar, EC 3400 950 0.15-0.93 4-27 - 0.26—1.78
3 Jima, Cuenca, EC 3100 1000 0.58-0.67 2-14 - 0.36—0.78
4 Chimborazo, EC, humid 3500 >900 0.68 7-10 0.7-0.8 -

4 Chimborazo, EC, dry 3500 <600 0.74-0.93 5-7 0.3 -

4 Chimborazo, EC, pantanal 3500 >900 0.11-0.36 12-42 1.5-4.0 -

5 Azogues, EC 3250 1860 0.42-0.90 4-18 - 1.30-1.42
5 Cuenca, EC 3700 1270 0.35-0.40 19-23 - 1.15-2.20
6 Pichincha, EC 4000 15002000 0.7-0.9 3-13 - 0.27-0.52
6 El Angel, EC 3600 1150 0.4-0.6 9-21 - 0.59-0.97
7 Cotacachi, EC 3400 —4050 1500 4-10 - -

8 Piedras Blancas, VE 4400 800 0.59-1.07 1-5 0.09-0.50 -

9 Sierra Nevada, CO 3920 - 1.40 1 0.12 0.06

9 Sierra Nevada, CO 3460 - 0.91 5 0.43 0.23

9 Cordillera Oriental, CO 3650 - 0.72 9 0.73 0.52

9 Cordillera Oriental, CO 3260 — 0.65 21 1.25 0.43

9 Cordillera Central, CO 3090 - 0.96 7 0.45 0.32

9 Cordillera Central, CO 3520 — 0.71 18 0.64 0.48

*Gravimetric water content at field capacity (33 kPa) and wilting point (1500 kPa), respectively.

4.2. Hydraulic conductivity

Information about the hydraulic conductivity and in-
filtration capacity of paramo soils is scarce. It is generally
accepted that, in view of the low precipitation intensity,
surface runoff in the natural paramo is limited to non-
existent (Sarmiento, 2000; Harden, 2001). Reported
values for volcanic ash derived paramo soils are around
50-60 mm h™ ' (Poulenard et al., 2001) and 10-20 mm
h™! (Buytaert et al., 2005a). Applying several in situ and
laboratory techniques (constant head permeameter,
inverted augerhole method and tension infiltrometer) for
the determination of the soil hydraulic conductivity gives
similar results in both average value and range. Generally,
the variability in hydraulic conductivity is small, to such
an extent that the representative elementary volume of
paramo soils may be as low as 100 cm® (Buytaert et al.,
2005a). The conclusion of a low spatial variability and a
high hydraulic conductivity seem to contradict the
importance of preferential flow paths and the predomi-
nance of micropores as observed by Podwojewski et al.
(2002). Further investigation of the structure of paramo
soils and the relation of porosity with hydraulic
conductivity is therefore recommended. Finally, the
mean hydraulic conductivity sharply drops when only
low suctions are applied. In tensio-infiltrometer field
experiments, Buytaert et al. (2005a) saw a reduction of the

hydraulic conductivity from 5.3 mmh ™" at—3 cm suction
t00.52mmh ' at—15 cm.

5. The hydrological cycle

The paramo is well known for its very large water
surplus and sustained base flow, feeding the rivers de-
scending to both the coastal regions and the Amazon basin.
The extreme water regulating capacity of the paramo is
frequently described (e.g., Luteyn, 1992; Hofstede, 1995c;
Sarmiento, 2000; Mena and Medina, 2001; Podwojewski
et al., 2002; Poulenard et al., 2003). In the next section,
some experiments that quantify the water production and
regulation capacity of the paramo are reviewed, and related
to the characteristics of the ecosystem.

5.1. Water production

The average water production of the Colombian paramo
is estimated at about 1400 mm, equaling 66.5 km® yr '
(Hincapié et al., 2002). In Ecuador, no overall estimations
are known, and case studies are also scarce. Buytaert et al.
(2004) analysed runoff series of small paramo catchments.
Their water production is between 600 and 1000 mm yr ',
which is about 2/3 of the annual rainfall (Fig. 5).

The high water production is primarily due to
elevated precipitation. As described above, precipitation
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Fig. 5. Cumulative water balance of a typical south Ecuadorian paramo
catchment, after Buytaert et al. (2004). Discharge and rainfall were
measured with a V-notch and tipping bucket rain gauges, while
evapotranspiration (ET) is calculated as the cumulative difference
between daily rainfall and daily discharge.

in the paramo ranges from 700 to 3000 mm. Yet the real
water input in the hydrological system is probably sig-
nificantly higher. As can be seen in Fig. 6, rainfall events
in the paramo are typically of high frequency and low
intensity. In combination with strong winds and a very
accidented topography (rain shading) this results in a
high spatial rainfall variability and large errors in
precipitation registration (Buytaert, 2004). Additionally,
precipitation due to fog and dew and interception by
vegetation, may add an unknown quantity of water to
the hydrological system, especially where patches of
arbustive species such as Polylepis sp. are present. This
mechanism is similar to occult precipitation in montane
cloud forest, where it typically adds 5 to 20% of or-
dinary rainfall (Bruijnzeel and Proctor, 1995; Ataroff
and Rada, 2000). In an unpublished study in Carchi,
Veneklaas (personal communication, 2005) monitored
fog interception in the Ecuadorian paramo region by
means of cylinders of 1-mm mesh steel gauze. The total
yield was about 20 mm month ™', or roughly 20% of the
total rainfall during the same period. However, extrap-
olating these results to natural conditions is not evident.
No standard method for fog interception exists, and real
interception depends on tree height, canopy structure
and size, biomass, orientation, physical characteristics
of leaves and epiphytes (Gonzalez, 2000). These char-
acteristics vary considerably, and for most vegetation
types, they are hardly known.

Low natural water consumption is a second reason for
the sustained water production of the paramo. The tussock
grasses may have a large leaf area index, but the green
leaves are sheltered from radiation and dry air by accu-
mulated dead leaves. The herbaceous vegetation is
characterized by xerophytic species with low evaporation

characteristics. As a result, actual evapotranspiration is
low. Efforts to quantify the actual evapotranspiration of
the grass paramo are scarce. Literature values range from
0.8 mm day_1 to about 1.5 mm day ' (Hofstede et al.,
1995; Buytaert, 2004), but these values are prone to
uncertainty. First, most are based on Penman—Monteith
reference evapotranspiration estimates, but the validity of
this method for low latitude and high altitude regions is
questionable (Garcia et al., 2004). Secondly, the particular
transpiration properties of the paramo vegetation are
poorly studied and further complicate the calculation of
the actual evapotranspiration. For the arbustive Polylepis
vegetation, they are completely unknown.

From the previous section we may conclude that the
natural paramo vegetation (both grasslands and arbustive
species) play an important role in the water cycle. This
role extends beyond water consumption, as observations
suggest that interception and microclimate regulation
may be important as well. The stringent lack of data
about the hydrological features of paramo vegetation is
therefore an important topic for future research. It is
particularly worth noting the role of epiphytes in water
capture, storage and release, because although they occur
abundantly in Polylepis forests, their hydrological
behaviour is poorly understood (Veneklaas et al., 1990;
Gonzalez, 2000).

5.2. Water regulation

Few efforts to quantify the overall hydrological regu-
lation capacity of the paramo exist. Buytaert et al. (2004)
analysed discharge volumes from small Ecuadorian
paramo catchments (about 2 km?) and found a peak
flow/base flow ratio of 5.0 for a natural catchment and
11.9 for a cultivated and drained catchment. Despite of the
relative scarceness of data, it is generally acknowledged

Fig. 6. Maximum intensity—duration curve of the Huagrahuma
experimental catchment (Machangara, Ecuador) for a 3 year period.
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that paramo rivers provide a sustained base flow through-
out the year (Luteyn, 1992; Buytaert et al., 2004).

As is explained in the previous section, the role of the
paramo vegetation in the hydrological regulation is un-
clear. The major role of the tussock grasses and dwarf
shrubs is soil protection (Hofstede, 1995¢). Evaporation
from bare soil surfaces would be very high, because of
the dark soil colour and the high radiation at this altitude
and latitude. Furthermore, drying of the soil may cause
irreversible structure degradation and loss of water re-
tention capacity. The water regulating capacity of the
Polylepis forests is probably higher, because of the
higher biomass and the thick litter layer.

As explained in previous sections, the soils are given
most credit for the high water regulation capacity (e.g.,
Luteyn, 1992; Mena and Medina, 2001; Poulenard et al.,
2003), because of the light and porous soil structure and
the extraordinary water retention capacity (Table 1). The
high water retention at 1500 kPa indicates a predom-
inance of micropores in the soil and the presence of a
large reservoir of inactive water, which may not con-
tribute significantly to the hydrological cycle in the
paramo (Buytaert et al., 2005a). Nevertheless, the water
storage capacity above 1500 kPa suction is regularly
higher than 0.4 g cm * (Buytaert, 2004).

How much of this storage reservoir is active in the
hydrological cycle is unknown. In wet paramos with low
seasonal climate variability, the variation in actual soil
water content is very small, and may be less than 25 mm
(Fig. 7). In this environment, the hydrological signifi-
cance of the soils is probably secondary to that of climate
and topography (Sarmiento, 2000). In paramos with a
stronger seasonal variability, the water regulation capacity
of the soils is likely to be more significant, but no detailed
studies are known.

Fig. 7. Storage variation in the natural Huagrahuma catchment based
on a water balance model, after Buytaert et al. (2005b).

While not a “regulation” as such, the low seasonality
in the paramo climate and the equal distribution of
rainfall over the year (Fig. 4) may indeed be a major
source of the sustained base flow in rivers coming from
the paramo. While the total amount of rainfall is not
particularly high in most paramos, the region is known
as very cold and wet, because it is almost continuously
covered with fog and drizzle. In the south Ecuadorian
paramo, for instance, less than one day in four it does
not rain (Buytaert, 2004). But, daily rainfall data from
the paramo region and detailed analysis of the temporal
variability and the autocorrelation are almost non-
existent.

Finally, the topography itself is responsible for an
elevated regulation capacity. After the Andean uplift
from the Miocene to the Pleistocene, the paramo
topography was further shaped by glacial activity.
Remnants are still abundantly visible in the structure of
valleys and give the paramo its typical accidented
topography, ranging from rough and steep valleys to
almost flat plains (Kehrer and der Kaaden, 1979;
Hungerbtihler et al., 2002). The irregular landscape is
home to abundant concavities and local depressions
where bogs and lakes have developed. For instance, the
28,544 ha national park E/ Cajas at about 30 km west of
Cuenca, hosts 235 permanent lakes, giving a density of
0.8 lakes km ™ 2. These lakes may add to the water storage
and buffering capacity of the ecosystem. Although the
concepts to quantify the regulation capacity of lakes are
well known, no studies are known for the paramo. This is
most probably due to the lack of detailed topographical
data for most paramos. Many smaller lakes and local
depressions are disconnected from the drainage network.
They collect overland flow from slopes and allow for
infiltration and recharge of deep ground water storage
reservoirs (Price and Waddington, 2000).

6. Paramo water use

Given the high water production and regulation capa-
city, it comes as no surprise that water from the paramo is
intensively used. Because of the difficulties in extracting
groundwater in the Andean highlands, surface water from
the paramo is used for consumption, irrigation and
hydropower generation. Together with organic C storage,
itis the most important environmental service provided by
the paramo. It is estimated that the high Andean wetland
ecosystems, of which the paramos are by far the most
important, provide environmental services to more than
100 million people (IUCN, 2002). The importance of
the water supply function is described in detail in the
following sections.



W. Buytaert et al. / Earth-Science Reviews 79 (2006) 5372 61

6.1. Domestic water use

It is impossible to quantify the total human consump-
tion of paramo water. Many local communities near the
paramo use their own water supply system. In lower
regions, the contribution of the paramo to the total dis-
charge ofrivers and the dampening of base flow variability
cannot be quantified due to the lack of hydrological and
meteorological data records of an acceptable time span.
Only for larger cities, the water use is well documented.

Many Andean cities almost completely depend on
paramo water, especially since other natural areas with a
high potential water supply, like Andean forests, have
disappeared. For example, Bogota (Colombia) almost ex-
clusively uses water from the paramo. The city has a
population of about 7 million and an average fresh water
demand of 27 m® s~ '. Water is taken from two major
reservoirs: Chingaza and La Regadera, supplied by
respectively the paramos of Chingaza and Sumapaz
(UAESPNN, 2000). Quito (Ecuador) uses surface water
for 85% of its supply (7.4 m® s~ '), exclusively from the
paramo. The major water suppliers are the Papallacta
intake (3900 m altitude) on the Cunuyacta river in the
Cayambe-Coca reserve, the Micacocha captation (3900 m
altitude) on the slopes of the Antisana Volcano and the Rio
Pita at 3200 m, coming from Cotopaxi and Sincholagua
volcanoes. Cuenca (Ecuador) uses only surface water as a
water supply for its 420,000 habitants. Three captations are
used: Tomebamba (and its tributary Mazan), Yanuncay,
and Machangara. The water captations are located at about
3000 m, on the lower limit of the paramo. Machangara
river descends from the equally named péaramo region, a
watershed of about 204 km”. The Tomebamba and
Yanuncay rivers descend from the paramo of El Cajas
National Park.

6.2. Irrigation

Irrigation in the Andean highlands is a long-standing
practice. Already in precolumbian times, the Cafiari cul-
ture, among others, was very active in the construction of
large irrigation schemes. The Incas improved these inftra-
structures, applying knowledge of other conquered cultures
in present Peru and Bolivia. During the Spanish colonial
time, irrigation systems were constructed and managed on
a private basis by the landlords of large haciendas. From the
1950s onwards, and especially during the 70s, many irri-
gation projects were constructed by the government,
funded by the booming oil exploitation and export.

In 1997, irrigated land covered 8630 km? of Ecuador,
representing about 30% of the total agricultural area.
Irrigation water is almost exclusively provided by surface

resources, supplying more than 98% of the total irrigation
needs. In Colombia, about 9000 km* of farming land is
currently irrigated, consuming 37% of the country’s water
supply. However, irrigation potential in both countries is
estimated at resp. 12,000 km?* (Ecuador) and 66,000 km?
(Colombia), largely exceeding the currently irrigated area
(FAO, 2000). Future water demand is therefore expected
to increase strongly.

Below 3000 m altitude, the major meteorological
constraint for crop production is rainfall, as temperature is
sufficiently high throughout the year. A typical climatic
pattern is given in Fig. 8, in which variation of reference
evapotranspiration and precipitation in the meteorological
station of Canar are given. As can be observed in Fig. §,
irrigation requirements are quite erratic. In a wet year,
considering rainfall with 20% probability of occurrence,
irrigation is only needed from June to January, while
during a dry year, considering rainfall with a probability of
occurrence of 80%, irrigation is needed throughout the
year. In such a year, rainfed agriculture, which is assumed
to be possible when rainfall is higher than half the ref-
erence evapotranspiration, is not possible. In general, it
can be stated that in most places, rainfall contributes
sufficiently to crop water requirements throughout the year
and that irrigation is complementary in terms of necessary
water volume. Yet, it is a must for food production security
in terms of rainfall variability (De Bievre, 2002).

As an example, Dercon et al. (1998) summarize the
agro-ecological zones in the Austro Ecuatoriano (Ecuador)

Fig. 8. Major characteristics of the climate in the Cafar region
(3000 m). For monthly rainfall, the mean and the 20% and 80%
exceedance probability limits are given. As a rule of thumb, irrigation
is required when rainfall is lower than ET0/2. For dry years, this may
be throughout the entire year.
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between 600 and 3000 m altitude. More than 75% of the
total area has a growing season of maximally 10 months
and thus benefits from irrigation. In 25% of the area, the
natural growing season is 6 months or less. In these areas
irrigation is socially and economically indispensable.

For the irrigation of both the large scale banana planta-
tions in the coastal plains and the small holdings that
characterise sierra agriculture (minifundio), water from the
paramo highlands is used. Irrigation demand depends
strongly on the location, climate and crops. Water require-
ments for a typical irrigation project in the Cafiar region is
about 1.5 mm day ' (Patacocha irrigation scheme, De
Bievre, 2002). Because of the inefficiency of most irri-
gation systems, however, the typical water demand is
much higher.

6.3. Hydropower

The Andean topography provides good opportunities
for hydropower production. The constant and reliable base
flow in the Andean rivers guarantees a constant and effi-
cient power generation. The rio Paute catchment is home
to one of the largest hydropower plants in the Andean
region. The Amaluza reservoir is located at 1994 m
altitude and stores about 120+ 10° m>. The power plant’s
capacity is 1075 MW and provides 55 to 60% of Ecuador’s
electricity (Southgate and Macke, 1989). Estimates say
that, on average, between 25 and 40% of the water arriving
in the Amaluza reservoir originates from the paramos in
the Western and Central Cordillera. In dry periods,
however, it can reach 100%. Two more power plants
(Mazar and Sopladora) are planned to be constructed on
the same river and would generate another 1000 MW.

Currently, the focus has shifted towards small, multi-
functional hydropower plants, the reason being that
remediation costs per generated unit of power are lower
for smaller reservoirs. In addition, many of these small
reservoirs are used as storage reservoirs in irrigation
schemes or for the production of drinking water. The
Saucay and Saymirin power plants in the Ecuadorian rio
Paute basin are a typical example. The system consists of
two reservoirs, El Labrado and Chanlud, with a capacity
of respectively 6.2 10° and 17-10° m>. These reservoirs
supply water to two powerplants in series, generating
together 38.4 MW. In addition, they are also major water
suppliers for the city of Cuenca (see Section 6.1).

7. Human interference
It may be clear from previous sections that the paramo

is an important element in the moderation of the
hydrology and that its conservation is a priority for the

socio-economic development of the Andean highlands.
Human activities might put serious constraints on this
conservation.

A major problem in assessing human impact on eco-
systems is the availability of data for a pristine ecosystem
as a reference. For the paramo, this is nearly impossible
as human presence goes back to precolumbian times
(Schjellerup, 1992). Grazing and burning are common
practice for ages and may have favoured the current
vegetation of tussock grasses over original natural forests
(Verweij and Budde, 1992; Cavelier et al., 1998;
Sarmiento, 2002). Fires have occurred in the paramo
during the whole Holocene but it is unknown to which
extent they are anthropogenic. In general, palynological
data from different paramos are often contradictory, and
because of the low spatial resolution of such data the exact
position of the treeline cannot be derived with certainty
(Willeetal., 2002). Palynological data from the paramo of
south Ecuador show that the treeline has been at a slightly
higher altitude in the late Holocene than at present, though
never as high as the highest forest patches found today,
which probably rely on locally favourable circumstances.
The lowering is attributed to human impacts, which are
recorded in the pollen signal from about 5000 '*C yr BP
(Hansen et al., 2003).

Historical activities have always remained rather
local and little intensive. As such, they interfered little
with the hydrology (Abadin et al., 2002). But, the
intensity and the nature of human activities in the paramo
have increased drastically. Infrastructures are built at a
fast pace, livestock grazing is intensified and grasslands
are converted to agricultural fields that are drained and
cultivated intensively. This presence has a strong impact
on the water cycle. Changes in or removal of the
vegetation affect evapotranspiration and may result in
changing soil properties. Drainage results in dryer soils
and therefore reduces evaporation, but may increase
runoff and erosion. After drainage, organic soils may
initially moderate flood flows in dry conditions because
of increased soil storage. As time passes, peat compac-
tion and decomposition generally cause the runoff to
increase (Charman, 2002; Holden and Burt, 2002,
2003b). Overgrazing, trampling and burning also
encourage accelerated runoff and erosion. Such pro-
blems can become critical when these regions are used as
a water supply. This is for instance the case in the rio
Paute basin, south Ecuador, where elevated sediment
loads in rivers used for urban water supply and hydro
power, is attributed to humanly induced erosion (cf.
Section 6.3).

The velocity of land use changes has been quantified
at several locations. Van der Hammen et al. (2002)
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quantified the land use changes in the paramo of Laguna
Verde in Cundinamarca, Colombia. From 1970 to 1990,
cultivation increased with 106%, grasslands with 164%.
High altitudinal forests decreased with 32%. For the
whole country, the increase in cultivated area in the
paramo was estimated at 24.9% (Hincapié et al., 2002).

Land use changes in adjacent regions may also affect
paramo climate. Cloud formation in downslope montane
cloud forests is assumed to sustain air humidity in upper
mountain regions (Bruijnzeel and Proctor, 1995; Foster,
2001). Massive deforestation of the Andean slopes oc-
curred during the last century and as a result, it may have
altered the paramo climate.

Finally, on a larger scale, global climate change or
disturbance of the ENSO phenomenon affect the local
paramo climate and the hydrological cycle. The next
sections elaborate on these impacts.

7.1. Hydrological soil properties

7.1.1. Runoff; infiltration and aggregate stability

Infiltration is a key aspect of water regulation (Calder,
1998). In natural circumstances, infiltration in Andosols is
high, and therefore sediment loss is low (Nanzyo et al.,
1993). Even then, various authors report on an increase of
the hydraulic conductivity and the hydrodynamic disper-
sion of Andosols when taken into cultivation (e.g., Wada,
1985; Nanzyo et al., 1993; Basile and De Mascellis, 1999;
Buytaert et al., 2002). On the other hand, compaction of
the soil surface and the development of crusts, inducing
faster runoff initiation and less infiltration are also re-
ported (Neall, 1985).

A similar ambiguity is found in literature about the
human impact on paramo soils. In the Colombian Andes,
Hofstede (1995b) did not observe significant differences
in infiltration capacity between burned and grazed plots
and natural paramo. Sarmiento (2000) report on similar
findings in the Venezuelan paramo. Both in cultivated
and natural plots, runoff remains below 2% of the total
rainfall. In fact, more erosion may occur in abandoned
land than on cultivated fields, as the infiltration capacity
in the latter is kept at a sufficient level because of regular
ploughing (Harden, 2001).

On the other hand, Poulenard et al. (2001) studied the
effects of burning and grazing in the north Ecuadorian
paramo and found significant crust formation, increase
in runoff and erosion and reduction in hydraulic con-
ductivity. Erosion rates were 5 to 10 times higher in
cultivated plots, and the runoff coefficient increased
about 300%. Podwojewski et al. (2002) report similar
problems in the Ecuadorian paramo of Chimborazo, due
to intensive sheep grazing.

The main cause of this ambiguity may be attributed
to the intensity of the human activities. In natural con-
ditions, the stability of Andosol aggregates is high
(Nanzyo et al., 1993) and it is one of the major factors in
the development of an open, permeable structure. Strong
complexation of organic C with amorphous forms of Fe
and particularly Al prevents aggregation of soil particles
and the loss of water stability as commonly observed in
non-volcanic soils. Therefore, the threshold level for
structural breakdown and aggregate stability is generally
higher than non-volcanic soils (Tisdall and Oades, 1982;
Shepherd et al., 2001).

Studies that quantify the carrying capacity of the
paramo soils, however, are scarce. Molinillo and Mona-
sterio (1997) calculate the carrying capacity of the
Venezuelan paramo at about 1 animal per 13 ha in the
wet season and | animal per 24 ha during the dry season.
The maximum carrying capacity of the paramo is esti-
mated between 0.1 and 1 animal per ha (Schmidt and
Verweij, 1992; Hofstede, 1995a) but these rates are only
possible in ideal conditions (flat terrain, good soil cover
and non-degraded soils) and when the loss of biodiversity
is not considered.

On the other hand, intensive cultivation and other
practices such as burning can severely affect soil stability.
These practices induce the formation of hydrophobic and
stable soil aggregates with high water repellency (Valat
et al., 1991; Golchin et al., 1997; Piccolo and Mbagwu,
1999). In Ecuadorian Andosols, the water contact angle of
burned soils may increase up to 90°, compared to 50—60°
before burning. The degree of water repellency depends
on both the quantity and type of organic matter (Poulenard
et al., 2001). However, in most paramos, fires are of low
intensity, and probably hardly affect the soil properties
(Hofstede, 1995D).

In a few places, e.g. in northern Ecuador, hardened
volcanic-ash soils with elevated amounts of Ca and/or Si
(“cangahua”) emerge as a result of tillage erosion. In
these places, runoff is extremely high. Some remedia-
tion techniques have been proposed, but at present with
limited results (de Noni et al., 2000; Podwojewski and
Germain, 2005).

7.1.2. Water retention

Andosols are prone to irreversible water retention
degradation when dried or cultivated. Both allophanic and
non-allophanic Andosols are affected, although the water
retention mechanism of both soil types is very different.

In allophanic Andosols, air drying provokes a 20—28%
reduction in the surface area of allophane (Basile and De
Mascellis, 1999), resulting in a loss of micropores and a
decreasing water retention capability. These effects can
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also occur when Andosols are exposed to direct sunlight,
for example when taken into cultivation (Clermont-
Dauphin etal., 2004). Buytaert et al. (2002) and Poulenard
etal. (2003) showed that an irreversible reduction in water
retention also occurs in non-allophanic Andosols. Here,
the high organic matter content is responsible for the
elevated water retention. Drying these soils induces
structural changes and hydrophobicity in the organic
matter. The result is an irreversible decrease of the water
retention, up to 40% (Buytaert et al., 2002).

Besides allophane or organic matter destruction, soil
structural degradation may occur in Andosols through
mechanical stress. In natural circumstances, most Ando-
sols are characterised by a strong and open structure, as a
result of micro-aggregation and a high shear strength.
However, dehydration, aggregation and an irreversible
decrease in porosity have been reported due to compac-
tion and mechanical cultivation, giving rise to a higher
erosion susceptibility (Dorel et al., 2000).

Many of these processes have been observed in
paramo soils. Buytaert et al. (2002) and Buytaert et al.
(2005a) report on an irreversible water retention reduction
in Ecuadorian Andosols that are ploughed and taken into
cultivation. The observed reductions range between 2 and
26%, depending on the soil type, the type of cultivation
and the water retention pressure. (Podwojewski et al.,
2002) report a similar reduction in Ecuadorian Andosols
intensively grazed by sheep, accompanied by a soil C
reduction of about 40% and an increase in water re-
pellency. In Colombia, Hofstede et al. (1995) studied the
water content in intensively burned and grazed paramo
plots. Here, burning and grazing also introduces structural
changes because of drying of the soil and a subsequent
faster mineralisation of the organic matter. Finally,

changes in the water retention and soil organic C content
of soils under pine plantation were reported by Farley
etal. (2004). In a comparative study, the upper horizon of
soils under 25 years old pine plantations contained resp.
35 and 57% less organic C than grassland soils. The water
retention reduced with as much as 62%.

7.1.3. Storage capacity and hydrological response

Cultivation and compression affects primarily the
larger pores which are responsible for water retention at
the low suction range, and most soils have a very low
water retention capacity at 1500 kPa (Warkentin and
Maeda, 1980). As a result, the water retention at low
suctions decreases more than water retention at high
suction, and the total water retention decreases. This pro-
cess is visualized in Fig. 9. Few studies in the paramo have
considered the water retention capacity of the soils at more
than one pressure. It is noteworthy that all studies that do
so, report a stronger degradation of the water retention at
high suction (1500 kPa) than at low suction (0—100 kPa)
(Buytaert et al., 2002; Farley et al., 2004; Buytaert et al.,
2005a). As a result, the water storage capacity, i.c., the
amount of water stored at suctions below 1500 kPa, of
cultivated soils can be higher than that of natural soils
(Fig. 9). This is not uncommon in Andosols (Anonymous,
1964). From a hydrological perspective, water stored at
suctions higher than 1500 kPa can be considered as an
inactive storage reservoir. Partial decomposition of the
organic matter and soil structural degradation releases a
part of this fraction, thus increasing the active water
storage capacity of these soils.

Yet, the implications of a larger water storage capacity
of the soils on the hydrology at catchment scale are not
completely clear. Theoretically, a better water regulating
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Fig. 9. Schematic representation of the possible impact of cultivation on the water retention curve and the water storage capacity (S). Left: in a
“normal” clayey soil, lower suctions are more affected than higher suctions, resulting in a net storage loss. Right: in paramo soils, observations
suggest that the high suction range is affected more than the lower suction range, resulting in a net storage increase.
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capacity of these soils would be expected, but this has not
been observed in the field. On the contrary, Buytaert et al.
(2005a) observed a faster hydrological response despite
the higher water storage capacity of the cultivated soils.
For comparable storm events higher peak flows were
registered, while the base flow was clearly lower in the
interfered catchment (Fig. 10). They concluded that the
water regulating capacity of a disturbed catchment is up to
40% lower than a natural grassland catchment, despite a
higher saturated hydraulic conductivity, infiltration capac-
ity, and water storage capacity observed in cultivated soils.
This may be explained as follows. Given a high natural
infiltration capacity and low rain intensity, overland flow
is thought to be caused by saturation excess rather than
infiltration excess (Hortonian flow). Hence, small altera-
tions in the infiltration capacity do not have a strong effect
on the hydrological response. On the other hand, surface
roughness and local depressions are important in delaying
surface runoff. Removal of the vegetation, disappearance
of the organic litter layer and tillage decrease surface
roughness (Hofstede et al., 1995). Artificial drainage
interconnects local, previously unconnected depressions.
These processes accelerate surface runoff, and seem to
override the effect of an increased soil water storage.

It has to be noted though that Buytaert et al. (2002),
Farley et al. (2004) and Buytaert et al. (2005a) studied
recently converted paramos (<25 years). Over time, the
stability of the increased water storage capacity is doubt-
ful. Intensive drainage and a higher hydraulic conduc-
tivity result in a lower actual water content of the soil. On
the long term, an overall moisture decrease of the soil

accelerates organic matter decomposition, resulting in a
lower organic C content (Farley and Kelly, 2004; Farley
et al., 2004). The decomposition of organic matter gives
a positive feedback for a further reduction of the water
retention capacity, finally resulting in a lower water
storage. This process is well studied in peatlands, as itis a
major source of CO, emissions (Price and Waddington,
2000). However, the organometallic complexes in most
paramo soils are strongly resistant to breakdown, and
decomposition is therefore a slow process. Hence, in
soils with recent land use changes, this process is not yet
fully stabilized and a further degradation is expected.

7.2. Impact on the water balance

In Section 5.1, the water balance of the paramo is
discussed. Human interference may strongly alter the
water balance, with a major impact on the local water
consumption (evapotranspiration, water extraction).

Soil water evaporation in grazed and burned plots is
generally higher than in natural vegetation, due to (1) a
higher water consumption during regrowth of the vege-
tation (Pels and Verwey, 1992; Sakalauskas et al., 2001)
and (2) the smaller protective vegetation layer. The latter
is of particular importance in the paramo, with its large
solar radiation (Fig. 3) and dark soils. In the Venezuelan
Andes, the daily evapotranspiration of a grazed paramo
grassland is about 1.92 mm, as can be calculated from
the data published by Sarmiento (2000).

Sarmiento (2000), after investigating the water
balance of several cultivated plots in the Venezuelan
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Andes, concludes that cultivation only to a minor extent
affects runoff and drainage. Even in cultivated plots,
runoff is very small and soil loss is insignificant. The
study also reveals that the water balance of the cultivated
plots is dominated by evapotranspiration, forming up to
66% of the total water output of the system. A major part
of this evapotranspiration is related to evaporation
during the fallow period and to insufficient plant cover
early in the growing season. Similar values were found in
the South-Ecuadorian paramo (Buytaert et al., 2005b),
and contrast strongly with the evapotranspiration of the
grassland, which amounts to about 30% (Fig. 5).

When human practices such as burning, grazing, cul-
tivation and tree planting involve changes in the vege-
tation, the impact of these practices on the water balance
are more difficult to assess. Burning has a strong impact
on the woody vegetation, most notably the local Polylepis
species (Keating, 1998). The reduction of forest cover
generally increases water yield (Bosch and Hewlett, 1982)
but, as discussed Section 5.1, the net water loss of Poly-
lepis forests is completely unknown, so these impacts
cannot be quantified. When the natural grass vegetation is
replaced by crops, little doubt remains about the increase
in evapotranspiration (Sarmiento, 2000). When woody
species such as Eucalyptus or Pinus are introduced, water
loss may even be substantially higher and base flow may
decrease further (Mwendera, 1994; Rowe et al., 1994).
PROMAS (2004) describes the only known case study
comparing the discharge of a paramo catchment entirely
forested with Pinus radiata with the discharge from a
natural catchment. The specific discharge of the Pinus
catchment was only 30% of that of the natural catchment.
The study area is part of Mazan, providing water for the
city of Cuenca, Ecuador. While the currently forested area
is rather small, extensive forestation plans with Pinus may
be a reason for concern (cf. Section 6.1).

Finally, local water consumption may also affect the
local water balance. Mining activities are especially
known for the consumption of large quantities of water
(Messerli et al., 1997). The water is eventually released
back into the hydrological cycle, but strongly polluted.

7.3. Climate change

Many studies indicate a strong response of catchment
hydrology to an altered climate, with most important
changes being runoff quantity and timing. (e.g., Tucker
and Slingerland, 1997; Baron et al., 2000; Castafio, 2002;
Legesse et al., 2003). Catchments in mountain regions are
particularly vulnerable to these changes, as climate
change may be stronger at high altitudes than in lower
areas (Thompson et al., 2000; Foster, 2001; Messerli et al.,

2004). It is to be expected that, as the climate warms, more
water will be pumped into the atmosphere, and the air
water vapor content will increase. The lapse rate strongly
depends on the air moisture content, and decreases with
increasing air moisture content.

7.3.1. Observations and simulations

Long time meteorological studies in the paramo are
scarce, but some evidence suggests both an increase in
temperature and a decrease in precipitation over the last
decades. From 1970 to 1990, the average temperature
increased with 1 °C in the paramo of Cundinamarca,
0.9 °C in Tolima-Huila and even 1.9 °C in Boyacé. Over
a similar time span, a decrease in monthly precipitation
of about 10 mm was observed in Cundinamarca and
Boyacd, and 5 mm in Tolima-Huila (Castaio, 2002).
Timbe (2004) analysed monthly rainfall in the south
Ecuadorian rio Paute basin over the last 3 decades. He
observed an increased seasonality, with a steady increase
of rainfall during the wettest month and a steady decrease
during the driest month.

For the northern half of South America, the latest
AOGCM simulations predict an increase in temperature
between 2 and 3.4 °C, a 3.8% increase in precipitation
during the wet season and a 1.2% decrease in precipitation
during the dry season (Giorgi and Bi, 2005). For the
paramo region, however, a larger decrease in precipitation
seems more likely (Castafio, 2002). Still, a large un-
certainty is involved in these predictions. Not only is the
scale at which climate change is currently modelled far
below the resolution needed to incorporate the large
spatial variability in topography and meteorology which
is typically found in the paramo. But also, major processes
affecting the paramo climate are currently not included in
prediction models. E.g., it is known that deforestation can
have regional effects on precipitation patterns (Calder,
1998; Bruijnzeel, 2004). In the paramo, it is thought that
the climate is influenced by cloud formation in downslope
montane cloud forests, and diminishing rainfall over the
last decades has been attributed to widespread deforesta-
tion of the Andean slopes (Etter and Villa, 2000; Allan
et al., 2002). Future climate change will cause an up-
ward shift of these cloud forests. The resulting further
decrease in total area may thus be an important process
which further reduces precipitation in the paramo.

Another source of uncertainty is the El Nifio Southern
Oscillation phenomenon (ENSO). In Colombia and
Ecuador, ENSO causes deficit rainfall in mountainous
areas. In a warmer climate, ENSO is expected to increase
in length and intensity, which would result in a stronger
and longer dry period in the paramo (Rossel, 1997; Van
der Hammen et al., 2002).
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7.3.2. Consequences of climate change

In montane ecosystems, a major consequence of the
global increase in temperature is an upward shift of the
ecosystem boundaries, which obviously reduces the total
area of the upper ecosystems (IDEAM, 2001). Gutiérrez
(2002) estimated the future area reduction of the Colom-
bian paramo. She divided Colombia into 28 Holdridge life
zones and 33 transition zones, and modelled the future
changes in the geographical distribution of these zones,
based on the results of the 2XCO2 IPCC scenarios and
observed temperature lapse rates. An upward shift of
about 450 m is expected, which is more or less in accor-
dance with the upward shift predicted by Still etal. (1999)
for montane cloud forests. Table 2 shows the resulting
area reduction for the paramo and the permanent snow
areas. For Ecuador, no such studies exist, but the area
reduction may be less dramatic, because of the larger
extension and the higher average altitude of the Andes.

The consequences of an upward shift of ecosystem
boundaries for the hydrology are ambiguous, and depend
strongly on the vegetation that replaces the original
paramo. The natural vegetation below the paramo belt is
mostly tropical montane cloud forests (Foster, 2001). The
hydrological production of tropical montane cloud forests
is a subject of debate but generally, it is considered to be
quite high, because of cloud interception, horizontal preci-
pitation and low consumption (Bruijnzeel and Proctor,
1995). Yet, it is difficult to make a direct comparison
between runoff of cloud forests and paramo as it may vary
considerably according to local climatic and topographic
conditions. Nevertheless, it is much more probable that the
agricultural border shifts upwards and that paramo is
replaced by cultivated land. As is shown in previous sec-
tions, both agriculture and forest plantations have a
tremendous impact on the water production and regulation
of paramo soils. In both conditions, it is rather straight-
forward to simulate the hydrological impact of an upward
shift of the ecotones, including soil properties, on a certain
catchment. Boundary conditions such as climate and soil
parent material are not likely to differ very much over an
altitude of 450 m, which makes hydrological extrapolation
less complicated.

Table 2

Estimated area reduction for the Colombian upper mountain ecosystems
resulting from an upward shift of the ecosystem boundaries of 450 m
(Gutiérrez, 2002)

Subparamo —47%
Paramo =75%
Superparamo —-85%
Ice/glaciers —95%

As the upward shift of ecotones compensates for the
temperature increase, other major climatic changes in the
paramo itself are an increased seasonality, and possibly a
reduction in precipitation. Of course, these changes have
a direct impact on discharge quantity and timing. The
total discharge is expected to be smaller, and, depending
on the hydrological buffering of paramo catchments,
disturbance of streamflow is to be expected. Smaller
streams may eventually become intermittent instead of
perennial.

Additionally, a dryer climate and an increased seasonal-
ity may affect soil hydraulic properties. As is shown in
previous sections, the cool and consistently humid con-
ditions contribute to the slow rate of organic matter de-
composition. A shift towards a more pronounced dry
season may therefore invoke acceleration of organic matter
decomposition (Price and Waddington, 2000; Waddington
and Roulet, 2000), shrinking (Poulenard et al., 2002) and
development of hydrophobicity (Poulenard et al., 2004).
Given the strong relation between organic C content, soil
porosity and water retention, these processes may seriously
impair the water regulating capacity of paramo soils. Fi-
nally, the development of hydrophobicity increases the risk
of soil erosion, particularly when combined with removal
of the vegetation, e.g., for agricultural purposes. Finally, the
decomposition of soil organic matter in the paramo region
may be an important source of atmospheric CO5.

While they are not considered as being a part of the
paramo, the impact of climate change on glaciers and
permanent snow areas affects the paramo, as they are
located directly upstream. Reductions in snow cover are
widespread (Byers, 2000). Since 1850, the total area
covered by permanent snow reduced from 348 to 63 km?
in Colombia. During the last decades, a yearly loss of
0.64 to 1.65% has been observed, which means that the
snow cover of the Colombian Andes will virtually dis-
appear (Table 2). In Ecuador, the only quantitatively
studied glacier is Antisana, which recedes at a high pace.
During the last decades, the mass balance deficit has
varied between 6000 and 1500 mm yr ' (Sémiond et al.,
1998; Francou et al., 2000). The yearly mass deficit is
strongly related to ENSO, enhancing recession because
of the negative impact on precipitation. Increased El
Nifio events will therefore accelerate recession.

It is not very clear how the disappearance of the snow
cover above the paramos will affect their hydrology. Even
now, the production of glacier runoff is minimal and only
locally significant. It is likely that communities in the dry
paramo surrounding Chimborazo, Cotopaxi and Antisana
will be affected, because of the sudden drop in runoff
(Rhoades, 2005). Additionally, the lower contribution of
snowmelt may intensify the shift towards a dryer paramo
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climate, but the exact contribution of glacier runoff to the
total surface runoff in the paramos is poorly documented.

Finally, the relative impact of climate change on the
hydrology of the paramo, compared with land use changes,
is difficult to assess. Locally, the impact of global change is
probably irrelevant, compared to the impact of land use
and land cover changes. But contrary to climate change,
mitigation of land use changes is relatively easy. Indeed,
for major cities, declaration of large areas of paramo as
national parks (Chingaza near Bogotd, Cayambe-Coca
near Quito, El Cajas near Cuenca), have succeeded to
avoid land use changes to a certain extent (although, for
instance, pine planting still occurs in El Cajas National
Park). However, they are still prone to climate change. For
instance, a relatively small decrease in total precipitation,
or an increase in seasonality, in the paramo east of Quito,
providing 85% of the city’s water supply, may have a
major economic impact. Currently, the economic impact of
such changes is not sufficiently studied.

8. Outlook

From previous sections it is clear that major scientific
efforts are required to bring our understanding of paramo
hydrology in pace with its socio-economic importance.
The most important scientific challenges for the future are:

Intensification of monitoring: The lack of reliable long
term data series puts serious constraints on the study of the
climate changes in the paramo. Basic meteorological data
such as precipitation and temperature are mostly available.
Discharge data are also present, but most monitoring
stations are located in the lower areas and cover large
basins. Therefore, it is difficult to separate runoff from the
paramo region from runoff originating from lower areas.
Furthermore, monitoring small paramo catchments would
allow a better assessment of the impact of vegetation on the
discharge, as small catchments are generally more
homogeneous. High resolution meteorological data such
as radiation, wind speed and velocity and humidity are
scarce. Such data are indispensable for the further study of
the role of fog and clouds in the paramo climate, which is
currently poorly known. Finally, reliable long term
meteorological datasets are very scarce. Most datasets
contain large gaps and the accuracy is questionable.

The water balance: The water balance of the paramo
is subject to large uncertainties. Especially the role of the
natural paramo vegetation (both grasslands and arbustive
species) in the water cycle is unknown. This role extends
beyond water consumption, as evidence and observations
suggest that interception and microclimate regulation may
be important as well. The specific transpiration character-
istics of the vegetation and the extreme weather variations

may require a further search for adequate experimental
procedures instead of applying classical evapotranspira-
tion calculations based on meteorological data.

Scaling properties: While the hydrophysical soil
properties are fairly well understood, a discrepancy exists
between these properties and the hydrological behaviour
of the paramo at catchment scale. Therefore, larger hill
slope scale experiments are necessary in order to quantify
the impact of preferential flow paths, heterogeneity in soil
properties and topography and other aspects that are not
represented at pedon scale. Because of the high organic
matter content and the light bulk density, compressible
soil theory may be required for an adequate description of
hill slope processes (Rycroft etal., 1975; Holden and Burt,
2003a).

Hydrological modelling: Very few attempts to model
the paramo hydrology are known. This is no surprise,
given the scarcity of long term hydrological data sets.
However, also from a conceptual viewpoint, description
and modelling of the hydrological processes in these soils
is particularly challenging. Many classical concepts of
flow processes in rigid media cannot be applied. The high
organic carbon content is responsible for strong swell and
shrink properties, resulting in non-Darcian flow (Barry
and Mercer, 1999; Smiles, 2000) as well as hysteresis in
the water retention and the hydraulic conductivity. Fur-
thermore, the irregular topography gives rise to perennial
and ephemeral ponding, forming an additional buffering
reservoir. Finally, return flow occurs more frequently than
in other catchments. As a result, classical mathematical
hill slope flow representations, based on the Darcy equa-
tion, may not be adequate, and non-rigid medium flow
descriptions may give better results.

Adequate land management: Currently, concrete
examples of land use conflicts in the paramo are rather
scarce. This is primarily due to the relatively low land use
pressure, and the abundant water supply up to present.
But the economic development of the Andean highland
goes fast, and current water supply systems are running
up to their limits. Demand for additional supply systems
and hydro power plants is rapidly increasing. On the
other hand, paramo land is increasingly used for urban,
agricultural and leisure purposes. Projections must be
made to quantify the future demand for both resources, in
order to ensure that appropriate measures can be taken
before conflicts arise and irreversible damage occurs.
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