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Monitoring and modelling hydrological fluxes 

GENERAL INFORMATION ON THE RESEARCH 
AREA: MIDDLE CAQUETA-COLOMBIAN AMAZONIA 

2.1 INTRODUCTION 

The research sites are located in the Middle Caqueta (Colombian Amazonia), which lies 
in the Northwest part of the Amazon basin. Through earlier projects by Tropenbos 
(1987-1995) and Proradam (1979) information is available in particular on the geology, 
geomorphology, soils and vegetation of this area, whereas information on aspects such 
as climate and hydrology remained extremely scarce. This Chapter therefore consists of 
two parts. The first part deals with the general characteristics of the area including its 
geology, geomorphology, drainage system, soils, vegetation and land use. It largely 
consists of a review of existing literature and data. The second part pertains to the 
climate of the area. Several parameters relevant for the later Chapters are extensively 
discussed. The data concerned were collected during the period 1992-1997 at a climatic 
station in the area of research. 

2.2 GENERAL CHARACTERISTICS 

2.2.1 Location 
The Amazon basin covers an area of approximately 7.05 millions km2 of which 6% 
corresponds to Colombian Amazonia (403.0000 km2). The Middle Caqueta is located in 
the Southeast of Colombia or Northwest part of the Amazon basin, between 0° 37' and 
1° 24' latitude S and 72° 23' and 70° 43' longitude W (see Figure 2.1). In this area four 
major types of landscape can be distinguished: 1) a large, level sedimentary plain of 
Late Tertiary age at an altitude of about 250-300m a.s.l.; 2) isolated sandstone plateaus 
standing over this plain; 3) the alluvial system of floodplains and terraces of Andean 
rivers, including the Caqueta river, between 200-250m a.s.l.; 4) the system of 
floodplains and terraces of Amazonian rivers. 

The sites are located in the two main landscapes: Tertiary sedimentary plain (SP) and 
the alluvial system of the River Caqueta with the high (HT) and low terraces (LT) and 
rarely inundated flood plain (FP). These sites are within the research areas of the 
Tropenbos Foundation at Pena Roja and were selected as being representative areas for 
the ecosystems in the main landscapes (physiographic units) in this part of Amazonia. 

2.2.2 Geology and geomorphology 
In the Middle Caqueta area, four main geological units can be distinguished 
corresponding to the landscapes mentioned above: sandstones covering a basement of 
igneous and metamorphic rocks, which is locally exposed along the River Caqueta; a 
Tertiary sedimentary complex; sediments of the River Caqueta including high and low 
terraces and a floodplain; and sediments of Amazonian rivers. 
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O Climatological Station 

Figure 2.1 Location of the research area in the Middle Caqueta, Colombian Amazonia. The detail 
map (deduced from Duivenvoorden and Lips, 1993) shows the specific location of the 
climatological station (AWS) and the research sites in the four physiographic units: the 
Tertiary sedimentary plain (SP), high terrace (HT), low terrace (LT) and flood plain 
(FP) of the River Caqueta. The grey-toned area in the general map corresponds to the 
Amazon Basin area, according to Leopoldo et al. (1987). 
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Sandstone plateaus occur near Araracuara and near Santa Isabel, about 50 km 
downstream of Araracuara, in both areas forming elongated N-S running plateaus. 
According to van der Hammen (1954) the sandstones belong to the Palaeozoic 
Araracuara Formation and are highly quartzitic. The plateaus have a flat to slightly 
irregular topography, with a prominent system of deep fissures and associated angular 
drainage pattern. 

During the Miocene, marine incursions reached the Amazon basin and mainly fluvio-
lacustrine sediments started to be deposited, covering a rather level older erosional 
surface developed on the basement rocks. Initially, these sediments originated from the 
Guyana shield (Hoorn, 1993). Studies on the composition of the lower members along 
the River Caqueta showed that the sediments are composed of very stable minerals 
only, with tourmaline, zircon and rutile dominating the heavy mineral fractions. They 
were deposited by a low sinuosity fluvial system with an anastomosing character, and 
with backswamps, shallow lakes, channels and crevasse splays (Hoorn, 1993). Later, 
i.e. during the Middle Miocene, the provenance of the sediments changed as a result of 
the orogenesis of the Andes and connected changes in the direction of the rivers 
transporting sediments into the basin, becoming W-E. The higher members largely 
consist of quartzitic sands with some micas and ferruginous crusts, intercalated with 
sandy clay and clays. 

The Tertiary sediments reach an altitude of between 40 and 70 m above the mean level 
of the River Caqueta and constitute a highly dissected plain (Hoorn, 1994; Botero, 
1980). Hoorn (1994) distinguished three types of dissection in this unit. The first is 
characterised by a deep dissection of about 40 to 60 m and steep (25 to 35 degrees), 
straight slopes with V-shaped valleys and a dense dendritic pattern. The second type has 
a dissection depth of about 20 to 30 m and steep (20 to 30 degrees) straight slopes with 
U-shaped valleys and a dense dendritic drainage pattern. The third dissection type has 
V-shaped valleys with a variable depth of about 20 to 60 m, with slopes of 10 to 35 
degrees, and a dendritic to sub-dendritic drainage pattern. 

Locally, near the main rivers, thin fluvial deposits occur on top of the finer, distinctly 
Tertiary deposits. They are composed of very well rounded gravels and may date back 
to the Plio-Pleistocene (Hoorn, 1993; Proradam, 1979). In the eastern valley slope of 
the plot selected in the sedimentary plain (SP) such gravelly deposit is encountered. 

The sediments of the Andean rivers can be divided into three different units: the 
high terraces, the low terraces and the flood plains. The high terraces lie at 25 to 40 m 
above mean river level and have a flat topography with slight to moderate fluvial 
dissection. Sediments are clayey with a low gravel content and are generally thin (2 
to 3 metres), covering the Tertiary deposits. Organic sediments such as peaty 
backswamp deposits lack. The low terraces lie at about 10 to 15 m above mean river 
level, have a flat topography and are only slightly dissected. They are built up by 
deposits of Middle Pleniglacial age (van der Hammen et ai, 1992) and are sandy at the 
base, grading into finer textured, mostly clayey sediments. The sediments are often 
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cemented by iron, forming ferruginous crusts. The flood plain of the River Caqueta 
consists of sediments from the Late-Glacial to Holocene (van der Hammen et al, 
1992), located at approximately 3 to 5 m above the mean level of the River Caqueta. It 
has a flat, non-dissected topography, with small, sandy textured bars running parallel to 
the river stream and with depressions, which are inundated during wet periods and have 
finer textured and organic sediments (peats). The floodplain can be subdivided into 
lower, frequently inundated areas, and slightly higher, rarely inundated areas (with 
lesser poorly drained depressions). The sediments of the River Caqueta, being an 
Andean river, contain relatively large amounts of weatherable primary minerals 
(Kroonenberg and Hoorn, 1990). However, in the high terraces weathering has been 
strong and weatherable minerals are virtually absent (Duivenvoorden and Lips, 1995). 

The alluvial plain of the Amazonian rivers largely consists of floodplains, which are of 
Holocene age. The composition of the sediments differs according to the geology of 
the catchment, but on the whole sediments are low to very low in weatherable 
minerals. The floodplains have a flat topography with point bar systems, many cut-off 
meanders and swamp areas. Along some Amazonian rivers, narrow strips of upland 
terraces occur with rather flat and slightly dissected topography. 

2.2.3 Drainage system 
General descriptions of the drainage systems in the various units have already been 
presented in the description of the geomorphology of the Middle Caqueta area. Here 
attention is paid to the drainage system in the four plots studied. Two of the research 
plots, on the Sedimentary Plain (SP) and on the High Terrace (HT) respectively, are 
first order catchments, while in the other two plots (LT and FP) catchment boundaries 
cannot be defined and drainage is largely subsurface. 

The SP plot consists of a deep V-shaped valley. The depth is about 38 m (between top 
level of Sedimentary Plain and lowest point). The catchment is drained by an 
intermittent creek. The size of the catchment is about 16 ha and the drainage basin relief 
ratio (Rh = H/L) is about 0.09. The creek drains to a second order small stream which 
runs into the River Caqueta. The HT plot comprises a small catchment, which is 
drained by a seasonal creek. This creek dries out at the end of the dry period, begins 
within the plot and extends into an adjacent flat area. Here it joins a slightly larger 
stream (Bocaduche), which is a tributary of the River Caqueta. Since most of the area is 
almost flat, the identification of the boundaries of the catchment is problematic. The 
size of the plot is approx. 10 ha and the size of the catchment is estimated at about 2 ha. 
The drainage basin relief ratio is about 0.12. 

2.2.4 Soils 
General trends in soil development and characteristics in the Middle Caqueta have been 
investigated by Lips (1995) and Proradam (1979), paying attention to both mineral soils 
and humus forms. They are summarised in Table 1. On the whole, with increasing age 
reserves of weatherable minerals, base saturation and soil reaction rapidly decline. 
Furthermore, soils have a textural contrast between topsoil and subsoil (argic B), which 
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tends to become more prominent with increasing age. Litter decomposition becomes 
retarded and a distinct ectorganic horizon and superficial root layer develops. 

Soils of the Tertiary sedimentary plain (SP) are developed in sediments, largely 
originating from the Precambrian Guyana shield, with highly weathered granites, 
gneisses and sedimentary rocks (Proradam, 1979). These soils have a very low 
chemical fertility (low pH and very low base saturation). They contain very low 
amounts of weatherable minerals, reflected in very low stocks of potassium, 
phosphorus, calcium and magnesium. The soil is largely composed of quartz and 
kaolinite, and only some iron (hydr)oxides. Soils in alluvial sediments of Andean rivers 
(e.g. River Caqueta) developed in mineralogically richer sediments, which consist of a 
mixture of Andean material and material derived from the Tertiary sediments. These 
soils have a somewhat higher base saturation and are higher in weatherable minerals 
such as feldspars, vermiculite and micas. However, they are also high in quartz and 
kaolinite, particularly in the high terraces. It is only in the low terrace and floodplain 
that weatherable minerals are encountered in significant amounts, but relative high 
values for base saturation and soil reaction are only observed where soils are regularly 
inundated. 

Detailed soil surveys of the research plots were executed during the field campaign (see 
Appendix 1). Clear differences in soil types exist between the four plots studied, in 
accordance with the trends described above. Soils are relatively fertile in the floodplain 
of the River Caqueta, while the soils in the sedimentary plain are very poor in nutrients 
and have a very clayey texture (Abaunza and Tobón, 1994; Ordonez, 1992). The main 
soil types in the research plots (according to USDA system 1990) are: typic 
Paleudults (SP and LT), typic Hapludults (SP and HT), typic Kandiudults (SP and 
HT), typic Tropofibrists (LT), aerie tropic Fluvaquents (LT and FP), typic and aquic 
fluventic Dystropepts (FP) and tropaquodic Quartzipsamments (FP). For descriptions 
of representative soils and some soil properties reference is made to (Appendix 1). 

In the previous research, limited attention was paid to the physical properties of the 
soils in the Middle Caqueta area. Therefore during the current research relevant 
physical properties of the main soil types were investigated. These include soil texture, 
bulk density, porosity and water retention. To study these properties, samples were 
taken at eight different depths in accordance with the required input for modelling of 
soil water fluxes (see Chapter 6). 

The most prominent feature of the soils, apart from the increase in clay content with 
depth (textural contrast, see above), is the abundance of macro and mesopores, mainly 
in the upper part of the soil profiles. This high porosity seems to be related to both a 
high faunal activity (ants, termites and worms) and massive root growth and decay. Dry 
bulk density was determined from core samples (100 cm2) collected for the soil water 
retention analysis and from soil samples used for determination of volumetric water 
contents in connection with the calibration of TDR measurements. The bulk density in 
the topsoil ranges from 1121 kg m3 to 1346 kg m"3, while in the Bt horizon it ranges 
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from 1330 kg m"3 to 1525 kg m"3 (Table 2.1). Profiles of soil porosity were deduced 
from the bulk density of the soil samples and the average density of the solid phase, 
taken as 2650 kg irf3 (1 - bps/p s) as most of the studied soils have very low organic 
matter content (Koorevaar et al, 1983). The soils exhibit a decreasing porosity with 
depth with the highest value in the floodplain (Table 2.1). 

Table 2.1 Estimated soil porosity, from dry bulk density and the average 
density of solids, at 8 different soil depths in four forest 
ecosystems in the Middle Caqueta, Colombian Amazonia. 

Soil depth SP std HT std Soil depth LT std FP std 
(cm) (cm) 

10 0.49 0.03 0.52 0.02 10 0.58 0.04 0.59 0.02 
15 0.49 0.03 0.50 0.02 15 0.56 0.01 0.57 0.02 
20 0.48 0.03 0.50 0.02 20 0.55 0.01 0.55 0.02 
30 0.46 0.03 0.49 0.02 30 0.50 0.02 0.54 0.02 
50 0.47 0.03 0.44 0.04 40 0.46 0.03 0.52 0.02 
80 0.45 0.03 0.43 0.05 60 0.44 0.02 0.50 0.03 
120 0.45 0.04 0.42 0.02 80 0.41 0.01 0.49 0.02 
160 0.43 0.03 0.43 0.05 100 0.42 0.02 0.47 0.01 

Water retention characteristics (WRC) of the soil profiles were determined from 
undisturbed core samples (100 cm3) collected at eight soil depths in each soil profile 
where soil water content was measured (TDR). Undisturbed soil samples were used for 
suctions lower than -100 cm. Small subsamples were used for the estimation of suction 
values between -1000 and -16000 cm. The soil water retention point data were fitted 
with a non-linear fitting algorithm (Freijer, 1990) through which the van Genuchten 
parameters can be also determined. Representative pF curves for the main soil types and 
at four different depths in each landscape unit are presented in Figure 2.2. 

Though the litter layer or forest floor plays an important role in geomorphological and 
hydrological processes (e.g. interception of rainfall, evaporation, overland flow, control 
of erosion) and in nutrient supply to vegetation, limited attention has been paid to the 
forest floor under natural undisturbed forest in Amazonia. The study by Duivenvoorden 
and Lips (1995), on humus forms in the Middle Caqueta constitutes an exception and 
counts among the few publications on forest floors of Amazonian tropical forest 
ecosystems. 

The forest floor consists of dead leaves and coarser debris such as twigs, bark, wood, 
fruits and seeds, and fine roots. The upper part (L-horizon) forms a discontinuous, loose 
layer, which largely consists of dead leaves and fine and coarse debris, with a low 
proportion of fine roots adhering to the surface of decomposing leaves and growing into 
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the debris. The underlying layer (F-horizon) has a loose consistence and more 
decomposed materials, of which the structure can still be recognised (leaves and 
debris), with a considerable amount of fine roots adhering to the decomposing 
materials. The bottom layer (H-horizon), if occurring, is formed by a very thin layer of 
humified, highly decomposed organic matter. In most cases, this layer is discontinuous, 
filling pockets in the mineral soil. 

Volumetric water content (m3 m"3) Volumetric water content (m3 m" ) 

0.4 

Volumetric water content (m m" ) 
0.5 

FP 
5 -

S 4 - X /—\ NÄ. 
•* 3 - N ^ ^-^ ^ W v 
ÖD 
O 
J 2 -

V 1 - 1 • 
0 -

0.1 0.2 0.3 0.4 0.5 

Volumetric water content (m3 m"3) 

Figure 2.2 Soil water retention curves for various soil horizons in four physiographic units in 
Colombian Amazonia. Lines (-) represent the fitted curve (van Genuchten, 1980) 
and symbols represent the measured points ( • for 0.1m, • for 0.5 m, A for 1.0 m 
and x for 1.6 m). 
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Amounts of litter (ectorganic matter) in undisturbed forest in Colombian Amazonia 
vary considerably, ranging from 3 kg m"2 to 21 kg m"2, with a total average of 8.4 (± 
5.7) kg m 2. Characteristic features of the forest floor are its considerable thickness 
in the SP (up to 35 cm) and sharp decline in thickness towards the floodplain, the 
presence of abundant fine roots mixed with decomposing material (up to 40% of 
total fine root content) in all humus forms, the low bulk density (generally lower 
than 100 kg m"3) and the sharp boundary with the mineral soil. Average dry bulk 
density of the forest floors in studied ecosystems was 78.2 (± 22.0) in the SP, 85.6 
(± 27.7) in the HT, 90.0 (± 22.4) in the LT and 92.9 (± 40.5) in the FP. In its lower 
part commonly a mixture of mineral soil is observed, mainly in the form of sandy 
material brought up by ants and termites. The main difference in forest floor 
characteristics among the systems studied is its thickness, which decreases from the 
SP to the FP, and the amounts of fine roots. 

2.2.5 Vegetation 
Natural vegetation in the form of undisturbed forest is by far the prevailing type of 
vegetation in the area of study. Classified according to the FAO system, it belongs to 
the group of ombrophilous tropical forest (Duivenvoorden, 1995). The area belongs to 
the life zone of humid tropical forest (Bh-T) of the Holdridge life zone system 
(Holdridge et al, 1971). As part of the Tropenbos research programme, a series of 
sites has been investigated for its structure and floristic composition, a.o. 
demonstrating the very high species diversity of these mature forests in the western 
part of the Amazonia (Alvarez, 1993; Londono, 1993; Duivenvoorden and Lips, 1993). 

The canopy height varies considerably: canopy closure is around 25 to 30 in the SP and 
between 30 and 35 m in the FP, with some emergent trees reaching up to 40 m. The tree 
density is high with up to 850 trees per hectare (Londono, 1993). There are three to four 
canopy layers with an almost closed upper canopy layer. The understorey is mainly 
composed of small palms and seedlings of trees reaching a height of 2 to 4 metres. 
Lianas and epiphytes are common in the research plots, but their abundance has not 
been established, while grasses and herbs on the forest floor are rare. Differences in 
vegetation between the various types of forest regard floristic composition (including 
species diversity) and tree density (e.g. 650 trees with diameter larger than 10 cm in the 
flood plain and 850 in the sedimentary plain) (Duivenvoorden, 1995; Alvarez, 1993; 
Londono, 1993). Another important difference is the crown cover, which seems to be 
higher in the floodplain and lower in the sedimentary plain. A floristic study of the 
research plots showed that with regard to forest species the SP is the most diverse area 
with 706 species classified into 242 genera and 81 families (plot of 1.8 ha). Some 
vascular families are represented with significantly high number of species. In order of 
decreasing species richness can be referred to Leguminosae, Lauraceae, Sapotaceae, 
Melastomataceae and Rubiaceae (Londono, 1993). The flood plain of the Caqueta river 
seems to be the least diverse unit with 511 vascular species and 7 epiphytes, classified 
into 242 genera and 85 families (plot of 1.8 ha). In order of decreasing species richness 
can be referred to Leguminosae, Rubiaceae, Annonaceae, Moraceae and Araceae. 
(Alvarez, 1993). The floristic composition of the HT and LT plots has not been 
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separately investigated. In a study, comprising all units and carried out in a large area, 
1200 vascular plant species were reported for plots of 0.1 ha, distributed over 369 genera 
and 112 families (Duivenvoorden and Lips, 1995). 

As to biomass, data on aboveground biomass are scarce, whereas more attention has 
been paid to belowground biomass. According to Overman et al. (1994), Alvarez 
(1993) and Rodriguez (1991) aboveground biomass in undisturbed forest ecosystems in 
the Middle Caqueta ranges from 256 ton/ha in the flood plain of the River Caqueta to 
351 ton/ha in Venezuela {terrafirme). Belowground biomass was 20 ton/ha in the flood 
plain in the Middle Caqueta, according to Alvarez, 1993. 

Table 2.2 Fine root ( 0 < 6 mm) distribution in the forest floor (FF) and 
throughout the mineral soil in the four physiographic units in the 
Middle Caqueta, Colombian Amazonia. Average values and 
standard deviation deduced from the root studies in the research 
sites (de Vente, 1999; Wassenaar, 1995). 

Depth SP HT LT FP 
(cm) 

% std % std % std % std 

FF 35.0 13.1 18.6 10.3 19.2 18.2 12.4 8.5 
A/B 12.4 7.9 13.6 6.5 
10 15.0 11.2 28.2 12.0 38.5 17.3 40.6 19.4 
20 14.0 9.7 21.6 13.1 18.8 6.2 14.0 10.5 
30 7.0 4.2 6.8 2.1 9.6 3.0 8.2 6.2 
40 4.0 2.6 4.6 2.6 4.0 2.6 8.4 7.1 
50 3.0 2.2 2.1 1.8 2.3 1.6 5.1 4.1 
60 3.0 3.3 1.2 1.4 2.0 1.0 4.2 5.9 
70 2.2 1.7 1.6 1.7 1.8 2.0 2.6 2.5 
80 1.0 0.6 0.8 1.0 1.6 1.1 1.4 1.4 
90 1.3 0.4 0.5 0.9 1.2 1.1 1.5 1.6 
100 1.0 0.2 0.4 0.9 1.2 1.3 1.2 1.3 

Within the framework of the current research, a study of the fine root distribution and 
root content was carried out in the research plots. The distribution of fine roots (< 6 mm 
in diameter, 0 ) in the forest floor and the mineral soil was determined by sampling 
each 10 cm up to 1 m depth where root content decreases to very low values. Samples 
were taken at 10 locations randomly distributed in each plot. Necromass (litter) was 
collected by using a frame and soil mass by core augering to 1 m depth. Roots collected 
from these samples were separated into 2 different size classes: fine roots ( 0 < 6 mm) 
and coarse roots (0 > 6 mm). Average fine root distribution with soil depth is presented 
in Table 2.2. In the SP, the average total fine root biomass was 0.95 (± 0.5) kg m"2 in 
the forest floor, which represents 33.6% of the total fine roots. The first twenty cm of 
the mineral soil and the forest floor hold 81% of the total fine roots, which is 2.27 (± 
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1.46) kg m~2. As fine root content decreases considerably after 1 m depth, it is expected 
that root biomass will not increase significantly by sampling to greater depths. Spatial 
variation of fine root biomass in the SP is very high: as a general trend, the convex 
upper part of the valley slope has a higher root mass than the slope and bottom of the 
valley, of which the latter has the lowest root content. 

In the HT, the average root biomass in the forest floor was 0.43 (± 0.14) kg m"2 which 
represents 18.6% of the total fine roots. The first twenty cm of the mineral soil and the 
forest floor contain 2.04 (± 1.28) kg m"2. The variability between the sites in the HT is 
lower than in the SP. In the LT the average of fine roots in the forest floor is about 
0.382 (± 0.124) kg m"2 which represents 19.2% of the total fine roots. In the first twenty 
cm of the mineral soil together with the forest floor, 82% of the total fine roots 1.63 (± 
0.62) kg m"2 are concentrated. In the FP ecosystem, the forest floor has 0.193 (± 0.038) 
kg m"2 fine roots, which represents 12.4% of the total fine roots. The first twenty cm of 
the mineral soil and the forest floor contain 1.12 (± 0.22) kg m"2, which is 72% of the 
total fine roots. 

2.2.6 Land use systems 
Rain forests in Amazonia have already been settled for centuries. In the Middle 
Caqueta area, in particular around Araracuara, population density seems to have 
been relatively high and higher than it is nowadays (Dominguez, 1985). In some 
areas (sandstone plateau), ancient cultures practising agriculture may date back to 
about 300 AD (Herrera et al, 1992). 

The main indigenous land use in the Middle Caqueta was and still is "shifting 
cultivation", where only small areas of native forest, mostly less than one hectare, are 
cut and used for crop plantations during two or three years, depending on the 
aggregated soil fertility (ashes from the burning litter). Several other types of land use 
can be distinguished, part of which are connected with colonisation and new techniques. 
Types of land use and their major characteristics are described below. 

The first type of land use is the collection of products from the forests. The forest is 
used without any visible disturbance, delivering products such as proteins (hunting), 
wood, roof material, medicinal plants, fibres, oil, resins, salt and wild fruits. This use 
is mainly practised by indigenous tribes living in the area (van der Hammen, 1991). 
Recently, this land use has been intensified by both indigenous people and colonists, 
mainly through selective cut of hardwood trees in a fringe along the main rivers. The 
timber is used for local constructions and for export to the main population centres. 
This land use is nowadays extensively practised and mainly due to the low density 
of several hardwood trees, some species are probably more affected than others. 
Although the scale of selective logging of hardwood is small, this land use may cause 
major damage to certain species, mainly because of their low density. 

16 



Monitoring and modelling hydrological fluxes 

A second type of land use is the indigenous slash and burn or "shifting cultivation". 
This is mainly practised on the low terraces (mainly on those of Andean origin) and 
the rarely inundated floodplain. In small areas, often smaller than 1 hectare, the 
forest is cut entirely at the start of the dry season, the debris is dried for a short 
period and subsequently burnt. Approximately one week after the burning, the stand 
is planted mainly with cassava {Manihot spp.) pineapple and banana; some slow 
growth fruit trees are also planted. After the first harvest, the stand is replanted with 
cassava and some fruits. Depending on the nutrient status of the plot, it may be used 
for the third year after which the plots are commonly partially abandoned. Plots are 
rapidly covered by successional forest (rastrojo), growing mixed with planted fruit 
trees, and thus turned into an agroforestry system, which is used for periods longer 
than 10 years. This land use system causes little disturbance, mainly because the 
land is used only to produce food for local consumption by indigenous communities 
and plots are small and rapidly abandoned to the secondary forest regeneration. 

The third use of the land is less common in the area and it is mostly practised by 
colonists, being large scale crop plantation and small-scale cattle ranging. This land 
use causes a major forest disturbance for two reasons: the size of the land used is 
often larger than 5 ha and the areas are continuously used, followed by conversion of 
the plot into permanent pasture. These two processes together impede the natural 
forest to invade and regenerate the plot. 

Although still rarely practised, a fourth type of land use can be mentioned here, 
which is a specific type of agroforestry without cattle and fertilisers, as practised by 
some inhabitants. After an initial clearing of the understorey, the site is planted with 
mainly maize, cassava, fruits and banana. Subsequently, the forest is selectively cut, 
with preservation of the tallest and hardwood trees, as well as those providing food 
for wild animals. The major characteristic of this land use is that burning is not 
practised and that the plot is used consecutively during at least about ten more years. 
Management includes cleaning the stand for undesired vegetation and sprouting re-
growth. Although it has not yet been properly studied, this land use may cause very 
limited disturbance, mainly because of the specific characteristics of the land use 
and the small areas used. 

Although the actual population in this part of Amazonia seems to be lower than in the 
past, recent studies suggest that deforestation has increased in the last years. This may 
indicate that recent land use does not fit with the prevailing conditions of Amazonian 
ecosystems. Therefore, it may present a menace to the existence of the forest. Losses of 
natural habitat for tree species and animals are the result of land pressure by man and 
may lead to a breakdown of indigenous cultures, land degradation and even effects on 
local and global climate (Bruijnzeel, 1996; Lean et al, 1996; Nobre et al, 1991). 

In the Middle Caqueta, as in most of the Amazonian rivers, fishing along with 
hunting, has been a long standing tradition of river use as a source of food intake of 
the communities of people living along the river corridors. In the last decades 
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commercial fisheries culture has grown as a result of the growing demand for fresh 
water fish, which includes the ornamental fishes. As such, every household is 
engaged in the fisheries activities during most of the year, as a man's activity within 
both the indigenous people and colonists. Fishing traditions, cultural controls and 
commercial fisheries in the River Caqueta have been studied by Rodriguez (1999). 

2.3 CLIMATE 

The climate of the Middle Caqueta is wet tropical, classified as Afi according to 
Koppen (1936). The average annual rainfall is approximately 3100 mm and the average 
annual temperature is 26 °C and mean relative humidity is 87%. Two main seasons can 
be distinguished: although a truly dry season is not common in the area, a relatively dry 
period occurs from the end of December till the end of February. The rainy season lasts 
from March until December with a relatively dry month in August, which can be related 
to the passage of the equatorial low pressure belt through the North. 

At the onset of this research, only one climatological station was functioning in the 
entire area (IDEAM-Araracuara) providing data manually measured on daily basis. To 
provide the current research with local and reliable climatological data, an automatic 
weather station (AWS) was installed in an open area of about 20 ha near to the 
"Nonuya" indigenous community. The station was located on the bank of the River 
Caqueta (Figure 2.1), with short grass vegetation covering the soil surface (maximum 
height of 0.2 m). Parameters measured in the open were gross rainfall, air temperature, 
air humidity, incoming radiation, wind speed, wind direction and Class A pan 
evaporation. A CR 10 datalogger was programmed to measure the instruments each 30 
seconds and to register mean and total values each 20 minutes. 

Gross rainfall in the open area was measured by means of a tipping bucket rain gauge 
with a resolution of 0.2 mm, giving information on the number and duration of showers 
and the total precipitation. The gauge was installed at 0.2 m height. It was also 
measured manually next to the tipping bucket, with a funnel (open area of 298.6 cm ) 
connected to a collector. As the collector was measured twice daily (7:00 and 19:00 
hours local time) it provided comparative data and information on rainfall amounts at 
the station for periods during which the automatic station was malfunctioning and data 
were lacking. 

For some periods, gross rainfall in each plot was also measured in two ways: 1) 
automatic measurements with a tipping bucket installed in the top of an emergent tree 
crown, after clearing all branches, connected to a CR 10 datalogger on the forest floor; 
2) manual measurements with two rain gauges per subplot pending from cords attached 
to two emergent trees in gaps within the forest. Funnels for gross precipitation above 
the forest canopy had an orifice of 298.6 cm . Measurements were calibrated against 
standard rain gauges in the open. 
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Temperature and relative humidity were measured with a Rotronic air probe instrument 
installed at 3 m above the surface in the station. Solar radiation was measured with a 
Pyranometer probe (LI200), installed at 4 m above the surface. Wind speed was 
measured with an A-100R anemometer and wind direction was measured with a W-
200P potentiometer (Vector instruments) both installed at 3 metres above the surface. 
All instruments were connected to a CR 10 datalogger, which was programmed to 
register mean and total values each 20 minutes during the period from November 1992 
until August 1997. Additionally, a NWS Class A pan evaporation tank was installed at 
the station and measured twice daily (7:00 and 19:00 local time). The A pan 
evaporation was measured from the fluctuations of the water level in the tank and 
corrected for inputs by rainfall. Mainly due to battery collapses or instrument 
malfunctioning some gaps occurred in the collected information. Therefore, some of the 
values presented were calculated from the available climatological data during the 
period, except for the rainfall that was filled with the manually collected data. 

In the following sections, climatic conditions of the Middle Caqueta area 
(Colombian Amazonia) within the period between November 1992 and August 1997 
are presented. Twenty minutes data are used to deduce monthly values for each 
climate parameter. Detailed data on the meteorological parameters are used as input 
data on parameters or variables, used to calculate the water balance for each 
compartment in the forest ecosystems, as well as for the calculation of reference 
transpiration (Monteith, 1965). Gross rainfall is related to net rainfall under the 
canopy, to the interception by four forest ecosystems, to forest floor interception and 
to forest floor and soil water content dynamics. During the measured periods, some 
gaps in data collection occurred due mainly to malfunctioning of battery and 
dataloggers. These gaps are: 1993 (between days 352 to 365), 1994 (from day 1 to 
22 and from 336 to 349), 1995 (from day 23 to 41, from 287 to 302), 1996 (from day 
185 to 224) and 1997 (from day 1 to 14). For these periods, monthly values of 
climatic parameters were calculated from the remaining days of the respective 
months and by extrapolation of values, as the case of reference transpiration 
(available data in those months with gaps were in general for more than 20 days). 
Gaps in rainfall values were filled by using average values from measurements in 
the plots and manual gauge readings from the station, except for the gap in 1996, for 
which data completely lack. 

2.3.1 Rainfall 
Rainfall may be considered as the only input of water in most Amazonian rain forests. 
However, flood plain forests and swamps may receive water from other sources than 
local precipitation in the form of floodwater and seepage, originating from adjacent 
areas or even completely different regions, such as the Andes in case of flooding. 

Monthly amounts of rainfall in the research area are presented in Table 2.3.1. 
Monthly rainfall during the five-year period was evenly distributed with a slightly drier 
period around December to February. However, during 1997 an abnormally second dry 
period occurred during March, which lasted about 22 days. The distribution of rainfall 
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in the area and the existence of a short relatively dry season (with rainfall higher 
than 100 mm per month) and two very wet periods (March to June and September to 
November) seems to be related to the displacement of the intertropical convergence 
belt, resulting in the passage of the equatorial low pressure zone to the north and its 
passage again towards the south from September to November. During the study 
period, January was the driest month with an average of 144 mm of rainfall and 
September was the wettest with an average of 353 mm. The mean annual rainfall was 
3400 mm yr', which slightly deviates from the long term rainfall average of the zone 
according to the long term rainfall observations at the station in Araracuara, situated 
at about 20 km to the north-west (Duivenvoorden and Lips, 1995). The annual 
average of days with rain was 197, with an effective time with rainfall of 616 hours per 
year. 

2.3.2 Rainfall characteristics 
During the measurement period (1992 to 1997) data on 1584 rainfall events were 
obtained, with storms ranging from 0.2 to 161.6 mm and with duration of 20 to 780 
minutes. Most showers (63%) fell during the afternoon and at night. 37% of the incident 
rainfall fell in single showers with less than 2 mm, and 92% of these rainfalls 
contributed with less than 30 mm. Rainfall intensity averaged 5.5 mm h , with a 
maximum of 78.2 mm h~'. 56% of the storms fell in less than one hour and these 
represent only 21% of total rainfall. When comparing the five years data with that 
from longer period, the observed rainfall characteristics seem to comply with the 
long term average for the Middle Caqueta. 

Table 2.3.1 Total monthly rainfall (mm) at the station in Pena Roja (Middle 
Caqueta). Number between brackets indicates the number of days 
per month with rainfall higher than 0.2 mm. * Due to temporary 
damages of the tipping bucket in the AWS, values were deduced 
from the average of measured rainfall in the plots. 

J F M A M J J A S O N D 

1992 392.2 308.2 365.6 269.4 

1993 152.4 139.8 291.2 342.8 292.2 233.0 339.4 216.4 
* 

399.8 

* 
339.4 

(19) 
391.0 

(14) 
130.2 

1994 
* 

110.6 

* 
254.2 

(21) 
282.2 

(21) 
405.8 

(22) 
410.8 

(21) 
395.0 

(20) 
280.4 

(16) 
321.6 

(21) 
305.2 

(19) 
234.8 

(21) 
369.2 

(15) 
255.4 

1995 
(9) 

170.6 
(19) 

106.2 
(17) 

227.8 
(18) 

310.6 
(24) 

259.2 
(22) 

314.6 
(17) 

345.6 
(18) 

280.2 
(17) 

268.6 
(16) 

393.4 
(20) 

288.4 
* 

136.3 

1996 
* 

194.8 

* 
299.2 

(13) 
349.8 

(20) 
254.3 

(19) 
297.0 

(21) 
387.0 

(14) (14) 
253.6 

(21) 
397.0 

(19) 
303.2 

(16) 
308.6 

* 
193.0 

1997 
(10) 

103.4 
(18) 

346.4 
(17) 

325.6 
(17) 

297.4 
(21) 

416.6 
(20) 

225.4 320.4 
(15) 

178.6 
(19) (14) (15) (15) 

* (23) (16) (20) (22) (18) (20) * 
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The wettest year was 1994 followed by the driest, 1995, during the measured period. 
Registered mean rainfall in the Middle Caqueta during the five years period (Pena Roja) 
is similar to that at Araracuara station (IDEAM) over the period between 1979 - 1990 
and higher than the annual rainfall average of 2485 mm yr"1 from 11 years data at 
Igarapé Açu, Brazil located about 1300 km to the south-east, according to Hölscher 
(1997) and the 25 five years rainfall average of 1911 mm yr" reported from Manaus 
station (Brazil), which is located to the south-east of the Pena Roja station. However the 
annual average is lower than the 12 years rainfall average of 3960 mm yr-1 reported 
from the station located in Villavicencio, about 250 km to the northwest of the Pena 
Roja station (International Station Meteorological Climate Summary, 1995). These data 
somehow confirm the existence of a trend towards increasing amounts of rainfall in the 
northwest direction through the Amazon basin. It should be remarked that rainfall 
amounts during February in 1994, 1996 are high and much higher than the mean value 
over the last 20 years, observed at the Araracuara station (IDEAM). 

Table 2.3.2 Monthly average, maximum and minimum (20 min) air 
temperatures (°C) at Pena Roja station, Middle Caqueta -
Colombian Amazonia. 

M M O 

1992 Mean 
Max 
Min 

1993 Mean 24.6 24.5 24.0 24.3 24.1 23.4 22.1 
Max 31.6 33.0 32.8 31.4 31.7 31.0 31.2 
Min 21.2 20.2 20.4 21.3 20.6 19.8 16.2 

1994 Mean 24.6 25.2 24.2 24.2 24.1 23.1 22.6 
Max 32.4 33.8 32.6 32.3 30.6 31.3 30.8 
Min 21.2 21.4 20.4 20.4 20.8 15.6 17.6 

1995 Mean 25.0 26.2 24.8 24.7 24.3 23.5 23.5 
Max 34.1 34.8 33.3 33.0 33.2 32.2 32.0 
Min 19.7 21.4 20.6 20.8 20.0 18.9 19.9 

1996 Mean 26.8 27.0 24.9 24.5 24.4 22.9 
Max 37.7 38.8 33.0 34.2 31.2 31.2 
Min 19.7 22.2 21.3 20.6 21.0 15.0 

1997 Mean 27.2 24.4 25.1 25.0 24.2 24.2 23.9 
Max 34.3 34.8 34.0 36.9 33.2 33.9 33.6 
Min 21.5 19.9 20.0 20.3 20.2 20.8 19.4 

24.2 24.3 
32.5 32.1 
20.5 20.6 

23.6 23.9 24.0 24.2 24.4 
32.2 33.2 33.2 32.2 31.8 
19.8 19.7 19.5 19.6 20.8 

23.3 23.9 24.4 24.2 24.7 
32.4 33.6 33.6 32.2 32.5 
18.4 20.0 20.4 20.2 20.8 

24.3 24.2 25.0 25.4 27.7 
32.9 34.3 34.6 38.6 38.1 
19.7 18.9 19.1 20.1 22.8 

24.2 24.5 24.7 25.1 24.2 
33.5 34.8 35.9 33.3 34.2 
19.7 20.1 20.1 21.2 20.4 

23.1 
33.9 
18.6 
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Table 2.3.3 Monthly average, maximum and minimum (20 min) relative 
humidity at the Middle Caqueta - Colombian Amazonia. 

J F M A M J J A S O N D 

1992 Mean 
Max 
Min 

85.3 87.6 
95.5 96.9 
50.8 56.4 

1993 Mean 87.2 87.4 89.4 91.6 93.0 93.9 92.9 92.3 93.2 93.6 94.4 94.9 
Max 97.9 98.7 99.4 99.3 99.2 99.3 99.3 99.4 99.5 99.6 99.3 99.6 
Min 53.2 46.5 52.2 58.8 60.4 62.3 58.6 57.2 53.3 55.2 61.3 61.4 

1994 Mean 87.3 86.8 94.6 94.3 95.4 97.6 91.8 90.9 90.5 89.4 91.3 89.5 
Max 99.2 99.3 99.5 99.6 99.5 99.6 99.6 99.6 99.5 99.4 99.6 99.4 
Min 49.9 51.5 63.8 59.6 66.6 61.1 65.4 55.0 54.4 59.2 65.4 59.4 

1995 Mean 79.7 82.5 90.2 91.4 92.8 95.2 93.8 89.9 90.0 87.4 85.7 85.8 
Max 99.6 99.0 99.4 99.6 99.5 99.6 99.6 99.5 99.4 99.4 99.5 99.4 
Min 39.4 47.2 59.4 62.7 66.1 65.9 65.5 60.3 54.5 55.4 47.8 45.8 

1996 Mean 72.0 78.0 81.4 82.2 83.8 85.1 84.9 79.5 79.3 79.4 80.8 
Max 99.6 99.4 98.6 98.4 98.3 98.6 99.6 98.3 98.2 98.5 98.3 
Min 39.4 40.6 48.2 50.0 59.4 57.8 50.1 44.9 46.7 46.9 54.8 

1997 Mean 77.4 80.6 76.2 79.3 83.3 82.4 81.6 83.6 
Max 98.6 98.0 98.0 98.0 97.8 98.1 98.2 98.0 
Min 39.2 40.5 38.9 34.8 52.9 53.7 49.6 48.4 

Table 2.3.4 Monthly average ; md maximum (20 min ) measured global solar 
radiation (W rn ) at the Middle Caqueta - Colombian Amazonia. 

J F M A M J J A S O N D 

1992 
Mean 359 343 
Max 889 841 
1993 
Mean 362 280 271 263 246 242 257 292 287 307 280 277 
Max 816 962 938 978 901 821 822 952 950 944 990 962 
1994 
Mean 247 313 312 347 318 351 298 350 362 395 379 355 
Max 948 1146 1096 1121 1062 1017 1015 1009 1065 1105 1182 1074 
1995 
Mean 412 350 379 360 351 317 354 389 406 460 419 383 
Max 1161 1045 1017 1004 967 934 961 986 1097 1016 1100 1011 
1996 
Mean 443 394 359 355 340 308 390 402 400 384 378 
Max 1071 1095 1134 1167 1137 1148 1041 1078 1152 1205 1210 
1997 
Mean 415 331 377 358 311 334 329 372 
Max 1174 1203 1132 1167 1074 1177 1017 1006 
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Table 2.3.5 Monthly average and maximum (20 min) wind velocity (m s') 
measured at Pena Roja, Middle Caqueta - Colombian Amazonia. 

M M O 

1992 Mean 
Max 

1.02 
3.84 

0.98 
3.40 

1993 Mean 0.99 0.97 0.92 1.02 0.95 0.95 1.04 0.96 1.00 0.96 0.96 0.90 
Max 2.92 2.80 3.01 4.59 4.54 3.50 4.07 3.35 3.36 3.16 4.11 2.71 

1994 Mean 0.92 0.98 0.98 0.91 0.76 0.86 0.84 0.94 0.94 0.95 0.90 0.92 
Max 2.84 3.45 3.30 4.35 3.45 3.20 3.14 3.46 4.40 3.42 3.24 2.52 

1995 Mean 1.10 1.06 0.93 0.87 0.81 0.89 0.92 1.01 1.08 1.09 1.08 1.10 
Max 3.40 2.64 3.65 2.87 2.99 3.07 4.13 4.18 3.40 4.06 3.66 3.50 

1996 Mean 1.16 1.08 1.04 0.95 0.94 1.00 
Max 3.40 3.67 4.76 3.66 3.68 4.10 

1.00 1.05 1.00 1.07 
4.18 3.71 3.91 4.20 

0.97 
4.27 

1997 Mean 1.05 0.96 0.99 0.92 0.84 0.84 0.81 0.80 
Max 3.50 3.91 3.56 3.51 3.52 3.21 2.78 2.23 

2.3.3 Temperature 
Mean monthly temperature at Pena Roja station during the period 1992 - 1997 is 
presented in Table 2.3.2. Seasonal variation in air temperature was lower than the 
diurnal fluctuations and differences between day and night temperatures are larger 
during the dry season than during the wet season, except for short periods between 
June and August when temperature drops to markedly lower values due to the 
passage of cold fronts from the south of Brazil, which is further discussed in this 
Chapter. The general cyclic behaviour of the temperature in the Middle Caqueta is 
illustrated by Figure 2.3. The average variation between day and night temperatures 
is about 12°C. Maximum temperature recorded at Pena Roja station rarely exceeded 
35°C, registered early in the afternoon (about 14:00 hours, local time) and generally 
two hours after the solar maximum. Minimum temperatures usually drop to about 19 
°C, recorded early in the morning at around 4:00 hours local time. The average for 
the warmest and coldest month does not deviate more than 3°C. During rainfall 
events, temperature generally decreases and this decrease depends on the duration of 
the event. With storms at night-time no significant changes were observed in the 
temperature. Over the year, maximum temperatures were generally observed in 
January and February and the lowest was mostly registered in June. 

Some of these low temperatures were related to the presence of cold air moving 
from the south of the continent across the Amazon basin, locally described by the 
indigenous as "friaje". This phenomenon has been widely reported, particularly for 
the south of Brazil, by Marengo et al. (1997) and Culf et al. (1996). Although it has 

23 



The Tropenbos Foundation, Wageningen, the Netherlands 

been described in Brazilian territory (Ji-Parana and Manaus), no reports have been 
presented for northwest Amazonia. 

Though the low temperatures do not have visible effects on the crops and fisheries in 
Colombian Amazonia, they merit to be mentioned as special phenomena occurring 
throughout the Amazon basin. Table 4 presents dates of "friajes" registered during 
the period 1993 to 1997, as well as the respective reported dates for the same events 
in Brazil (Marengo et al, 1997). It is interesting to note the differences between the 
dates when the phenomenon was observed in Brazilian territory and Colombian 
Amazonia: according to the available comparative information from Manaus station, 
the "friajes" in the Middle Caqueta area were nearly always registered one day after 
the cold front passed the station at Manaus, reducing temperature in the area for 
about 3 to 5 days. 

0 } \ I I I I I I I [ I I I I I I I I 1 I I I I I I I I I I I M I M I I I I I I I I I I I I I I I I I I i I I I I I M I I I I I M I I I I I ? 

600 740 920 1100 1240 1420 1600 1740 1920 2100 2240 20 200 340 520 

Time (hours) 

Figure 2.3 Characteristic daily dynamics of air temperature (°C) in the Middle Caqueta, 
Colombian Amazonia. 

Similarly, as observed in Brazil, in Colombian Amazonia the cold air was often 
associated with relatively low humidities and high wind speeds (above 2 ms") . As 
most of the lowest temperatures were registered during the night, the side effect of 
decreasing the relative humidity is masked by the high night-time relative 
humidities. Nevertheless, during the day humidities were somewhat lower than 
average. Differences between the sites for registered temperature values and changes 
in related other variables clearly point to modification of the original cold air on its 
passage through the Amazon basin, temperatures in Colombian Amazonia being 
lower than at the station in Manaus, Brazil (data from Marengo et al, 1997). I 
cannot explain this, since a decrease of the intensity of the phenomenon is expected 
during its passage from the south to the northwest. 
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Table 2.4 Dates of registered low temperatures in the Middle Caqueta, 
related to the passage of a cold air front "friaje" moving from the 
south of Brazil through the Amazon basin, during the period 
studied. Data on related events reported in Brazil by Marengo et 
al. (1997) are also presented. (NI = no information for other sites) 

Year Dates Duration Minimum temperature Dates other sites 
(days)  

1993 June 12 3 18.7 °C (4:00 hours) June 15 

July 14 4 17.0 °C (2:00 hours) July 8 

July 31 5 16.2 °C (8:00 hours) August 1 

1994 June 27 4 15.6 °C (6:00 hours) June 26 (Manaus) 

July 11 5 17.6 °C (4:00 hours) July 10 (Manaus) 

August 12 3 18.4 °C (6:00 hours) August 10 

1995 June 21 4 18.9 °C (6:40 hours) NI 

1996 June 30 5 15.1 °C (6:40 hours) NI 

July 1 15.2 °C (5:40 hours) NI 

2.3.4 Relative humidity 
Monthly averages of relative humidity are presented in Table 2.3.3. The relative 
humidity in the Middle Caqueta increased rapidly after 18:00 to values above 95% 
and remained above this percentage in most nocturnal periods, while in the morning 
humidity dropped more gently. Minimum humidities were normally registered at 
about 14:00 to 15:00 hours, local time. The twenty minutes data showed that relative 
humidity started to decrease early in the morning at around 3:00 hours. It increased 
again around 5:00 hours just before sunrise, to decrease again around 7:00 hours. 
This behaviour can be the result of the early evaporation of dew, which accumulated 
in the vegetation during the night, or to a slight decline in temperature or both. 
Although the monthly average of relative humidity did not show clear differences 
over the year, the lowest humidity was generally observed in January and February, 
which corresponds with the dry season. The main changes in relative humidity 
occurred on daily basis (day and night time) rather than over the year. Figure 2.4 
presents the daily tendencies of the relative humidity during a typical dry day. 

2.3.5 Solar radiation 
Although solar radiation was mostly registered between 6:00 and 18:00 hours (local 
time), during the dry seasons solar radiation was often registered to start after 5:40 
and to last till 18:20 hours. Average values of solar radiation were calculated from 
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all readings between the first hour in the morning with some solar radiation until the 
last hour with any value registered by the instrument. Monthly averages of solar 
radiation are presented in Table 2.3.4. During the first part of the wet season solar 
radiation was commonly somewhat lower, with clearly lower values early in the 
morning and late in the afternoon. With open sky conditions and during dry seasons, 
maximum solar radiation was generally observed around 12:00 to 13:00 hours, with 
values up to 1210 W m"2. Hourly averages of solar radiation often exceeded 1000 W 
m" , mainly around noon, but average values from 800 to 900 W m"2 were more 
common. 

600 740 920 1100 1240 1420 1600 1740 1920 2100 2240 20 200 340 520 

Time (hours) 

Figure 2.4 Typical behaviour of relative humidity during a dry day in the Middle Caqueta, 
Colombian Amazonia. 

In general, there is a tendency of increasing solar radiation in January and around 
March and October. The high radiation in January is mainly due to the open sky 
during the dry season and the relatively high solar radiation around March and 
October is connected with the low solar declination in these months. During the 
measured period, 1993 was a year with a relatively low average solar radiation 
(271.8 W m"2) followed by 1994, while 1995 had the largest total average solar 
radiation (358.8 W m"2). 

2.3.6 Wind speed and direction 
In the studied area the wind speed is low (Table 2.3.5) and high wind speeds are 
uncommon, and most of the times related to rainstorms. Generally, wind speed was 
higher during the day and decreases at night (Figure 2.6) with exception of the time 
before and during rainstorms. The prevailing wind was SE to E. The position of the 
station on the riverbank (i.e. N-S oriented) may affect the wind direction. 
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Figure 2.5 Typical wind speed dynamics during day and night time in the Middle Caqueta, 
Colombian Amazonia. 

2.3.7 Reference transpiration 
The combined processes of evaporation and transpiration constitute total 
evaporation, which is often referred to as évapotranspiration. In the last two decades, 
it has been generally concluded that one of the most relevant results of forest 
hydrological studies in the last years is that transpiration needs to be considered 
separately from evaporation of water, intercepted by vegetation (Shuttleworth et al., 
1984; Shuttleworth and Calder, 1979). This holds in particular for those ecosystems 
where a significant part of gross rainfall in intercepted by the forest canopy. The 
primary explanation for the higher evaporation rate from wet vegetation surfaces, 
and especially from wet forest canopies, relates to the relative importance of the two 
main resistances, imposed at the vegetation canopy (surface resistance or 
physiological resistance and the aerodynamic resistance) upon the flux of water 
vapour into the overlying atmosphere (Monteith, 1985). Transpiration is strongly 
controlled by the surface or stomatal resistance, while evaporation from the wet 
canopy is controlled, among others, by the aerodynamic resistance. 

The terms evaporation and reference transpiration will be used throughout this 
thesis. For that reason they are defined and discussed in more detail. Evaporation 
refers to the amount of water that is intercepted by the forest canopy and 
subsequently evaporated. The term reference transpiration, refers to the Monteith 
equation (Monteith, 1965) as suggested by Cain et al. (1998), although a different 
value was used for the stomatal resistance. 
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ÄE=
ARn+pCp(es-ea)/ra 

A + r(\ + rs/ra) 
(2.1) 

Where, 

X = latent heat of vaporisation of water (J kg" ) 
A = slope of saturated vapour pressure curve, (mbar K"1) 
Rn = net radiation, (W m" ) 
p = density of air, (kg m'3) 
Cp = specific heat of air at constant pressure, (J kg"1 K"1) 
es = saturated vapour pressure, (mbar) 
ea = actual vapour pressure, (mbar) 
ra = aerodynamic resistance (s m"1) 
7 = psychometric constant, (mbar K"1) 
rs = stomatal resistance (s m') 

The aerodynamic resistance (ra) is calculated from the general equation for the wind 
profile, using a height, z = h +2 (m). 

r„ = 

In 

k2.u. 
(2.2) 

Where h (m) is the average height of the forest, k is the von Karman's constant (0.40), d 
(m) is the displacement height (0.67h), Zo (m) is the roughness length, 0.1 h (Brutsaert, 
1982). The average forest height is about 30 m, although some trees can reach up to 45 
m. 

The wind speed above the forest canopy was not measured, therefore the method by 
Rutter et al. (1975) was applied. The measured wind speed at the AWS (3 m) was 
extrapolated to a height above the outstanding largest trees (50 m), with the values of 
parameters from the station (d = 0.13 m and ZQ = 0.02 m) and using the logarithmic 
wind profile equation: 

In 
50-rf A 

U50=UV V - x 

In 3-d 

V u J 

(2.3) 
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To calculate the wind speed at 2 m above the forest canopy (z =h+2), calculated 
wind speed at 50 m was subsequently interpolated down to a height of 32 m, (2 m 
above the mean canopy height) using the forest stand values (d = 20 m and z0 = 3 
m), by: 

In 
rh+2-d^ 

uh+2 = "so • (rQ_,\ ( 2 ' 4 ) 

In 

V Z° J 

The 32 m wind speed (uh+2) was used to calculate the aerodynamic resistance. 

It is clear that accuracy of predictions of reference transpiration strongly depend, among 
others (e.g. solar radiation), on the accuracy of used parameter values, particularly for 
the stomatal or surface resistance. Surface resistance (rs) depends on some 
environmental factors (solar radiation, vapour pressure deficit and soil moisture 
status) and leaf physiology such as the amount of stomata in the leaf surface. This 
value can be approximated, for instance, by determining the leaf area index 
(Dolman, 1987). In the Amazonia the surface resistance exhibits a strong diurnal 
variation with relative low values from 8:00 hours to about 16:00 hours and large 
increases during the night (Shuttleworth et ai, 1984). Therefore, the daily average 
values of surface resistance (rs) found by Shuttleworth et ai, (1984) are used in this 
study, as these were deduced for similar forest type and climate conditions in 
Central Amazonia. 

Net radiation was calculated from the standard empirical relationship which uses 
surface measurements of clear sky global solar radiation, air temperature and 
humidity (Stewart et ai, 1982). Parameters deduced by Brunt (1932) were used for 
the determination of the effective emissivity for cloudless skies (aB = 0.52 and bB = 
0.065). The vapour pressure ea, was calculated using Teten's equation (Murray, 
1967). A value of 0.121 was used for the albedo as the mean value deduced for the 
Amazonian conditions (Culf et ai, 1995). 

The climate factors recorded at the Pena Roja weather station (each twenty minutes) 
were used to calculate the reference transpiration (Monteith, 1965). As the equation 
merely estimates the transpiration, the forest interception is separately calculated 
from the recorded rainfall at different time scales in each forest ecosystem and 
presented separately in the Chapter 3 and 4 of this thesis. 
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Figure 2.6 Dynamics of solar radiation (—G—) and calculated reference transpiration 
(Monteith, 1965), (-X-) for a typical dry day in the Middle Caqueta, Colombian 
Amazonia. 

Monthly values of reference transpiration are presented in Table 2.5. Calculated total 
daily transpiration ranged from 0.8 mm to 9.8 mm with an overall average of 3.36 
mm d'1. As a general tendency, transpiration followed the solar radiation dynamics 
very close, with exception of those relatively windy days (above 2 m s"1) when the 
wind speed partially controlled evaporation. Therefore, calculated transpiration 
values are mainly explained by solar radiation (see Figure 3.6). Accordingly, during 
the night transpiration was very low and probably controlled by wind speed. The 
annual average reference transpiration (5 years) was 1170 mm yr" . Transpiration in 
Amazonia, as in other sites, has been calculated in different ways and using different 
parameter values. Consequently, differences in daily and annual values are observed. 
However, differences between sites also obey to differences in measured radiation 
flux between sites and in time. In this study, transpiration is calculated separate from 
evaporation as two different components of évapotranspiration. Therefore, 
comparisons will be made in terms of évapotranspiration (see Chapter 8). 

2.3.8 Class A pan evaporation 
The pan evaporation in the research area follows solar radiation, temperature and 
relative humidity. During the day, pan evaporation was twice or three times higher 
than during the night. This low evaporation during the night can be explained by the 
high relative humidity, low wind speed and the low radiation flux. Class A pan 
evaporation was higher during January and February than in the other months. The 
monthly total values are presented in Table 2.6. 
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Table 2.5 Monthly values of calculated reference evaporation (Monteith, 
1965) for the forests in the Middle Caqueta, Colombian Amazonia. 
* Missing information on climate. 

J F M A M J J A S O N D 

1992 85.7 84.9 

1993 92.8 93.4 80.6 85.0 70.7 64.6 74.3 92.3 84.2 84.6 76.8 89.3 

1994 104.6 79.9 89.6 92.9 86.5 80.8 81.5 94.4 93.2 106.5 100.3 113.6 

1995 134.0 117.5 94.4 89.4 90.0 75.9 91.1 102.4 105.5 105.6 112.7 115.0 

1996 152.2 118.9 104.9 102.3 94.4 79.9 * 104.9 117.6 118.6 113.2 104.5 

1997 149.9 89.2 117.7 111.2 90.4 92.7 96.5 

Table 2.6 Monthly values of measured Class A Pan evaporation at Pena Roja 
station, in the Middle Caqueta, Colombian Amazonia. * Missing 
information for more than 15 days of the month. 

J F M A M J J A S O N D 

1993 119 105 109 117 108 99 107 112 123 111 104 101 

1994 119 104 108 109 98 94 94 106 115 104 105 105 

1995 124 126 112 116 98 93 111 129 129 127 111 * 

1996 120 114 117 120 112 100 * 122 * * 108 114 

1997 128 113 137 128 118 123 117 * 

It is expected that the potential evaporation (Penman, 1948) is of similar magnitude 
as the open water evaporation (Class A pan evaporation multiplied by a pan 
coefficient). As the pan coefficient varies with climate and sites (Jones, 1997), 
observed values of pan evaporation were multiplied by a factor of 0.8, as the average 
of values suggested by Doorenbos and Pruit, ( 1977) for vegetated surfaces with low 
speed wind and for moist climate. The open water evaporation thus found for the 
Middle Caqueta was lower than the calculated PET. Results from the Middle 
Caqueta agree with those found by Poels (1987) in Suriname. A possible explanation 
for this difference is that in Penman equation (Penman, 1948) it is assumed that 
there is an immediate equilibrium of energy with solar radiation changes. Contrary 
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in the pan some of the incoming energy is used to heat the pan, which may cause a 
delay in the response to the incoming radiation. 
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