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Monitoring and modelling hydrologicai'fluxes 

INTEGRATED WATER BALANCE OF FOUR FOREST 
ECOSYSTEMS IN NORTHWEST AMAZONIA 
THROUGH A COMPARTMENT APPROACH 

8.1 ABSTRACT 

Using a compartment approach, water balances were established for four forest 
ecosystems in the Middle Caqueta, Colombian Amazonia. Results presented are 
based on field measurements and predictions of calibrated models in previous 
chapters and pertain to a four years period. Following a top-down approach, water 
balance calculations were carried out for each forest compartment: forest canopy, 
forest floor and mineral soil. The upper boundary conditions are the gross rainfall 
measured in each plot, reference transpiration and predicted drainage at 1 m soil 
depth. The fraction of evaporation of intercepted gross rainfall was relatively 
constant over the period of study. The ecosystems differ in their net evaporation 
with the highest value in the FP. Absolute amounts of evaporation of intercepted 
rainfall by forests in the research area are higher than those reported for the central 
Amazonian forests. Transpiration was relatively constant over the years and similar 
between ecosystems, and only appeared to be limited during 1997. Mean annual ET 
ranged from 1560 to 1725 mm yr" and differences among ecosystems are mainly 
caused by differences in forest evaporation. ET also appeared to be higher than most 
values reported for other sites within the Amazon basin, except for those reported by 
Franken and Leopoldo (1984). FF and soil water storage did not change 
considerably and appeared not to play an important role on determining actual 
transpiration. The fraction of drainage ranged from 52% to 58% of gross rainfall and 
were higher than most values in literature, for the Amazon basin. It is concluded that 
the compartment approach allows to assess the role of individual compartments in 
the overall water balance, notably in évapotranspiration and drainage, and the causes 
for the differences in this balance between the ecosystems studied. 

8.2 INTRODUCTION 

Studies on the hydrology and water balance of forest ecosystems may serve several 
purposes: to understand the Soil Vegetation Atmosphere Transfer (SVAT) processes 
and to assess the possible effect of deforestation on the global climate (Shukla et al, 
1990; Richey et al, 1989b; Leopoldo et al, 1987; Salati et al, 1984), to provide 
information required for global hydrologicai and climate models (Vorosmarty et al., 
1989), to evaluate the effects of deforestation on forest hydrology and nutrient fluxes 
(Jetten, 1996) and to support studies on biogeochemical fluxes (Lesack, 1993). In 
some of these studies estimates of évapotranspiration, as deduced from input-output 
water balance measurements, differ from model predictions based on meteorological 
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data (Lesack, 1993). A compartment water balance will add to a deeper 
understanding and quantification of the various fluxes determining the water balance 
and the factors involved. It is such compartment approach, which has been used in 
this study of four representative forest ecosystems in the Middle Caqueta, 
Colombian Amazonia. 

A water balance, by quantifying top-down fluxes and stocks per compartment, 
explains and quantifies, for instance, the partial contribution of the forest floor and 
mineral soil to forest transpiration and drainage. Moreover, these contributions can 
be linked to physical forest floor and soil parameters, and to climatic conditions. 
This is particularly relevant for northwest Amazonia, since for this area long-term 
water balance studies do not exist and results of such compartment approach can be 
used to predict water balances as a function of climate, vegetation and soils. Lastly, 
this approach will contribute to explain changes in water fluxes and solutes if 
pathways change, for instance due to the elimination of part of the canopy or forest 
floor. 

In previous chapters, a top-down approach has been used, treating water dynamics 
and related hydrological processes in each individual compartment. The latter 
comprised the forest canopy, the forest floor and the mineral soil. They are linked 
through top-down water fluxes, in which outputs from one compartment are inputs 
for the next. This chapter, as a concluding chapter, presents a numerical integration 
of the top-down water fluxes through the forest compartments into annual water 
balances of the four forest ecosystems. It focuses on the quantification of water 
balance components per compartment, namely gross rainfall, evaporation of 
intercepted rainfall, net rainfall, forest floor and soil water uptake and drainage. 
Differences in the water balance between compartments and among ecosystems are 
presented and discussed. 

Generally, water balance studies are carried out to determine an unknown parameter 
in the water balance equation, which in most cases is the évapotranspiration term 
(Blackie, 1993; Lesack, 1993). In this study, the various water balance components 
were all quantified either by collected field data (e.g. gross rainfall, throughfall) or 
by a modelling approach (e.g. water uptake, drainage). Our water balance 
calculations serve other aims, which are to quantify the long term contribution of 
each compartment to the overall water balance and to highlight the differences 
between the ecosystems studied and the specific compartment which generates these 
differences. 

8.3 METHODOLOGY 

The water balance of the forest ecosystems is approached through the equation: 

Pg = E + T + AS + Dr (8.1) 
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Where Pg is the gross rainfall above the forest, E is the amount of water intercepted 
and evaporated from the forest canopy, T is the forest transpiration, AS is the soil 
moisture change and Dr is the drainage. Basic methods for the calculation of a water 
balance on a catchment basis require accurate measurements of rainfall and runoff. 
Surface runoff was not observed and data analysis and model results pointed to a 
high infiltration rate in the soils studied. Therefore, surface runoff is neglected and 
drainage is calculated as the water flux below the root zone, as predicted by the 
model. 

For the compartment approach of the water balance, at the canopy level the water 
balance equation becomes: 

Pg = E + Pn (8.2) 

Where Pn comprises the throughfall and stemflow, as net rainfall into the forest 
floor. Changes in canopy water storage on annual basis, if any, are of infinitely low 
magnitude. Therefore, they can be neglected. Equation 8.2 is used to determine the 
evaporation of intercepted water by the forest canopy. 

For the forest floor (FF), equation 1 is transformed into equation 3 and used to split 
incoming net rainfall into FF water uptake and drainage to the mineral soil. 

Pn = UJT + Dpp + ASFF (8.3) 

Where Upp is the water uptake from the FF used for transpiration, Dpp is the total 
drainage to the mineral soil or FF net rainfall and ASFF is the FF water storage 
changes. 

For the mineral soil, the water balance equation becomes: 

DFF = Us + Dr + ASS (8.4) 

Where Us is the total water uptake from the mineral soil, ASS represents the annual 
net change in soil water storage (root zone). The water fluxes below the root zone, 
which is set at 1 m depth in all ecosystems, and water drained laterally from the first 
meter of the soil profiles are considered here as total drainage (Dr). The soil water 
balance is used to calculate the proportional contribution of the mineral soil to the 
forest transpiration (actual transpiration) in the four ecosystems. Forest transpiration 
is given by the sum of the FF water uptake (Upp) and soil water uptake (Us). All 
fluxes are integrated over one year and expressed as equivalent depths of water in 
mm. 

I l l 



The Tropenbos Foundation, Wageningen, the Netherlands 

The water balance is calculated for each compartment in the four forest ecosystems 
on annual basis for the period between 1994 and 1997 (1997 until August). 
Calibrated models are used either to predict those components of the water balance, 
which were not measured (e.g. FF and soil water fluxes) or to fill short gaps in the 
measurements (e.g. net rainfall to the forest floor). Terms of equation 8.2, namely 
gross rainfall, throughfall and stemflow were evaluated directly from the daily and 
weekly field measurements in each ecosystem. For the period between February and 
October 1996, measurements in the plots lack. Therefore, gaps in net rainfall 
measurements were filled by interpolation using the dynamic calibrated forest 
interception model for each ecosystem (see Chapter 4). Daily data on gross rainfall 
from the Automatic Weather Station (AWS) during this period was used as a 
standard input for all ecosystems, but as the AWS data had a gap for about a month 
(July 1996) the water balance during 1996 corresponds to an 11 months water 
balance. Therefore, results from 1996 and 1997 were transformed to yearly values 
by direct extrapolation to 365 days. 

Terms of equations 8.3 and 8.4 were evaluated through the calibrated FF and soil 
water fluxes models. Net rainfall and calculated reference transpiration (Monteith, 
1965) were used as the upper boundary condition for the FF water balance. FF total 
drainage and the difference between reference transpiration and FF water uptake 
were used as the upper boundary conditions for the mineral soil (see Chapter 7). 
Changes in FF and soil water storage in the first meter of the mineral soil were 
calculated on annual basis by the difference between soil water storage at day 1 of 
the year and that at day 365, as predicted by the models. The évapotranspiration 
(ET) components, namely evaporation of water intercepted by the forest canopy and 
transpiration, were evaluated separately. 

8.4 RESULTS AND DISCUSSION 

8.4.1 Evaporation of intercepted water 
Results of the quantification of the water balance for each compartment are 
presented in Table 8.1. Comparison of these water balances shows the differences, 
both between compartments and among ecosystems, in their water evaporation, 
uptake and drainage. When considering results of each individual ecosystem, the 
first observation is that the percentage of evaporation relative to gross rainfall was 
relatively constant over years, although net values of evaporation differ. An 
exception is the year 1997 when this percentage increased in all ecosystems. As to 
the forest canopy compartment, Table 8.2 shows that although the storage depth of 
this canopy is low, in terms of intercepting incoming rainfall on, the net annual 
interception is considerably high and differs between ecosystems. Annual average 
evaporation of intercepted water was 366 mm in the SP, 361 mm in the HT, 405 mm 
in the LT and 508 mm in the FP, in agreement with the tendencies discussed in 
Chapter 3. 
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As to forest interception, the relative proportion of gross rainfall interception 
appeared to be similar to those by forests in central Amazonia (Chapter 3). 
Nevertheless, when comparing absolute amounts, the evaporation of intercepted 
water in the studied area is higher than most of those values reported or deduced 
from other studies (Ubarana, 1996; Lesack, 1993; Lloyd and Marques, 1988; 
Franken and Leopoldo, 1984), which can be attributed to the higher total rainfall in 
the studied area. 

Table 8.2 Summary of data on water balance components from some of the 
previous research within the Amazon basin. * Results summarised 
by Leopoldo et al, 1987. 

Rainfall Transpiration Evapotranspiration Changes in soil Drainage Reference 
water storage 

3664* 1722 1905 

2089* 1014 1542 

2075* 1287 1675 

2510* 1172 1642 

2870 1120 

1759 Jordan et ai, 
1981 

541 Leopoldo and 
Franken, 1982 

400 Leopoldo and 
Franken, 1982 

869 Franken and 
Leopoldo, 1984 

57 1692 Lesack, 1993 

8.4.2 Transpiration 
Transpiration was quite constant through the water balance period in all ecosystems. 
This is not surprising since rainfall is well distribute and FF and soil water storage 
showed to be a sufficient reservoir to meet forest transpiration demands during most 
of the studied period. Although meteorological factors dominate the rate of forest 
transpiration in ecosystems, which are exposed to the same weather conditions, 
actual transpiration slightly differs between ecosystems. This actual transpiration 
appeared to be larger in the FP than in the other ecosystems, while in the SP it was 
lowest. We should bear in mind that an uniform reference transpiration was used as 
input for all ecosystems. Moreover, in the FP a lower canopy resistance can be 
expected than in the other ecosystems, due to the higher nutrient availability, which 
influences forest dynamics and therefore transpiration. 

During the four years, prolonged deficits in FF and soil moisture did not occur in 
any of the ecosystems studied, which can be expected since in most months rainfall 
exceeded reference transpiration values. Small differences between reference and 
actual transpiration, and connected small deficits, were only observed during dry 
periods. They were most prominent during 1997, due to the occurrence of two dry 
periods instead of the normal one. The actual deficit and connected moisture 
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conditions in the FF and mineral soil vary in relation to differences in physical 
properties of the FF and mineral soil and in root distribution between the 
ecosystems. 

Mean annual transpiration values were 1193 mm in the SP, 1198 mm in the HT, 
1214 mm in the LT and 1217 mm in the FP. The largest differences between actual 
and reference transpiration were observed in the SP, which can be explained as 
follows: 1) transpiration by the SP forest largely depend on the FF water availability 
(up to almost 30% of reference transpiration) where water storage capacity is low 
(see Chapters 2 and 6) in this ecosystem soil water availability is relatively low (see 
Chapter 7). Whilst forest demand for water were almost constant over the years, 
gross rainfall varies from year to year. However, gross rainfall being three times 
larger than actual transpiration, the surplus of rainfall over transpiration (gross 
rainfall-transpiration) was hardly sensitive to variation in the actual transpiration. 
During the short dry season in 1997 transpiration was somewhat suppressed, i.e. by 
a factor of 0.43. In other periods the depletion rate of stored soil water was 
significative lower than total rainfall surplus and enabled the actual transpiration to 
be at the potential rate. Consequently, in the ecosystems studied, FF and soil water 
storage play a minor role in the supply of water to the forest. Only when droughts 
occur, storage becomes an important reservoir. This can be seen in the low net 
changes in FF and soil water storage on annual basis and even on a daily basis. 

8.4.3 Evapotranspiration 
Annual évapotranspiration was calculated as the sum of annual values for 
evaporation and transpiration in each ecosystem (Table 8.1). As has been discussed 
in previous Chapters, the largest évapotranspiration value was found in the FP, 
resulting from both the highest evaporation of intercepted water and the highest 
transpiration. Over the total period, daily mean ET ranged from 4.2 to 4.7 mm d"\ 
Calculated mean annual ET in the Middle Caqueta ranged from 1560 to 1725 mm 
yr1. 

When compared with results from other studies within Amazonia, ET values from 
Colombian Amazonia are higher than those found for some areas in Central 
Amazonia (Lesack, 1993; Shuttleworth, 1988) and than the mean value reported by 
Bruijnzeel (1990) in one of the most comprehensive studies on the available 
information for ET in tropical lowland forests (see Table 2). Although the mean 
annual ET values for the ecosystems studied are of similar magnitude as those found 
by Franken and Leopoldo (1984), the values for ET components differ considerably. 
The proportion of drainage relative to gross rainfall in this study are higher than 
their values, but differences are compensated by the higher evaporation of 
intercepted water by the forests in the Middle Caqueta, when compared with plots of 
Barro Branco and Bacia Modelo in Central Amazonia. The causes for the 
differences in values are not fully clear, since methods and parameter values used in 
the various studies are not identical. However, differences in net interception by the 
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forest canopy resulting from differences in forest canopy and rainfall distribution 
seem to play a role. 

Results from this study concerning trends of ET in the Middle Caqueta contradict 
the conclusion by Lesack (1993), who concluded that actual ET may decline 
significantly during wetter than normal years. Our results show that transpiration can 
indeed be lower, but this is fully compensated by evaporation of intercepted water. 
Interception depends on rainfall distribution and forest characteristics. Therefore, 
certainly influences total annual ET, as indicated in Chapter 3. Results from the 
different forest ecosystems confirm a further statement by Lesack (1993), that ET 
rates are spatially heterogeneous driven by the differences in forest structure. Our 
results also confirm the conclusion of Bruijnzeel (1990), that values of ET can be 
substantially higher during wettest years or in areas with high rainfall amounts. The 
latter is the case in the Middle Caqueta area, when compared, for instance, with 
Central Amazonia. 

8.4.4 Drainage 
Comparison of the temporal dynamics of drainage with incoming net rainfall 
indicates that the fraction of drainage differs between years, with the highest value 
during 1994 in all ecosystems. Drainage, expressed as the percentage of gross 
rainfall, ranged from 52% to 58% with the lowest value for the FP, which is in 
agreement with the highest interception and transpiration in this ecosystem. These 
percentages are higher than most values reported in earlier studies from the 
Amazonia forests (Elsenbeer and Cassel, 1991; Poels, 1987; Franken and Leopoldo, 
1984; Nortcliff et ai, 1979), and similar to that by Lesack (1993). However, we 
have to consider that gross rainfall is considerably higher in the Middle Caqueta. 

It is clear from Table 1 that the water balance surplus is almost zero, which is 
explained by the nature of the models applied, which balance inputs and outputs, and 
by the changes of FF and soil water storage. Additionally, soil water storage did not 
change considerably over the years, while in FF relatively large changes occurred. 
Larger changes could be expected to occur in the two compartments at the end of the 
dry period, as indicated in Chapter 7. 

8.5 CONCLUSIONS 

Through the compartment approach, the relative importance of each compartment 
for the water balance and their role in the partitioning of water could be assessed. 
Additionally, it allowed for the identification and quantification of hydrological 
differences between ecosystems in both space and time. 

The combination of field data and calibrated models allowed for the quantification 
of the components of the water balance in the various forest compartments of the 
ecosystems studied. The methodologies employed also allowed the quantification of 
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individual ET components, namely evaporation of intercepted water and 
transpiration. Water balance estimates for the different compartments highlighted 
the magnitude involved in each compartment and their role on water partitioning. It 
also indicated the hydrological differences between ecosystems and the point at 
which these differences occur. 

No marked changes in actual transpiration occurred so far during the 4 years period. 
Differences in water use by the forests are small, which is consistent over that 
period. This was explained by the rainfall distribution and by the soil water storage 
dynamics, resulting in an excess of available water over forest demands for most of 
the year. Actual transpiration is of similar magnitude in the ecosystems studied and 
main differences are restricted to the source of the transpired water. In average 34% 
of the SP forest transpiration was supplied by the FF, whereas in the FP, as 
contrasting ecosystem, the FF contributed with only 14% to forest transpiration. 
Although water drains rapidly from the upper soil horizons and the capacity of the 
soils to store available water is relatively small, water seems not to be a limiting 
factor for growth. Rainfall distribution is the key factor to maintain forest 
transpiration at the potential rate and the FF and soil water storage capacity of 
undisturbed forests is high enough to meet forest ET demands during most of the dry 
periods. 

Values of ET for the forest ecosystems studied vary and differences mainly result 
from differences in evaporation of intercepted water by the forest canopies and to 
less extent to differences in soil water conditions. Evaporation of intercepted water 
contributed on average with 23% to 29% to total ET. Although ET values appeared 
in the area studied than some values cited in literature, mainly those from Central 
Amazonia, these larger values could be explained by differences in net interception 
by the forest, between the various forests. 

Drainage represented 52% to 58% of gross rainfall in ecosystems studied. These 
values were found to increase with decreasing canopy cover. However, an 
independent check, e.g. based on catchment discharge measurements, lacks. 
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