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GENERAL CONCLUSIONS 

As stated in the introduction, in this hydrological study a compartment approach was 
used. Thus, in Chapters 2-7 water dynamics and hydrological processes in each 
forest compartment are separately dealt with and conclusions are drawn regarding 
the specific properties of and processes in these compartments. In Chapter 8, the 
results were integrated into a long-term quantification of the water balance for the 
four forest ecosystems and attention was paid to the role of each compartment and 
connected fluxes in the overall water balance. This final chapter is meant to 
highlight the main results from the hydrological research and to discuss these in the 
context of the more general aims of the Tropenbos Colombia programme, paying 
attention to their implications for nutrient cycling and forest management. 

Long term data on meteorological, hydrological, FF and soil water dynamics and 
models were used to characterise the hydrology of the four forest ecosystems in the 
Middle Caqueta, Colombian Amazonia, and to quantify water fluxes and stocks. 
Results are to be considered as base line data on the hydrology of undisturbed humid 
tropical forests, which can be used for comparisons, both at the ecosystem level and 
at the compartment level (Figure 9.1). They show that differences between 
ecosystems in the magnitude of water fluxes connected with individual forest 
compartments are mainly due to differences in forest structure, forest floor 
thickness, soil properties and fine root distribution. Within the range of ecosystems 
studied, the largest differences in hydrological behaviour and water fluxes at 
compartment level were observed between the forest ecosystems on the Tertiary 
sedimentary plain (SP) and the rarely inundated floodplain (FP). 

At canopy level, this study clearly demonstrated that rainfall interception is a.o. a 
function of structural forest characteristics e.g. canopy cover and LAI. The range of 
variation of these characteristics in studied forests contributed considerably to the 
explanation of differences (e.g. in évapotranspiration) between these systems, as 
well as between the systems in the Middle Caqueta area and those in other parts of 
the Amazon basin. The forest floor (FF) appeared to play a significant role in the 
water uptake by the forests and drainage to the mineral soil. This partitioning was 
strongly determined by the thickness of the FF and, to a lesser extent, by the fine 
roots in this compartment. Therefore, the FF in the SP has the largest water storage 
capacity, merely because of its thickness. The calibrated FF interception model 
allows for the partitioning of FF net rainfall into uptake and drainage. Model results 
showed that roots take up the largest amount of water from the FF in the SP, as 
compared with FF's in the other ecosystems. The FF in the FP is the thinnest among 
forests studied and contributes little to the supply of water to the forest. The mineral 
soil had a high water content during most of the studied period in all ecosystems, but 
water availability appeared to be low, mainly in the SP. Soil water storage slightly 
decreased during the droughts, the largest decreases being observed in the FP 
ecosystem. For the upper part of the mineral soil, the soil water flux model predicted 
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high flux rates upon inputs, which is in line with its observed high macro and 
mesoporosity and well developed structure. As soil water content appeared not to be 
a limiting parameter for root water uptake during most of the studied period, water 
uptake by roots from the different soil layers mostly depended on fine root 
distribution. Although rainfall distribution in the study area showed to be the key 
factor in maintaining actual transpiration at almost potential rate, during the 
droughts the FF and upper part of the mineral soil acted as buffer compartments for 
water supply to the forests. 
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Figure 9.1 Ranges of monitored and modelled hydrological fluxes (mm) through the forest 
compartments in ecosystems studied in the Middle Caqueta, Colombian Amazonia. 

Recent research demonstrated the important role played by deep roots in water 
supply to the forest in central Amazonia (Hodnett et ai, 1996; Nepstad et al, 1994) 
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and thus raises the question whether such a phenomenon is more widespread. We 
have to conclude that this is not the case in the study area.- A truly dry period does 
not exist and a short dry one (January to February) does not last long enough to 
significantly affect forest transpiration. Moreover, fine roots appeared to be 
concentrated in the FF and on top of the mineral soil (first meter) in ecosystems 
studied. As to the substrate, water supply to the forests is largely determined by the 
moisture conditions in the FF and mineral topsoil. In more detail, water dynamics in 
the FF are very high and this layer dries out at a much faster rate than the mineral 
soil, while the water content of the mineral soil is much less variable and its 
dynamics strongly decrease with depth. Saturated conditions (high water table), 
which can impede deep root growth, were not observed in any of the ecosystems 
studied. Therefore, neither lack of moisture stress nor lack of oxygen can explain the 
concentration of fine roots in the FF and top of the mineral. It is therefore concluded 
that root distribution most probably is determined by soil chemistry, notably 
gradients in nutrient availability rather than by moisture. 

9.1 IMPLICATIONS FOR NUTRIENT CYCLING 

Various studied showed that atmospheric deposition in Amazonian ecosystems is 
low (Brouwer, 1996; Lesack and Melack, 1991; Poels, 1987), but solute 
concentrations in rainfall after passing the forest canopy increase. Actual 
concentrations in throughfall seem to depend largely on nutrient concentrations in 
the tree tissues (Brouwer, 1996; Luisâo, 1989; Medina and Cuevas, 1989; Proctor et 
al, 1983). This enrichment may result from washout of dry deposition and some in-
situ nutrient releases by vegetation (crown leaching and exudates). It is evident 
therefore that any change in forest canopy cover will cause changes in inputs to the 
FF although atmospheric inputs remain constant. Nutrient fluxes in the soil are of a 
more complex nature. They are influenced by the rate of dissolution and production 
of soluble chemical compounds, by the rate of removal by uptake and by soil 
moisture fluxes. Nevertheless, impacts on forest ecosystems affecting these fluxes 
will have a considerable impact on nutrient cycling in the soil compartment, as for 
example through increased leaching, and in systems with low nutrient availability 
may lead to declining chemical soil fertility. The characterisation of these 
hydrological patterns, flow paths and velocities in this study is therefore of great 
importance in managing ecosystems with low nutrient availability. 

The FP ecosystem has the thinnest litter layer (FF) with the least fine roots. This 
resulted in the lowest water uptake from this compartment, which implies that 
forests in this ecosystem hardly depend on the FF water availability and probably 
also on FF nutrient availability. In this case, the upper part of the mineral soil is in 
fact the main reservoir for water and nutrients. Contrary, the SP has the highest 
percentage of fine roots in the FF, which is probably related to the strong 
competition for nutrients. Water uptake from the FF compartment is largest in this 
ecosystem, leading to the conclusion that among the ecosystems studied, this system 
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depends most strongly on FF water and nutrient status dynamics. Land-use changes 
generally imply a breakdown of the FF and concurrently of the roots in this 
compartment. Using the results from Chapter 6, impacts can be quantified as up to 
35% of the fine roots eliminated and up to about 30% of the total water uptake, but 
impacts evidently vary considerably between the systems studied. Further impacts 
include elimination of FF related nutrient fluxes and changes in physical conditions 
for microbial decomposers and other soil organisms, connected with the 
disappearance of the FF and altered water dynamics in the underlying mineral soil. 
The latter will also affect forest regeneration through altered conditions for 
germinating seeds and young shoots. 

The combination of rainfall distribution and soil hydraulic properties in the area 
results in an almost constant high matric potential in the soils and allows water 
fluxes to occur almost instantaneously with the onset of storms. The water balance 
study indicates that moisture surplus in the ecosystems studied is on average 58% of 
gross rainfall. The combination of these specific soil characteristics and the high 
rainfall intensity during specific events may negatively affect the nutrient 
availability for plants, since it may result in a proportional high loss of nutrients 
during such events. Such losses are likely to increase upon land-use changes since 
these changes generally lead to an increase in plant-available nutrients and such 
nutrients are apt to be leached. Soil leaching will be accelerated in particular during 
the first stage of a land-use change, when FF and root system disappear and nutrients 
released can easily be leached, especially when accompanied by burning. The fact 
that in the soils studied clay minerals hardly contribute to the cation exchange 
capacity and this capacity largely depends on the organic matter, implies that the 
magnitude of losses and thus impacts will depend on the relative importance of the 
FF in terms of the water balance and stocks of organic matter and nutrients. In other 
words, the largest impacts on chemical soil fertility can be expected for systems 
such as those of the sedimentary plain, whereas that of the floodplain systems will 
be least affected. 

The fact that within shifting cultivation, land preparation i.e. cutting and burning the 
natural forest is mainly practised during the short dry period, this besides being 
practical since wet debris does not burn, diminishes nutrient leaching. This might 
also explain why some authors report that no considerable changes occur on soil 
properties with traditional land-use systems (Tomasella and Hodnett, 1996; 
Proradam, 1979). Large losses of nutrients could be expected if this preparation 
would be during the wet seasons. 

9.2 IMPLICATIONS FOR FOREST MANAGEMENT 

Although the results from this study pertain to undisturbed forests, they can be used 
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to predict some impacts of forest management and large scale environmental 
changes. These include deforestation or large scale changes in forest composition 
and structure, and climate change. 

The way deforestation will affect the hydrology of a system at a local scale is still 
unclear and will be very much site dependent. For instance, trends in changes of 
transpiration due to land-uses changes are diverse and difficult to be hypothesised 
without comparable data, or without making assumptions. Results from this study 
indicate that at least in the short run elimination of the forest cover will cause 
increases in streamflow. For the research sites, although some bare soil evaporation 
can be expected, streamflow is expected to be about 1600 mm yr"1 larger than at the 
present, merely because of the reduction in interception and transpiration. Situations, 
however, can be much more complex as for example with the effect of large scale 
land-use changes on the eastern slopes of the Andes. The seasonal distribution of 
rainfall in that area is reflected in the fluctuations of the water level of the River 
Caqueta (changes of about 10m). These seasonal changes lead to a continuous 
enrichment of flooded areas used by local communities for crop plantations and 
other sources of proteins. Any change in the river discharge in the upper part of the 
basin of the River Caqueta, whether induced by changes in climate resulting from 
changes in land use in the Amazon basin or by changes in hydrology of the Andean 
slopes, will directly affect this floodplain and its hydrological functioning. 

Models can be used, for instance, for scenarios predictions of changes in forest 
hydrology induced by climate changes. As an example, trends on transpiration 
during a prolonged dry period were simulated by cutting off rainfall, after allowing a 
full storage of the FF's and mineral soils and leaving other conditions unchanged. 
As general input for ecosystems studied, we use climate data from the AWS during 
1997 and gross rainfall was set to zero after day 80. Other conditions, as well as 
forest parameters remained as measured or calculated for each forest. This 
hypothetical example is only an attempt to identify general tendencies as derived 
from the models, which were constructed or calibrated as part of this study. The 
accuracy of these predictions can only be assessed and improved by comparing 
model results with new field data. 

Figure 9.2 presents the trends in reduction of the actual transpiration in the forest 
ecosystems for both the FF and the mineral soil. Results indicate that the ratio of 
actual-reference transpiration decreases progressively as FF and soil water storage 
(first metre of the soil profile) becomes completely depleted. As expected, there 
were differences between ecosystems in the shape of the trends and in the decreasing 
lines of the ratios. After the 52nd day without rainfall, the FF in the SP becomes 
completely dry whereas those in the other ecosystems were already dry by day 30. In 
the mineral soil, however, though actual transpiration continues during the simulated 
period (ratio > 0), it decreases already considerably after day 5. As compared to the 
other ecosystems, the ratio decreases more sharply in the SP, reaching the lowest of 
all values at the end of the simulated period. Based on these results it can be 
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concluded that although a reduction in rainfall would affect all ecosystems, the SP-
system will be the first to be affected, due to its strong dependence on FF moisture 
and low soil water availability. 
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Figure 9.2 Ratio of simulated water uptake from both the forest floor (—A—) and the mineral 

soil (—D—) and the reference transpiration (Monteith, 1965) during a hypothetical 
dry period in the four forest ecosystems studied in the Middle Caqueta, Colombian 
Amazonia. The ratio of the total water uptake (actual transpiration) and reference 
transpiration is also indicated (—). 

In this hypothetical situation, drought is purely defined in terms of a rainfall deficit, 
which evidently is a simplification. In reality, responses will be more complex, since 
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such climate change in the long term will lead to changes in relevant forest 
characteristics (e.g. trees with other root strategies) and soil conditions. 
Another application of the results pertains to the significance of Northwest 
Amazonian rain forests for the Amazon basin in terms of their relative contribution 
to évapotranspiration in this basin and the subsequent generation of rainfall by the 
Andes. The forest ecosystems of the floodplain appeared to intercept the highest 
amounts of rainfall of the systems studied. However, at the scale of Amazonia this 
relatively high interception is hardly relevant since floodplains are limited to rather 
narrow strips along the main rivers. More important is the difference between forests 
in areas with higher average annual rainfall and short dry periods, such as in 
Northwest Amazonia, and those in lesser humid areas with clear dry periods, such as 
in Central Amazonia. Quantification of the difference in evaporation of intercepted 
water based on our results, indicates that in areas with an annual rainfall similar to 
the Middle Caqueta (3400 mm yr ') this evaporation is 1.36 times higher per unit 
area than in areas with a rainfall of about 2500 mm yr'1. This is exclusive of 
transpiration, which may well be reduced during dry periods, thus further 
contributing to the reduction of the large-scale exchange of water with the 
atmosphere. 

Man-induced climate change is one of the main issues for scientists in the current 
decade, and probably will continue to be so during the first decades of the next 
century. C02 concentrations, sequestration and emissions are the specific topics to 
deal with. Global Climate Models (GCMs) become a powerful tool to investigate 
these changes, as they allow for quantification and statistical manipulation of the 
past, present and future climate patterns and the impact of a range of human 
activities at relatively low costs and providing general insight into the processes 
occurring and responsible for the changes in climate. On the other hand, it is clear 
that the accuracy and reliability of detailed global models will further increase, when 
information on specific areas becomes available. An example is formed by the large 
projects in central Amazonia (e.g. ABRACOS) which contributed important 
information for the application of coupled vegetation-atmosphere models and 
provided relevant data for the calibration and validation of GCMs, as concluded by 
Nobre et al. (1996). In these projects, differences in ecosystems and sites, as 
described in this thesis, were not considered 

Finally, it has to be stated that this comprehensive discussion of the implications of 
results from this research for forest management and policies is far from complete. 
The full implications will only become clear when integrating these results with 
those from other projects within the framework of the Tropenbos Colombia 
programme, but this is beyond the aims of this thesis. Nevertheless, results from this 
study can be used as baseline information, among others, by local policy makers and 
planners to define criteria for the orientation or definition of Amazonian oriented 
policies. These results together with those from other studies may also support 
institutions and Colombian government in the agreements with involved countries in 
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the Amazon basin for a joint management of ecosystems and Colombian role in 
global issues (e.g. Global Climate Change). 
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