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Monitoring and modelling hydrological fluxes 

GROSS RAINFALL AND ITS PARTITIONING INTO 
THROUGHFALL, STEMFLOW AND EVAPORATION IN 
FOUR FOREST ECOSYSTEMS IN NORTHWEST 
AMAZONIA 

3.1 ABSTRACT 

The partitioning of gross rainfall into throughfall, stemflow and evaporation of 
intercepted rainfall was studied in four forest ecosystems in the Middle Caqueta, 
Colombian Amazonia. Hourly, daily and weekly water fluxes were measured 
automatically and manually for four years. Throughfall, stemflow and evaporation in 
each ecosystem were checked for correlations with gross rainfall characteristics, 
canopy gap fraction, tree crown area and bark texture. Canopy gap fraction was 
different between ecosystems ranging from 9% in the flood plain to 17% in the 
Tertiary sedimentary plain. Rainfall is rather evenly distributed over the year, with 
one dry period from December to February. 92% of the rain fell in single showers of 
less than 30 mm and most of the storms (56%) fell in less than one hour during the 
afternoon or early night. Percentage of throughfall ranges from 82 to 87% of gross 
rainfall in the studied ecosystems and varies with rainfall size in all ecosystems. The 
differences in throughfall percentages among ecosystems indicate that throughfall 
depends on both gross rainfall and forest structure. Stemflow contributes little to net 
precipitation (1.1% of gross rainfall on average in all ecosystems) and shows a 
power relation with gross rainfall. Correlations between stemflow per tree and 
projected crown area and bark texture are very poor as indicated by the low 
coefficient of determination. Evaporation during rainfall events exhibits a linear 
relation with rainfall duration and the ratio of evaporation over gross rainfall 
increases with forest cover (1- gap fraction) in the ecosystems. The structure of the 
ecosystems seems to vary considerably and given its influence on rainfall 
partitioning it may explain both differences and similarities between results from 
this study and those from most other studies within Amazonia. 

3.2 INTRODUCTION 

The Amazonian rain forest plays an important role in the regulation of regional and 
global climate (Salati and Vose, 1984). Recent concern about tropical rain forest 
deforestation has therefore concentrated on the impact on global climate change (e.g. 
The Anglo Brazilian Amazonia Climate observation study ABRACOS, Gash et al, 
1996; the Large Scale Biosphere-Atmosphere experiment in Amazonia, Nobre et al, 
1996). Consequently, research is focussed on global circulation models (Nobre et 
al, 1991) and on the measurements of those parameters and fluxes that play a role in 
the global climate (e.g. Gash et al, 1996). Local scale hydrological studies on 
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undisturbed mature forests provide base level information on initial conditions that 
allow evaluation of the influence of the disappearance of tropical rain forest on local 
and global climate. 

Differences in soil nutrient status may influence forest species composition and 
structure (Balslev et al, 1987). In the Middle Caqueta (Colombian Amazonia), forest 
structure and tree species composition indeed vary considerably between the 
ecosystems in the different landscape units (Duivenvoorden and Lips, 1995). The 
structure of the tree canopy and patterns of lower layers play a decisive role in the 
partitioning of gross rainfall into throughfall, stemflow and evaporated water (Longman 
and Jenik, 1990). Epiphytes, climbers and aerial roots make the precise mechanisms of 
this partitioning more complicated in tropical than in temperate forests. Throughfall and 
stemflow are important parameters not only for water balance studies but also for 
nutrient cycling, as they transport nutrients through the forest compartments. On the 
other hand, evaporation from the forest canopy, especially during and immediately after 
rain events, may account for an important part of the water balance (i.e. the water not 
entering the ecosystem). Additionally, water on the forest canopy is an important 
ecological factor which influences chemical, physical and biological processes which 
take place on leaf and trunk surfaces (Longman and Jenik, 1990). 

Most of the water balance studies in the Amazon basin have been concentrated in 
central Amazonia (Ubarana, 1996; Leopoldo et al., 1995; Lesack, 1993; Shuttleworth, 
1988) although some have been carried out in eastern Amazonia (Hölscher et al, 1997; 
Jetten, 1996; Wright et al, 1992). However, little attention has been paid to the forest 
hydrology of ecosystem types in northwest Amazonia and the effects of forest structure 
on water dynamics. 

This paper describes a study designed to address this lack of knowledge by measuring 
rainfall and its partitioning after entering the canopy in four undisturbed rain forest 
ecosystems in the Middle Caqueti, Colombian Amazonia. It focuses on the analysis of 
long term hydrological measurements of rainfall, throughfall, stemflow, the resultant 
evaporation and the related forest structure of the ecosystems. 

3.3 THE STUDY AREA 

The study area is part of the undisturbed forest plots used as research sites by the 
Tropenbos Foundation and located in Pefia Roja (Nonuya Indian community) near 
Araracuara, Middle Caqueta Colombia, (0° 37' and 1° 24' S, 72° 23' and 70° 43' W). 
The climate is classified as equatorial superhumid Afi (Koppen, 1936). The research 
sites lie approximately 200 to 250 metres above sea level in a sequence from the lower 
terrace of the River Caqueta to the Tertiary sedimentary plain. From the manually 
operated meteorological station in Araracuara (IDEAM), the average annual rainfall in 
the area is about 3100, April being the wettest month and January the driest. 
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Colombian Amazonia comprises 403,000 km2 and the major part of this area is covered 
by mature rain forests classified by the FAO as belonging to the group of ombrophilous 
tropical forest (Duivenvoorden, 1995). The research plots are located in the four main 
landscapes units in the area: the Tertiary sedimentary plain, the upland terraces of the 
River Caqueta (high and low terraces) and the flood plain. The vegetation is very rich in 
species (Alvarez, 1993; Londono, 1993; Duivenvoorden and Lips, 1995) and is typical 
of mature forest in the western part of the Amazon basin. The canopy reaches to about 
25 to 30 metres above the forest floor with some emergent trees reaching up to 45 
metres in the rarely inundated flood plain. There are three to four canopy layers, but the 
bulk of the vegetation is in the form of large tree crowns in the upper canopy. A smaller 
contribution to the forest cover is made by the lower canopies. Small palms reaching a 
height of 2 to 4 metres constitute the lowest storey. There are differences in the total 
standing biomass, species diversity and tree density between the landscape units. Other 
important differences between plots pertain to the structure of the forest canopy (canopy 
cover) and the contribution of epiphytes, climbers and aerial roots. A more detailed 
description and vegetation classification of the research sites is given by Duivenvoorden 
and Lips (1995), Alvarez (1993) and Londono (1993). 

3.4 MATERIALS AND METHODS 

The areas for the present study were selected as being representative for the natural 
vegetation in the main physiographical units from this part of the Amazon basin. Three 
subplots were selected in the Tertiary sedimentary plain (SP) and two subplots in the 
high terrace (HT), the low terrace (LT) and flood plain (FP), to measure gross rainfall 
above the forest canopy, throughfall and stemflow. Approximately 3 kilometres from 
the plots, in an open area of about 20 hectare (within an Indian community village), an 
Automatic Weather Station (AWS) was installed in 1992 to measure gross rainfall, 
temperature, air humidity, incoming radiation, wind speed, wind direction and Class A 
pan evaporation. A datalogger (CR10 Campbell Scientific Instruments) measured the 
parameters each 30 seconds and recorded means or totals every 20 minutes. 

Rainfall in the open area was measured by tipping bucket raingauge with a resolution of 
0.2 mm providing information on the number and duration of showers and total rainfall. 
Gross rainfall in each plot was measured in two ways: 1- automatic measurements with 
a tipping bucket installed in the top of an emergent tree crown, after clearing all 
branches, 2- manual measurements with two raingauges per subplot suspended from 
cords attached to two emergent trees in gaps within the forest. Throughfall was 
measured by 20 collectors randomly located in each subplot of 50 by 20 metres (1000 
m ). Evaporation from the collectors was avoided by using an internal plastic tube 
running from the funnels to the bottom of the collectors. Funnels for gross rainfall 
above the forest canopy and for throughfall had an orifice of 298.6 cm2. Throughfall 
and forest rainfall collectors were calibrated against standard raingauges in the open. 
Because of the large variability in throughfall due to the forest structure (Jetten, 1996; 
Ford and Deans, 1978), many readings are needed to study forest interception. Besides, 
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when using average values, moving the collectors has a positive effect in reducing the 
standard error of estimations (Lloyd and Marques, 1988). Therefore, collectors from all 
subplots were randomly relocated each month (after 5 measurements) during total 
measured period. Natural large gaps in the forests due to death and fall of trees were 
avoided since they represent open areas rather than forest. 

Stemflow was measured on 15 randomly selected trees in each subplot. Collars, 
constructed from 8 mm thick black polyethylene plastic, were sealed to the stems in an 
upward spiral pattern and the water diverted into bottle gauges on the forest floor. The 
opening of each collar extended only about two to three cm from the trunk to avoid 
drips from the branches or leaves being collected by the collars. The amount of water, 
which drops in a diffuse pattern around rough-barked trees rather than adhering to and 
flowing down the trunks, was considered throughfall. Only trees with crowns in the 
upper canopy and some with crowns protruding above the general canopy level were 
selected for stemflow. When palm trees were present at the measured subplots, 
depending in their presence, one or two of them were randomly selected to measure 
stemflow. In the SP and HT two palms were selected, in the LT four palms in total were 
selected and in the FP three palms were selected. 

Manual measurements of rainfall, throughfall and stemflow were carried out on a 
weekly basis from December 1994 until February 1996, and daily measurements were 
performed from February to August 1997. Readings were made early in the morning 
(around 08:00 local time) or after the storm event whenever possible. 

Horizontally or downwards inclined branches of trees may not direct intercepted 
rainfall to the centre of the tree as stemflow. Therefore, tree crown dimensions were 
mapped by means of vertical projections from the edge of outstanding upward branches 
to the forest floor. At least six projection lines were drawn for each tree and the crown 
area was found by integrating measured areas of each triangle. The periphery of the 
trunks or surface area was determined by measuring the tree trunk circumference at 
breast height and the height of the tree trunk to the first set of divergent branches. Trunk 
area was determined by considering the tree trunk as being rectangular and applying a 
correction factor to the conical form of tree trunks (Alvarez 1993, personal 
communication). Bark texture was classified according to the roughness of the bark in a 
range from smooth to very fibrous. Hemispherical photographs were taken to estimate 
the gap fraction of the forest canopy in the subplots where throughfall collectors were 
installed. A photographic camera was installed horizontally at the same height as the 
throughfall collectors, and 40 horizontal photographs per plot were taken of the tree 
crowns. The black and white photographs were digitised with a scanner and analysed 
with a Hemiphot program (ter Steege, 1994). This program calculates the gap fraction 
of a forest and roughly estimates the LAI from the forest cover. Although photographs 
were taken under covered sky with diffuse sun light, they were corrected for the 
reflected light from leaves, branches and trunks. It is assumed that the mean fraction of 
the white pixels in the photographs gives the best estimate of the gap fraction. 
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Total evaporation (E), which is take here as the total amount of water intercepted and 
evaporated from the forest canopy, hereafter referred to evaporation, is calculated from 
the difference between gross rainfall (Pg) and net rainfall (throughfall Pt plus stemflow 
Ps) of the single rainfall events. Evaporation during the rainfall events (Ew) is calculated 
from the difference between gross rainfall and net precipitation, plus the water stored on 
the forest canopy after rainfall ceased (inferred from the constant of the estimated 
evaporation versus gross rainfall). 

Ew = P g - (P t +P s +S) (3.1) 

Statistical analyses were made for the entire collected data. However, for the 
determination of rainfall sizes, measurements of single rainfall events are required. 
Therefore, throughfall percentage relative to gross rainfall and evaporation were 
calculated from these measurements. Moreover, for a further cross validation of static 
models, they have been deduced using the first half of the daily dataset. 

3.5 RESULTS 

3.5.1 Forest structure 
The average crown area of the trees used for measuring stemflow was for each 
ecosystem as follows: in the SP was 9.5 (± 7.3) m2, in the HT was 17.8 (±14.0) m2, 
in the LT 9.8 (± 7.2) m2 and in the FP 12.1 (± 8.3) m2. The largest mapped crown 
area was 62.2 m" and the smallest 2.4 m , both in the HT ecosystem. The average 
stem or trunk surface area, applying a correction factor of 0.5 (for trees with 
diameter larger than 0.2 m), was 7.2 (± 4.6) m2 in the SP, 8.2 (± 5.2) m2 in the HT, 
8.4 (± 5.4) m2 in the LT and 5.4 (± 4.6) m2 in the FP ecosystem. The results of the 
estimated gap fraction of the canopy show that there are considerably differences 
between ecosystems in the average size of the canopy cover. The average gap 
fraction found for the ecosystem in the SP was 16.8% (± 2.4), in the HT was 
15.4%(± 3.4), in the LT was 11.7% (± 1.5) and in the FP 8.2% (± 1.5). 

3.5.2 Rainfall characteristics 
Gross rainfall above the forest canopy does not vary considerably within one plot. On 
average the differences between subplots in the amounts of gross rainfall in the SP were 
5.5% (± 5.6), for n = 3, whereas in the HT these were 3.7% (± 3.5), in the LT gauges 
differ on average by 3.7% (± 3.0) and in the FP by 3.1% (± 2.7) for n = 2. Rainfall 
distribution differs between plots when examining separate storms, although annual 
totals are rather similar. During the measurement period (1992 to 1997) the mean 
annual rainfall at the AWS was about 3400 mm yr'1 and the annual average of the total 
time with rainfall was 616 hours per year. In total 1584 rainfall events were recorded at 
the AWS in Pena Roja, with storms ranging from 0.2 to 161.6 mm and with durations 
of 20 minutes to 13 hours. During the total period, 37% of the incident rain fell in single 
showers with less than 2 mm and 92.3% of these showers contributed with less than 30 
mm. Rainfall intensity over the total period with some rainfall averaged 5.46 mm h"1 
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with a maximum of 78.16 mm h"1 (Figure 3.1a). Most showers (63%) fell during the 
afternoon and at night (Figure 3.1b) and 56% of these storms fell in less than one hour 
(Figure 3.1c). Monthly rainfall distribution during the five-year period shows that there 
is a slightly drier period around December to February (Figure 3.Id). Comparing our 
data on five years rainfall with data from earlier years in the Middle Caqueta, 
(Duivenvoorden and Lips, 1995) rainfall characteristics are similar to the long-term 
average in the studied area. 
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Figure 3.1 Patterns of rainfall distribution at the research site in the Middle Caqueta, Colombian 
Amazonia (August 1992 - August 1997). 
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3.5.3 Throughfall and stemflow 
The variability of throughfall within a subplot was large, with the smallest variation in 
the FP ecosystem, although differences between subplots were small. The average 
coefficient of variation (CV) of individual gauges in each plot was 0.285 ( ± 0.10) in the 
SP; 0.306 (+ 0.07) in the HT; 0.279 (± 0.09) in the LT and 0.225 (± 0.08) in the FP. The 
CV of the mean throughfall in each subplot was 0.062 (± 0.058) in the SP, 0.043 (± 
0.05) in the HT, 0.046 (± 0.04) in the LT and 0.047 (± 0.04) in the FP. As a general 
trend in all ecosystems, the ratio of the std of throughfall (expressed as a percentage of 
mean throughfall) over the gross rainfall showed larger variability with small rainfall 
events than with major events. On the other hand, some individual throughfall gauges 
showed more than gross rainfall (e.g. 29% of total individual gauge measurements of 
throughfall in the SP were larger than respective gross rainfall, whereas in the HT it was 
30%, in the LT was 27% and in the FP 21%), but the average (of 60 and 40 gauges) did 
never exceed gross rainfall. 

Table 3.1 Throughfall percentage relative to gross rainfall for 5 storm classes 
in four forest ecosystems in the Middle Caqueta (Colombian 
Amazonia). Sedimentary plain (SP), high terrace (HT), low terrace 
(LT) and flood plain (FP). 

Rainfall 
ranges Throug] ifall % 
(mm) 

SP std n HT std n LT std n FP std n 

<5 58.7 11.4 41 56.2 12.1 34 52.3 9.6 32 47.4 13.2 27 
5 - 2 0 81.4 6.3 78 80.5 5.6 68 79.8 6.8 71 74.5 6.9 57 
2 0 - 4 0 88.9 2.8 39 87.9 2.6 36 87.7 3.4 41 83.0 2.5 32 
4 0 - 8 0 90.6 2.1 19 90.0 1.9 19 88.8 2.5 17 84.6 3.1 19 
>80 92.8 1 92.2 0.8 3 92.4 1.0 2 88.5 1.2 5 
Total 87.2 2.4 178 86.7 2.4 160 85.8 1.2 163 81.9 1.0 140 

Throughfall was calculated as the percentage of gross rainfall for five different rainfall 
sizes and from the totals of measured daily gross rainfall and throughfall during the 
study. Throughfall percentage ranges from zero, with events below 2 mm, to 95% in 
storms larger than 100 mm, but mean throughfall varies from 50% to 93% depending 
on gross rainfall amounts and the type of forest ecosystem (Table 3.1). Calculated total 
throughfall percentage of total gross rainfall ranges from 82 to 87% in the four 
ecosystems. 

Although empirical regression equations provide only specific site information, they 
may indicate a trend, especially if explained variance is high. Therefore, regressions of 
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throughfall versus gross rainfall were computed separately for the four forest 
ecosystems from the single storms (Table 3.2). Average throughfall per plot was highly 
correlated with gross rainfall in all ecosystems (Figure 3.2). ANOVA analysis shows 
that the ratio of mean throughfall and gross rainfall in the FP is significantly different 
from the other ecosystems (significant at 0.05 level). 

150 

75 100 

Gross rainfall (mm) 

125 150 

Figure 3.2 Trends of average throughfall amounts and the standard deviation (std) against gross 
rainfall in a forest ecosystem (SP, as an example) in the Middle Caqueta, Colombian 
Amazonia. 

Table 3.2 Regression parameters of throughfall versus gross rainfall in four 
different forest ecosystems in Stemflow. The equation for linear form 
is T = a + bP, where T is throughfall amount and P is gross rainfall 
(mm). R is the explained variance and n the number of observations. 

Landscape unit a b se R2 n 

Sedimentary plain -1.02 0.926 0.003 0.99 102 
High terrace -1.02 0.918 0.003 0.99 97 
Low terrace -1.07 0.906 0.004 0.99 97 
Flood plain -1.48 0.887 0.003 0.99 84 

There were large differences in the amount of stemflow of each tree and among plots. 
In general, however, the contribution of stemflow to the net rainfall is very low. The 
average CV in each plot was 0.295 (± 0.12) in the SP, 0.207 (± 0.12) in the HT, 0.323 
(± 0.20) in the LT and 0.303 (0.26) in the FP ecosystem. The percentage of stemflow in 
all plots varied from 0.2 to 3.2% of gross rainfall. Total average percentage of stemflow 
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relative to gross rainfall was 0.85% (+ 0.46) in the SP, 0.94 (± 0.51) in the HT, 1.45 (± 
0.88) in the LT and 1.12 (± 0.56) in the FP. Differences are mainly due to the higher 
contribution of tree palms to the total stemflow per plot. In subplots with palms, high 
capacity collectors (more than 35 litres) were required to measure the incoming water. 
In these subplots, palms produced about 43% of total stemflow. 

150 

Gross rainfall (mm) 

Figure 3.3 Average and standard deviation (std) of stemflow against mean gross rainfall in a forest 
ecosystem (SP) in the Middle Caqueta, Colombian Amazonia. 

Stemflow amounts in all ecosystems rise very smoothly until a threshold of about 25 
mm of gross rainfall is reached, (Figure 3.3) but tend to scatter with increasing rainfall. 
The relationship between measured stemflow and gross rainfall could be described with 
a power function (Table 3.3). Some rainfall events smaller than 3 mm did not produce 
stemflow in most of the plots, which explains the lower number of events (n) reported 
for stemflow regressions. 

Table 3.3 Summary statistics for regressions of daily stemflow against gross 
rainfall in four forest ecosystems in the Middle Caqueta 
(Colombian Amazonia), 
number of observations. 

). R is the explained variance and n the 

Landscape unit Regression 
c 

coefficient 
d 

se R2 n 

Sedimentary plain 0.0015 1.530 0.049 0.92 86 
High terrace 0.0020 1.467 0.038 0.94 92 
Low terrace 0.0029 1.423 0.035 0.95 87 
Flood plain 0.0031 1.325 0.050 0.91 73 
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For rainfall events with intensity greater than 5 mm h"1 stemflow showed no clear 
relationship with tree trunk area or bark texture. Nevertheless, there seems to be an 
inverse relationship between crown area and the amount of collected stemflow in each 
tree (R = 0.3). It was also observed that the lower parts of trunks of trees with fibrous 
bark texture were slowly wetted during long storm events, which points to the high 
water storage. 

3.5.4 Evaporation 
Evaporation of intercepted water by the forest canopy is calculated by subtracting daily 
measured throughfall and stemflow from gross rainfall. Furthermore, it is related to 
gross rainfall characteristics and system parameters. Following net throughfall trends, 
the percentage of evaporation relative to gross rainfall varies from 6 to 100% in all 
ecosystems, depending on rainfall size. Total average of evaporation percentage of total 
gross rainfall also differs between ecosystems: 11.84 (± 2.4) in the SP, 12.24 (± 1.2) in 
the HT, 12.92 (± 1.1) in the LT and 17.15 (+ 0.96) in the FP. For small storms (less than 
2 mm) values of evaporation are very close to those of gross rainfall. For heavy 
showers, however, the relative value of evaporation becomes smaller (Figure 3.4). 
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Figure 3.4 Total evaporation by Amazonian rain forest ecosystem (SP) as a function of gross 
rainfall. Middle Caqueta, Colombian Amazonia. 

An assessment of the evaporation during rainfall (Ew) was calculated with equation 1 
for the single rainfall events in each forest ecosystem. Additionally, E» was related to 
rainfall duration. As canopy water storage capacity of the forest ecosystems is the only 
unknown parameter, it was derived from the intercept of the regressions of evaporation 
and gross rainfall measurements in each ecosystem. The evaporation rate during the 
rainfall varies from 0.34 to 0.68 mm h"' among forest ecosystems (Table 3.4) and Ew 

exhibits a linear function with rainfall duration for all ecosystems (Figure 3.5). Negative 
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values correspond to rainfall events of short duration and low intensity, indicating that 
the forest canopy did not reach saturated conditions during some events. 
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Figure 3.5 The variation in evaporation from wet forest canopy (E„) in the SP forest ecosystem in 
relation to rainfall duration. 

Table 3.4 Statistics of evaporation from wet forest canopy in single rainfall 
events in four forest ecosystems in the Middle Caqueta (Colombian 
Amazonia). Equations are of the form Ew = e + ft. e (mm) and f 
(mm h"1). ). R2 is the explained variance and n the number of 
observations. 

Forest Total Total Total time Evap. Storage Evap.rate E„ versus R2 

rainfall through, stemf. (hour) During capacity from wet rainfall 
(mm) (mm) (mm) rainfall (C) mm canopy duration. 

(E„) mm h"1 Reg. Coef. 
mm e f 

SP 3274 2854 32.4 557.0 190.1 1.16 

HT 3293 2855 36.2 464.2 207.4 1.28 

LT 3158 2712 38.6 487.8 201.1 1.32 

FP 3121 2555 30.5 472.3 320.0 1.55 

0.342 -0.424 0.46 0.86 178 

0.447 -0.263 0.52 0.75 160 

0.412 -0.351 0.52 0.82 163 

0.677 -0.366 0.78 0.88 140 

When comparing similar rainfall events in the studied ecosystems, which have similar 
climate conditions, there still is a clear difference in amounts of evaporation. This 
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implies that amounts of evaporation from the wet forest canopy are not only dependent 
upon gross rainfall and climate conditions. Differences in evaporation between close-by 
forests may be related to differences in their structure. Thus, the fraction of evaporation 
from each ecosystem, as the ratio between total evaporation and total gross rainfall 
(Table 3.4), was plotted against the mean forest cover (1 - gap fraction) found for each 
ecosystem. Figure 3.6 indicates that there is an increase of evaporation from the wet 
forest canopy with increasing canopy cover. 
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Figure 3.6 Fraction of evaporation from gross rainfall as a function of forest cover fraction, FC (1-
gap fraction) in the four forest ecosystems. Middle Caqueté, Colombian Amazonia. 

3.6 DISCUSSION 

Results for throughfall and stemflow percentages of gross rainfall show that the studied 
range of forest ecosystems in this study comprises and explains most of the differences 
in results for rainfall partitioning reported in earlier studies from other sites within 
Amazonian rain forests (Table 3.5). Probably due to the large dataset, the allocated 
percentages of the coefficient of determination for the regressions in this study are 
significantly higher than most of those presented in the literature. Percentages of rainfall 
indicate that fractions of partitioning depend, among others, on the rainfall size. 
Moreover, it is clear from the analysis of throughfall and storm size (Table 3.1) that the 
high CV of throughfall is the result of the large variability in rainfall classes. 

To define the total error (te) of the mean throughfall as a percentage of gross rainfall 
associated with forest structure and to allow comparisons, we applied the proposed 
formula of random relocation of n gauges by Lloyd and Marques (1988), although 
larger diameter funnels were used in the current study. 
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te - s.e (l + ^N/n.m) (3.2) 

Where, s.e. is the standard error resulting from the random relocations of collectors, 
expressed as the best estimate of the standard error of mean throughfall in each, under 
the assumption that the specific canopy structure is properly described by N number of 
grid points and m the relocation of collectors. According to the results by Lloyd and 
Marques (1988), it appears that using the arrangement of 60 funnels with 23 relocations 
in the SP, the total error in measured throughfall is 3.5% of gross rainfall, whereas in 
the other ecosystems with 40 gauges and 23 relocations the error is 3.8% of gross 
rainfall due to variation in canopy structure. These figures are lower than those found 
by other authors, which can be explained by the continuous relocation of collectors. 
Nevertheless, te value from the present study is larger than that found by Lloyd and 
Marques (1988). 

200 

Gross rainfall (mm) 

Figure 3.7 Variability of the weekly throughfall ratio (single gauge and the average of 20 gauges) 
of individual gauges as a function of gross rainfall. 

The dependency of throughfall percentage on storm size remained to be established, as 
clearly stated by Lloyd and Marques (1988). Accordingly, we investigated the effect of 
storm size on throughfall percentage variability by using 20 months of weekly data of 
throughfall and gross rainfall from the same plots, which were collected by using the 
same methodologies but with the exception that gauges were not relocated. Figure 3.7, 
given as an example, shows that the variation in the ratio of throughfall from a single 
funnel to gross rainfall tends to decrease as storm size increases. This is an observed 
trend for most of the non-moving collectors but also from the relocated collectors, as 
stated earlier in this paper, which suggests that storm size also affects throughfall 
variability in the studied ecosystems. Although the relative proportion of the effect of 
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the storm size on throughfall percentage is not determined, from the results here it can 
be concluded that for an appropriate determination of the percentage of throughfall 
relative to gross rainfall in mature Amazonian rain forests, when using the method of 
relocation of collectors, this relocation should be done, for instance, after a wide range 
of storms sizes have been sampled in a given position, in order to assess the combined 
effect of site forest structure and rainfall characteristics on throughfall percentage. 

Variability of stemflow in undisturbed Amazonian rain forest ecosystems has been 
attributed to the high species diversity (Hutjes et ai, 1990; Hertwitz, 1985), which in 
the present study renders the estimation of stemflow difficult to assess on an areal basis. 
Thus, this parameter was estimated for different tree species with different diameter. 
Stemflow amounts from this study range from 0.9 to 1.5% of gross rainfall, which is in 
the range of values observed in other studies in similar forest types (Table 3.5). 
Although the percentage of contribution of stemflow to the net rainfall is very low, it 
probably represents an important input of solutes, to the forest floor concentrated 
around the base of the tree. Results suggest that little water is stored in excess of the 
storage capacity of the stem elements, as indicated by the very small stemflow 
quantities collected once rainfall has ceased or during small storms. This can be 
explained by the presence of some tree trunks with hydrophobic bark (personal 
observations 1992 - 1997) and of bark with fibrous texture. Tree species with these 
characteristics exhibit a clear flux of stemflow, even without being completely wet. 
However, once rainfall stops, there is a sharp decline in stemflow. 

Table 3.5 Partitioning of gross rainfall (percentages) in Amazonian rain 
forests. 

Location Forest 
type 

Throughfall 
% 

Stemflow % Evaporative 
% 

loss Reference 

Venezuela Catinga 91 0.8-14 - Herrera (1979) 

Brazil Tropical 
rain forest 

80.2 - 19.8 Franken et al. (1992) 

Brazil Tropical 
rain forest 

87-91 1.8 8.9 (±3.6) Lloyd and Marques (1988) 

Brazil Tropical 86-87 0.8-1.4 11.6-12.9 (±5.9) Ubarana(1996) 
rain forest 

Colombia Tropical 
rain forest 

82-87 0.9-1.5 12-17 This study 

Static models seem to be capable of describing rainfall partitioning for the studied forest 
ecosystems. Although the applicability of these models is most probably restricted to 
the area and measurements conditions and the relationships may contribute little to the 
explanation of the hydrological processes at canopy level, they clearly indicate the 
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magnitude of the dependence on the related parameters. While linear functions produce 
better fits for correlations between throughfall and gross rainfall, power functions 
produce better fits for such correlations with stemflow, in terms of the significance 
levels and standard deviation of residuals. The linear regression equations of throughfall 
versus gross rainfall fits most points and produce a high coefficient of determination in 
all ecosystems. Nevertheless, their application in very small storms (lower than 2 mm) 
result in negative values of throughfall and they slightly underestimate throughfall for 
very high rainfall events, which illustrates the limitation of regressions which fit a curve 
to a set of data. 

The evaporation values found for the studied ecosystems comprise most of the values of 
interception reported in other studies within the Amazon basin. Some of the values 
found in the current study are higher than the value reported by Franken et al. (1992) in 
a study on a "terra firme" forest in Brazil (Table 3.5). Although differences seem to be 
large, when compared with the found evaporation value from the SP, which is a 
comparable ecosystem to those called in other studies as "terra firme" Franken et al. 
(1992) did not consider the contribution of stemflow to net rainfall and do not present 
the standard deviation of the calculated values. Moreover, the relative proportion of 
evaporation from the forest ecosystems in this study is also higher as gross rainfall is 
higher, at least when compared with the mean annual value of 2500 mm reported from 
central Amazonia (Leopoldo et al, 1987). 

Evaporation during rainfall (Ew) from the studied ecosystems strongly depends on 
rainfall duration. A distinct relationship also seems to exist between evaporation and 
forest cover (Figure 3.6). Although it should be realised that the number of forest 
ecosystems studied is small and the relationship is rather uncertain, it may serve for the 
estimation of evaporation by a forest where measurements are not available. Such 
estimations mainly rely upon an adequate estimation of the gap fraction or LAI. 

3.7 CONCLUSIONS 

Of the gross rainfall of about 3400 mm yr~', most fell in small showers during the 
afternoon and at night and were of short duration. The overall average rainfall intensity 
was about 5 mm h". The rainfall characteristics mainly explain the partitioning of 
rainfall into throughfall, stemflow and ensuing evaporation in the studied ecosystems. 

Water fluxes in the forest canopy in four ecosystems in the western Amazonia have 
been quantified as a percentage of gross rainfall. Amounts of net precipitation to the 
forest floor and evaporation from the wet forest canopy were different for the studied 
ecosystems: the SP ecosystem has the highest percentage of throughfall relative to gross 
rainfall and the FP the lowest of the studied forests. The observed differences in 
throughfall, stemflow and evaporation between ecosystems can partly be attributed to 
differences in forest structure (gap fraction). The range of these differences is similar to 
the overall range in these parameters as published in earlier studies from the Amazon 
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basin, implying that the latter variability may be connected with differences in forest 
structure. 

Results from the ecosystems studied provide some insight into the rates of evaporation 
from wet forest canopy and strengthen the understanding of the contribution of forests 
to atmospheric moisture. The mean evaporation rate from wet forest canopy during 
rainfall events in the Middle Caqueta, (Colombian Amazonia) was 0.47 mm h" and it 
increased with increasing percentage of the forest cover. Moreover, this study of 
throughfall, stemflow and evaporation in different forest ecosystems demonstrates the 
relevance of forest structure for the evaporation of rainfall intercepted by the forest 
canopy and the net precipitation reaching the forest floor. The results show that within 
the scope of this research the forest structure can be adequately characterised by the gap 
fraction and LAI. These structural characteristics together with the rainfall amount and 
rainfall duration are the main parameters determining rainfall partitioning in the western 
Amazonian rain forests. 

This chapter was submitted for publication to Journal of Hydrology by C. Tobón 
Marin, W. Bouten and J. Sevink. 1999. 
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