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Monitoring and modelling hydrologicalfluxes 

FOREST FLOOR WATER DYNAMICS AND ROOT 
WATER UPTAKE IN FOUR FOREST ECOSYSTEMS IN 
NORTHWEST AMAZONIA 

6.1 ABSTRACT 

A common feature in the undisturbed forest ecosystems in the Middle Caqueta 
(Colombian Amazonia) is the presence of a thick litter layer with abundant fine roots 
over mineral soils which are highly weathered and very low in available nutrients. In 
these situations, the forest floor (FF) may play an important role in the forest water 
balance, controlling water fluxes and nutrient cycling. We investigated the forest 
floor water dynamics in four representative forest ecosystems in the Middle Caqueta 
ecosystems (sedimentary plain SP, high terrace HT, low terrace LT and the flood 
plain FP). Meteorological conditions, TDR water content in the FF and litterflow 
were measured daily over a two years period. A dynamic model was developed to 
simulate FF water storage, root water uptake and drainage to the mineral soil. The 
four-parameter model was calibrated applying a step-wise procedure. Analysis of 
collected data showed that FF water content was generally lower in the SP than in 
the other ecosystems, whereas FF water storage was the highest due to a high FF 
mass. The average storage capacity per unit area of the studied FF's was 1.23 mm 
cm" . The sensitivity analysis and calibration of model parameters highlighted the 
relevance of storage capacity as the most sensitive parameter for the FF water 
dynamics. For the validation period, there is a good agreement between predicted 
and measured FF water storage and especially between predicted total drainage from 
the forest floor and measured litterflow. Model predictions indicate that water 
uptake from the FF's during the validation period (190 days) differed between 
ecosystems, ranging from 15% to about 28% of the reference transpiration. This 
seems to be related to the fraction of fine roots in the FF in each ecosystem and to 
the water availability. On the other hand, total drainage to the mineral soil was very 
similar among ecosystems, except for the SP where total drainage was the lowest 
with about 87% of incoming throughfall. 

6.2 INTRODUCTION 

Amazonian soils are highly weathered and leached. In such weathering environments, 
soils generally consist of a mixture of quartz and secondary minerals, such as kaolinite, 
gibbsite and hematite. This leads to a very low cation exchange capacity and most of 
this capacity is located in the litter layer covering the mineral soil. In these 
impoverished ecosystems, the litter layer, here referred to as the forest floor, is the main 
soil compartment with respect to nutrient stocks and nutrient cycling (Tiessen et al, 
1994; Salad et al, 1979). Apparently related to the concentration of available nutrients 
in the forest floor, fine roots of trees often concentrate in this compartment to form a 
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"root mat" (Jordan, 1989; Cuevas and Medina, 1988; Golley, 1983). It should be stated, 
however, that shallow rooting is only prominent when soil fertility is very low and that 
particularly small feeding roots are concentrated in the forest floor and topsoil. 
(Longman and Jenfk, 1990; Lawson et al, 1970). Such root mat plus mycorrhizal 
mycelia are assumed to be capable of capturing released nutrients and even extracting 
these directly from the litter (Stark and Jordan, 1978). Consequently, in these 
ecosystems, uptake of nutrients takes place almost exclusively in the forest floor and in 
the top of the mineral soil, thus leading to a very tight nutrient cycling (Burnham, 1989; 
Jordan, 1989). 

In these specific Amazonian ecosystems, the forest floor (FF) will also play an 
important role in the forest water balance and related water fluxes due to the high 
proportion of fine roots in this compartment. The FF intercepts part of the throughfall, 
affects runoff amounts, protects soil from erosion and contributes to the stability of soil 
characteristics (e.g. infiltration and soil storage capacity). According to Duivenvoorden 
and Lips (1995) and this study, the amounts of litter in the FF's and fine root content 
vary considerably, depending on soil nutrient status. Consequently, the FF water 
dynamics, including root water uptake and drainage to the mineral soil, are likely to 
vary considerably and this will give rise to differences in site conditions affecting 
germination and growth of seedlings (Longman and Jenfk, 1990) and microbial activity. 
In spite of the important ecological role of the FF, in particular for water and nutrient 
supply to plants, there has been little progress in the study of the water dynamics of this 
compartment. In most forest hydrological studies, the FF is neglected or treated as part 
of the mineral soil for which van Genuchten parameters (van Genuchten, 1980) have 
been estimated. Only a few studies deal with the determination of the water storage 
capacity and temporal variability of water retention by the FF and these mainly pertain 
to coniferous and other temperate forests (Schaap, 1996; Puthuena et al, 1996; Walsh 
and Voigt, 1977; Golding and Stanton, 1972; Helvey and Patrie, 1965). The storage 
capacity, water content and fluxes in the FF of Amazonian rain forest ecosystems have 
not yet been investigated. 

This Chapter deals with the FF water content dynamics and the contribution of FF 
moisture to forest transpiration in four representative forest ecosystems in Colombian 
Amazonia. To that purpose, data collected over a two years period on FF water content 
and drainage are analysed. Further issues of this study are to model the water uptake 
from the FF and total litterflow to the mineral soil, to identify the most important 
parameters influencing FF water fluxes and to establish the hydrological differences or 
similarities between FF' s of the ecosystems studied. 

In Chapters 3 and 4, the canopy water balance was described and modelled. Throughfall 
to the FF is used as the upper boundary condition for the IT water balance study and 
free drainage to the mineral soil as the lower boundary condition. Water content of the 
FF was established by the Time Domain Reflectometry (TDR) technique. Travel time 
measurements were transformed into volumetric water content by applying a calibrated 
linear regression equation, based on TDR measurements and measured gravimetric 
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water content of a large set of FF samples (Chapter 5). FF storage dynamics were 
assessed from the calibrated TDR water content measurements at different depths and 
FF thickness. Drainage was measured through flux plates installed under the FF. 

6.3 SITE DESCRIPTION 

The area of study is located within an Indian community territory near Araracuara, 
Middle Caqueta, Colombia (0° 37' and 1° 24' S, 72° 23' and 70° 43' W). It forms part 
of the Amazon basin and comprises a large dissected Tertiary sedimentary plain 
(SP) at about 250 a.s.l. and the alluvial system of the River Caqueta, including a 
high (HT) and low terrace (LT), and the rarely inundated flood plain (FP). Soil types 
vary, ranging from well drained (SP and HT) to hydromorphic (LT and FP, with 
predominantly clayey textured subsoil and topsoil with a texture of clay loam to 
sandy clay loam. They are very poor to relatively poor in nutrients, except for the 
flood plain soils, which regularly receive fresh, nutrient rich sediments from the 
River Caqueta. The vegetation is very rich in species and typical for mature forest in 
the western part of the Amazonian rain forest. The bulk of the vegetation is in the 
form of large tree crowns in the upper canopy, about 30 metres above the forest 
floor and some emergent trees reaching up to 40 metres. The lower canopies with 
small palms and shoots are relatively unimportant in terms of forest cover. The most 
important differences in vegetation among the landscape units pertain to total 
standing biomass, species diversity, tree density and the structure of the forest 
canopy, as defined by the canopy cover. A more detailed description and vegetation 
classification of the research sites is presented by Duivenvoorden and Lips (1995), 
Alvarez (1993) and Londono (1993). The climate of the area is classified as 
equatorial superhumid Afi (Koppen, 1936). Annual average gross rainfall in the area 
is about 3400 mmyr"1 and daily mean temperature is 26°C with day-time air 
humidity generally above 75%. Detailed descriptions of the research sites and 
climate conditions are presented in Chapter 2. 

6.3.1 Forest floor description 
Duivenvoorden and Lips (1995) defined eight types of terrestrial humus in the 
Middle Caqueta area, with associated differences in amounts and distribution of fine 
roots and in structure. They also indicated that upland (non-flooded) ecosystems 
commonly have a thicker organic horizon with high root content and root density. 
They concluded that the amount of fine organic matter and fine root content of the 
forest floor generally increase with decreasing nutrient concentration in the mineral 
soil, i.e. from the FP, through LT and HT, to the SP. 

A forest floor survey in the research plots showed that the thickness of the FF in the 
studied forest ecosystems ranged from 5 cm to 30 cm and even thicker, especially in the 
SP. The FF consisted mainly of dead leaves and debris (twigs, bark, wood material, 
fruits and seeds). The lower part generally contained mineral material brought up by 
termites, worms and ants. "Root mat" consisted of a dense network of mostly medium 
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and fine roots in a matrix of decomposing organic matter, evidencing high macro faunal 
activity. This has been also found by Cuevas and Medina (1988) for the Upper Rio 
Negro (Venezuelan Amazonia) and by Duivenvoorden and Lips (1995) for Colombian 
Amazonia. 

Table 6.1 FF characteristics and mean litter content in the four forest 
ecosystems in the Middle Caqueta, Colombian Amazonia. Data was 
collected from FF samples of 1 m2. (std = the standard deviation and 
n the number of samples). 

Ecosystem Mean FF thickness Total dry mass Fine roots dry mass n 
cm std Kgm2 std Kgm2 std 

SP 16.36 4.22 9.81 4.41 2.12 1.03 31 
HT 6.21 2.00 6.11 1.46 1.16 0.34 17 
LT 5.25 2.51 4.28 2.04 0.69 0.31 14 
FP 3.96 2.04 3.27 1.39 0.32 0.16 16 

The forest floor (FF) varied in thickness both within and between ecosystems, but 
clearly increased with decreasing soil fertility (Table 6.1). In the SP, thickest FF's 
occurred on the crests. In the other units, the FF was lesser variable with the thinnest 
layer in the FP ecosystem. Concerning fine root distribution, a detailed study in the 
research sites showed that the average percentage of fine roots in the FF, relative to the 
total amount of roots over a depth of 1 m, was 34% for the SP, 19% for the HT, 19% in 
the LT and 12% in the FP. Results within the framework of the current research agree 
with results from Duivenvoorden and Lips (1995) who observed that the proportion of 
fine roots in the forest floor can be higher than in the mineral soil. 

6.4 METHODOLOGY 

To study the water dynamics in the FF and the water balance, three subplots were 
selected in the SP and two subplots in the HT, the LT and the FP, in which a number of 
parameters were monitored: gross rainfall above the forest, net rainfall (throughfall and 
stemflow), litterflow, FF water content and soil water content. Meteorological data were 
collected in an open area of about 20 hectare with an automatic weather station (AWS) 
equipped with a CR 10 datalogger (Campbell Scientific Instruments). Parameters 
measured included gross rainfall, temperature, air humidity, incoming solar radiation, 
wind speed and wind direction. Average and total values were recorded every 20 
minutes. In the plots, gross rainfall was measured (automatically and manually) with a 
tipping bucket calibrated to 0.2 mm per tip and with collectors installed above the 
forest. 
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To determine the water storage capacity of the FF's and to obtain field data that can be 
compared with the calibrated values from the model, the amount of water retained by 
the FF's after free drainage had ceased was investigated. To that purpose, we selected 
plots of 1 m at random within the research areas. After cutting the roots (to avoid 
water uptake), selected FF layers were in-situ saturated during three consecutive days 
and covered with a plastic sheet (to avoid evaporation). Subsequently, after 24 hours 
total FF samples were collected and immediately weighed for wet weight. Samples 
were air dried until constant weight and finally weighed (dry weight). In total 78 
samples were collected during four samples periods. The thickness of the layer was 
measured at different points within the square metre and the mean value was used as the 
best estimate. FF thickness ranged from 3.6 to 28.9 cm. 

To evaluate the FF drainage or litterflow and to provide comparative data for the 
validation of the FF hydrological model, flux plates were used to measure the 
proportion of throughfall that passes through the FF and enters the mineral soil. Plates 
with an open area of 683.5 cm2 and 5 cm depth were installed horizontally in the 
contact zone between the FF and mineral soil. To avoid disturbance of the FF layer, 
plates were installed at the same level as the mineral soil surface. Plates were connected 
with a tube to a container of 20 litres, installed in a soil pit. To avoid any solid material 
to enter the plate and funnel, a fine net was attached to the upper part of the plate and to 
the bottom of the funnel. In the SP plot, 45 plates were installed in three subplots (i.e. 
15 per subplot) and in the HT plot, 30 plates in two subplots. Collectors were measured 
manually on daily and weekly basis, as were gross rainfall, throughfall and stemflow 
(Chapters 3 and 4). Weekly measurements were carried out from September 1995 until 
August 1996 and daily measurements, whenever rainfall occurred, were performed 
from August 1996 until August 1997. 

For the characterisation of the FF water content and the spatial and temporal FF 
storage dynamics, Time Domain Reflectometry (TDR) measurements were 
performed at two or three different depths, depending on the thickness of the FF. In 
total, 31 three wire TDR sensors (50 cm length) were installed horizontally in the FF 
of soil profiles where soil water content was also monitored. FF water content in the 
SP was measured at six locations. In the other ecosystems, it was measured at four 
locations. Measurements were carried out every day, from August 1996 until August 
1997. TDR travel time measurements were translated into volumetric water content 
using a calibrated regression equation for the specific FF based on litter samples 
collected at the same time and same sites where TDR measurements were executed 
(Chapter 5). Daily total FF water storage is calculated from the calibrated water 
content and the total FF depth. 

6.4.1 FF water balance model 
The concept of Rutter's forest interception (Rutter et al, 1971) was used to derive a 
dynamic FF interception model, which describes the FF water fluxes and, more 
specifically, serves to determine the relative contribution of the FF to forest 
transpiration and the total litterflow or FF drainage to the mineral soil. The FF is 
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considered as composed of a single continuous layer with a specific storage capacity, 
which intercepts and redistributes net rainfall. The input to the model is throughfall, 
either as measured or as calculated with the calibrated dynamic forest interception 
model (Chapter 4) and the reference transpiration (Monteith, 1965). FF evaporation can 
be neglected because the air within the forest remains almost saturated, the radiation 
flux is low and patchy and the wind speed near the soil surface is nil (Roberts et al, 
1980; Shuttleworth, 1979; Odum and Pigeon, 1970). The outputs from the model are 
the FF water uptake and total drainage to the mineral soil, which is assumed to occur 
whenever storage capacity is exceeded and in that case will continue during and after 
rainfall events until storage becomes equal or lower than storage capacity. 

The FF dynamic water balance model is a single layer model with four parameters 
(Figure 6.1). 

AS 

At 
P„ - UFF - DFF (6.1) 

(l-a)P„ 

UFF = b (E S/Sc) 

aP„ 

SFr(m) 

IfSFF>Sc, DFF = d (Sn^Sc) 
IfSFF<Sc, DFF = 0 

Figure 6.1 Schematic representation of a single layer forest floor interception model and model 
formulation. 

Where SFF (m) is the water storage of the FF, t (day) is the time, Pn (m d~') is net 
rainfall rate to the forest floor, here taken as the throughfall rate, UFF (m d"1) is the rate 
of water uptake from the FF, E (m d"') the reference transpiration rate (Monteith, 1965) 
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and Dpp (m d' ) is the drainage rate to the mineral soil. The model parameters are: a is 
the dimensionless interception efficiency parameter, b is the water uptake efficiency 
parameter, d (d" ) stands for the drainage parameter and Se (m) is the storage capacity of 
the FF. Total litterflow to the mineral soil includes the preferential flow and drainage 
from the FF. 

Reference transpiration is calculated using the Penman-Monteith equation (Monteith, 
1965) and collected data on climatological parameters. Parameters for the Monteith 
formula were deduced from literature and from the specific studies carried out within 
the Amazon basin (e.g. Culf et al, 1995; Shuttleworth et al, 1984). A more detailed 
description of the procedure used to estimate reference transpiration from the research 
sites and monthly values are presented in Chapter 2. 

The FF water balance model was programmed in Matlab. A reference run of FF water 
dynamics on 20 minutes basis was used to evaluate the sensitivity of the model to each 
parameter. First, large numbers of simulations are run with different parameter sets, 
randomly selected from pre-set parameter ranges. Then, a parameter set is accepted if 
its corresponding simulation fits a specific point of the reference run within the 
confidence interval of the measuring technique. Each point in time thus reduces the 
range of one or more parameters. We can now define the measurement's information 
content with respect to a model parameter, as the proportional decrease of the standard 
deviation of that parameter in the accepted sets. The information content is then used to 
split the total set of measurements into independent subsets which each contain 
information on a specific parameter. Thereupon, each subset is used to identify its 
corresponding parameter. To evaluate the model results and to assess the goodness of fit 
between predicted and measured values, two objective functions were used: the 
normalised root mean square error (NRMSE) between predicted and measured FF 
water storage and FF drainage and the explained variance (R2). 

Specific sets of measured TDR water content in the FF were used for the calibration of 
the model parameters, according to the results from the sensitivity analysis. Six months 
daily data on FF water storage and FF drainage were used for the validation of the 
model. 

6.5 RESULTS AND DISCUSSION 

6.5.1 Forest floor storage capacity 
Mean water storage capacity and dry bulk density of the FF's are presented in Table 
6.2. The differences between ecosystems in water storage capacity can be explained by 
the differences in amounts of FF mass (see Table 6.1), since a clear linear relationship 
exists between FF water storage capacity and FF dry mass (R2 = 0.93). The bulk density 
of the forest floor is very low, with the lowest value for the SP. 
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The average storage capacity of FF's in the ecosystems studied was 10.5 (± 7.5) mm or 
1.51 (± 0.30) mmkg" , when expressed as the weighted mean storage capacity per unit 
dry mass. The FF in the SP had the lowest storage per unit FF thickness (0.99 mm cm" 
), which may be explained by the loose structure of this FF (low density) and its 

composition, i.e. only a thin layer of fresh litter and many very fine and fine roots. 
The FF in the other ecosystems is rather compact and has far less fine roots. 

Table 6.2 Water storage capacity of forest floor in four ecosystems in the 
Middle Caqueta. Means are at 95.0% of the confidence level (std = 
the standard deviation and n the number of samples). 

Forest Mean storage capacity std Dry bulk density std n 
ecosystem (mm) (kg m°) 

SP 16.29 8.17 78.17 22.04 31 
HT 7.62 3.10 85.61 27.72 17 
LT 8.12 4.57 90.94 22.39 14 
FP 4.57 2.33 92.90 40.54 16 

When comparing the storage capacity of the FF of Amazonian ecosystems with that of 
FF's in temperate regions (Coniferous, Douglas fir and Bracken forests), it appears that 
the value found is lower than 4.83 mm kg"' reported by Pitman (1989) for Bracken 
forest, and slightly higher than the 1.30 mm (±0.32) found by Pradham (1973) and 0.97 
mm found by Putuhena (1996) for a Eucalyptus plantation in the U.K. It has to be stated 
that the amount of FF dry mass per unit area in the ecosystems studied is higher than 
most values reported by Pitman (1989) and Perkins et al. (1978) for temperate forests. 

6.5.2 Measured FF water drainage 
The coefficient of variation (CV) of Interflow from individual flux plates against the 
average per subplot was 0.626 (+ 0.219) in the SP and 0.649 (± 0.290) in the HT. 
Comparing the average values between subplots in each ecosystem, the CV was 0.22 (± 
0.16) in the SP and 0.15 (± 0.16) in the HT. The daily average percentage of litterflow 
ranged from 25% to 93% of the throughfall, depending on rainfall amounts and 
characteristics. Although litterflow was not observed for most gross rainfall events 
lower than 5 millimetres, incidentally some litterflow was collected upon small 
throughfall values (about 2 mm). This behaviour can be explained by the high canopy 
interception during small events as described in Chapter 3. In agreement with the lower 
FF storage capacity, interception by the FF in Amazonian ecosystems seems to be 
lower than that by Eucalypt and Pine forest in Australia (Pitman, 1989), where the FF 
retained 47% of the simulated rain. 
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Figure 6.2 Forest floor (FF) interception, as calculated from the difference between daily 
measurements of net rainfall and litterflow, versus net rainfall in a forest ecosystem 
(SP) in the Colombian Amazonia. 

The arithmetic means of daily litter interception in the SP and HT were separately 
plotted against measured throughfall in each plot. The trend points to a logarithmic 
relation between throughfall and its interception by the FF's for small rainfall events 
and a linear relation for larger events (Figure 6.2). This tendency in rates of litter 
interception is related to the asymptotic nature of the wetness curve: FF's retain higher 
percentages of throughfall during the earliest stage of the rainfall event. If the event 
lasts long enough, the FF storage capacity reaches its maximum value and total 
drainage and uptake rate become equal to the throughfall rate. 

6.5.3 FF water content and storage dynamics 
Figure 6.3 shows the measured FF water content in the four forest ecosystems. The FF 
in the SP exhibited the lowest water content over the whole period while in the LT 
and FP water contents were highest. Furthermore, the FF in the SP and HT dried out 
to lower values than in the FP and LT. As a general tendency, the dynamics of the FF 
water content in the different forest ecosystems showed a clear response to rainfall 
events: increases in water content in the FF were only observed after rainfall events. 
This behaviour and the decreasing FF water content during droughts suggest that 
upward (capillary) fluxes of water from the mineral soil to the FF either did not exist or 
amounts were that small that they are masked by water uptake from the FF. 

Time series of total water storage by the FF's show that storage differs among forest 
ecosystems and that these differences were mainly due to the difference in litter mass 
(FF thickness). During the period of measurements, FF water storage ranged from 
7.0 mm to 23.1 mm in the SP, 3.9 to 12.4 mm in the HT, 3.8 to 11.4 mm in the LT 
and 2.7 to 8.1 mm in the FP. Although some measurements were carried out a few 
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hours after rainfall, the maximum measured values also showed a trend of storage 
capacity decreasing from the SP to the FP, which agrees with the results from the 
field experiments. 
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Figure 6.3 Temporal dynamics of measured forest floor (FF) water content (TDR) in four forest 
ecosystems in the Colombian Amazonia. 

Assuming that no evaporation takes place from the FF, the free water in the FF layer 
can either be taken up by roots or drain to the mineral soil. Water depletion from the 
FF's was analysed during the two dry periods (from day 384 to 403 and from day 
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445 until 461), when drainage was zero since water storage in the FF's remained 
below the measured storage capacity. Therefore, uptake was assumed to be the only 
hydrological process active during these periods. 

In all ecosystems the water content decreased, implying that the forests took up a 
certain amount of water from the FF. This uptake differs between forest ecosystems and 
between periods. Depletion rates during the dry periods were 0.51 and 0.61 mm d" in 
the SP, 0.20 and 0.34 mm d"1 in the HT, 0.21 and 0.40 mm d ' in the LT and 0.19 and 
0.24 mm d~' in the FP. The relatively high uptake rate in the SP can be related to the 
relative high proportion of fine roots in the FF of this ecosystem. 

6.5.4 Model results 

Sensitivity analysis 
Distributed sensitivity analysis showed that parameters are not interdependent and that 
they differ in their sensitivity to moisture conditions in the FF. Figure 6.4 shows the 
relative reduction of the standard deviations of the accepted model parameters. From 
Figure 6.4 it is evident that the standard deviation (std) of the Sc parameter is reduced 
during the droughts, reaching the lowest value at the lowest FF water content. This 
indicates that the information about the FF storage capacity is optimal at the end of wet 
periods, followed by a long dry period. This parameter appeared to be the most relevant 
parameter for which the model is most sensitive. The water uptake efficiency (b) seems 
to be the second important parameter. Its standard deviation is lowest at the end of long 
dry periods. This parameter mainly controls the water dynamics during the drying 
phase, which can be expected since available water in the FF decreases as a result of 
uptake by roots. The interception efficiency parameter (a) seems to be less sensitive to 
the FF wetting conditions. A reduction of its standard deviation was observed with 
increasing amounts of rainfall immediately after the long dry periods. The drainage 
parameter (d) is the least sensitive in the model and its standard deviation is only 
slightly reduced during heavy rainfall events. 

Calibration 
The result of the sensitivity analysis was used to split the total set of TDR 
measurements, used for model calibration, into four independent subsets, which contain 
information on a specific parameter. The value for the Sc parameter was set first, using 
data from the dry periods and applying an iterative procedure until the standard 
deviation does not decrease. Afterwards the value for the b parameter was identified 
following the same iterative procedure. Using specific data from the wettest period of 
measurements, the values for the a and d parameters were identified. Moreover, the 
calibration procedure indicated that the accuracy of the other parameters depends on the 
accuracy at which Sc can be identified. The values of the different parameters found 
through the calibration procedure and their corresponding standard deviation are shown 
in Table 6.3. The Sc parameter was easily identified for all ecosystems during the 
drying curve in the FF, as available measured data contained information for two 
significantly dry periods. The values of the calibrated Sc parameter decreased from the 
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SP to the FP, which is consistent with the results from the field experiments and with 
the measured FF storage capacity. 
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Figure 6.4 Sensitivity analysis of parameters of the forest floor (FF) dynamic model. Relative 
reduction of the standard deviation (std) according to specific parameter information in 
the calibration data. 
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Although the b parameter showed a high standard deviation, except for the SP 
ecosystem, the values indicated that the FF's differed in their contribution to forest 
transpiration in each ecosystem. The reason why this parameter value was better 
identified in the SP, lies in the fact that the FF in the SP dried out at a higher rate than in 
the other ecosystems, as indicated by the analysis of the water content dynamics. 
Therefore, data from the SP provided better information for parameter identification 
during those periods than that from the other ecosystems. The interception efficiency (a) 
and drainage (d) parameters were less accurately identified (high standard deviation), 
because of the low information contained in the calibration data and due to the lack of 
high resolution in temporal measurements of FF water content during such periods, data 
being only available on a daily basis. Low values of drainage and the dominance of 
preferential flow in the total litterflow may explain the uncertainties in the definition of 
the d parameter during the calibration period. Looking back, the calibration procedure 
showed that the model and the calibration method could have been used for a more 
optimal planning of the specific time for field sampling. 

Table 6.3 Calibrated parameter set for the different FF's, with the standard 
deviation and objective functions for comparisons of measured and 
simulated values. 

Parameter SP HT LT FP 

Value std value std value std value std 

a 0.357 0.210 0.249 0.218 0.190 0.182 0.152 0.141 
b 0.387 0.062 0.316 0.148 0.320 0.186 0.169 0.156 
d (d1) 63.3 25.6 67.8 24.6 65.3 22.2 72.5 21.5 
Se (m) 0.0192 0.0021 0.0094 0.0039 0.0096 0.0026 0.0069 0.0025 

FF water storage 
NRMSE 0.101 0.168 0.186 0.130 
R2 0.85 0.80 0.82 0.80 

FF Litterflow 
NRMSE 0.28 0.22 
R2 0.94 0.98 

The sensitivity of the FF model to the parameters and the relative importance of these 
parameters in the model performance are clearly related: the storage capacity of the FF 
controls the amount of water that drains to the mineral soil and FF interception, and it 
partially controls the water uptake. Parameters values can also be evaluated in terms of 
their physical plausibility. The calibrated values of storage capacity are close to those 
found through the measurements (see Table 6.2). The evaporation efficiency parameter 
showed to be related to the amount of fine roots in the FF's and the resemblance 
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between values of interception efficiency among ecosystems is consistent with the 
tendency as observed in litterflow measurements. 

Model predictions and measured data ' 
Calibrated parameter values were used to predict FF water uptake, storage and drainage 
to the mineral soil in the studied ecosystems for another period than that used for the 
calibration of parameters. As an example, predicted and measured FF water storage in 
the SP is presented in Figure 6.5. Although parameters exhibit a large standard 
deviation, the overall agreement is good with a NRMSE below 0.186 and explained 
variance higher than 0.80 (Table 6.3). This good fit between predicted and measured FF 
water storage and its dynamics is partly explained by the accurate estimation of the Sc 
parameter. This agrees with the statement by Heuvelink (1993) that improvement of 
model predictions is achieved most efficiently by improved identification of parameters 
for which the model is most sensitive. The largest differences between predicted and 
measured FF water storage generally occurred during the droughts when predicted 
storage decreased more than measured values. Apparently, the linear function applied 
for the water uptake is not valid at low water content of the FF. 
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Figure 6.5 Comparison of predicted and measured forest floor (FF) water storage in a forest 
ecosystem (SP), as an example, in the Colombian Amazonia. 

Measured litterflow in the SP and HT was used to validate the calibrated model with a 
dataset independent of that used for the calibration. Figure 6.6 presents the litterflow 
predicted by the calibrated model accumulated on event basis, and the measured FF 
litterflow. In both ecosystems, the model yields a high explained variance of the 
observed FF drainage (R2 above 0.94). In spite of the uncertainty in the identification of 
parameters a and d, differences between predicted and simulated litterflow from the FF 
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are very low and the largest differences are observed at high rainfall events, when 
predicted values are higher than measured. 

432 457 475 492 

Time (day 1 = 1-1-1996) 
512 529 547 

-Predicted A Measured 

Figure 6.6 Comparison of predicted and measured total drainage from the forest floor (FF) in a 
forest ecosystem (SP), as an example, in the Colombian Amazonia. 

It is clear that the model is well capable of predicting the FF water storage dynamics 
and amounts in all ecosystems, while it predicts total drainage with high accuracy. 
Therefore, the calibrated model was used to predict the water uptake from the FF's as 
the partial contribution to the total transpiration in each ecosystem for the period 
between January and August 1997. In the SP, the amount of water uptake from the FF 
represented 28.3% of the reference transpiration and the average uptake rate was 1.04 
mm d"1. In the HT, the FF water uptake corresponded to 20.2% of the reference 
transpiration with an average uptake rate of 0.74 mm d'. In the LT, the predicted water 
uptake was 19.2% and the uptake rate was 0.71 mm d"1, whereas in the FP ecosystem, 
this FF uptake was 15.4% of the reference transpiration with an uptake rate of 0.57 mm 
d"1. Predicted temporal dynamics of water uptake in the ecosystems studied showed that 
uptake from the FF's was strongly reduced during the droughts, with the largest 
reduction from the FF in the SP. 

Predicted amounts and dynamics of total drainage and throughfall in the SP, as an 
example, are presented in Figure 6.7. There was an immediate response of the FF to 
rainfall, to produce litterflow even with small rainfall events. This behaviour is similar 
for all ecosystems studied. As has been described earlier in this paper, this is caused by 
the dominance of preferential litterflow in the FF. This indicates that preferential flow 
within the FF occurs even when the storage has not yet exceeded the storage capacity, 
in clear agreement with field observations: litterflow was collected a short time after 
rainfall started while the FF was still partly dry. Results also indicate that depending on 
the antecedent FF moisture content and on rainfall amounts, drainage from the FF may 
continue during the event and until approximately three hours after rainfall has ceased. 
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Predicted percentages of total litterflow relative to total throughfall between January 
and August 1997 are as follows: in the SP 87.2% of throughfall passed through the litter 
layer as total drainage to the mineral soil; 91.8% in the HT; 92.0% in the LT and 93.2% 
in the FP. 
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Figure 6.7 Dynamics and amounts of forest floor (FF) drainage as predicted by the dynamic model 
and measured throughfall in a forest ecosystem (SP), as an example, in the Colombian 
Amazonia. 

6.6 CONCLUSIONS 

Forest floors of the ecosystems studied show similar drainage dynamics, but amounts of 
water retained are different for each ecosystem: the FF in the SP consistently had the 
lowest water content and dried out stronger than the other ecosystems. In terms of water 
storage, the SP showed the highest values during the studied period while the FP 
showed the lowest. Differences between ecosystems in FF water storage amounts are 
mainly the result of differences in the FF thickness and to a lesser extent of their 
moisture conditions. 

Our results indicate that it is appropriate to use the Rutter's interception approach to 
model FF water dynamics and uptake for the studied conditions, considering the FF 
as a continuous layer, which intercepts and redistributes net rainfall. The results from 
the calibration show the sensitivity of the model to parameters and the requirements 
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for a proper identification of the parameter values. The identifiability of the FF 
model parameter's values is determined by the temporal dynamics of rainfall, the 
frequency of the FF water content measurements during specific periods and the 
sensitivity of each parameter. The sensitivity analysis and calibration procedure 
highlighted the importance of an accurate determination of the storage capacity 
parameter. Moreover, reasonable values for parameters and a high accuracy in 
predictions were found with a minimum of calibration and measurements, but 
improvements in the identification of parameters may be achieved with higher 
resolution of these measurements. 

The calibrated model provides accurate estimates of FF water storage amounts and 
dynamics in the ecosystems studied. Although small discrepancies exist between 
measured and predicted FF water storage during the droughts, linear functions can be 
used to describe FF water uptake and total litterflow. From the model predictions it is 
concluded that water uptake from the studied FF's, expressed as percentage of total 
forest transpiration, differs between ecosystems and ranges from 15% to 28% over the 
period of study. The percentage of throughfall that passes through the FF as litterflow to 
the mineral soil is almost similar for the studied ecosystems (93%), except for the SP 
where total litterflow was lowest (87%). 

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