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Abstract: Water scarcity poses a major threat to food security and human health in Central America and is increasingly
recognized as a pressing regional issues caused primarily by deforestation and population pressure. Tools that can relia-
bly simulate the major components of the water balance with the limited data available and needed to drive management
decision and protect water supplies in this region. Four adjacent forested headwater catchments in La Tigra National
Park, Honduras, ranging in size from 70 to 635 ha were instrumented and discharge measured over a one year period. A
semi-distributed water balance model was developed to characterize the bio-hydrology of the four catchments, one of
which is primarily cloud forest cover. The water balance model simulated daily stream discharges well, with Nash Sut-
cliffe model efficiency (E) values ranging from 0.67 to 0.90. Analysis of calibrated model parameters showed that de-
spite all watersheds having similar geologic substrata, the bio-hydrological response the cloud forest indicated less plant-
available water in the root zone and greater groundwater recharge than the non cloud forest cover catchments. This re-
sulted in watershed discharge on a per area basis four times greater from the cloud forest than the other watersheds de-
spite only relatively minor differences in annual rainfall. These results highlight the importance of biological factors
(cloud forests in this case) for sustained provision of clean, potable water, and the need to protect the cloud forest areas
from destruction, particularly in the populated areas of Central America.
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INTRODUCTION

Throughout the world water demand has increased in re-
sponse to population growth, agricultural use, and industrial
demand (PHO, 2000), while in countries with a monsoonal
climate, water supplies in the dry phase are shrinking due to
deforestation (San Martin, 2001; Barlow and Clarke, 2002;
Bonell and Bruijnzeel, 2004; Bruijnzeel, 2004). This coupled
with increasing pollution levels from inadequate waste treat-
ment and increased use of agrichemicals (PHO, 2000) has led
to potable water shortages. As a result, policymakers in these
countries are under increasing pressure to enact natural resource
management policies for preservation of water source areas to
ensure clean and adequate potable water. For instance, in Hon-
duras many of the water supply systems have cloud forests as
the water source areas (Mulligan and Burke, 2005). Cloud
forests are defined as having abundant presence of epiphytes
and are characterized by persistent, frequent or seasonal cloud
cover at the vegetation level (Hamilton et al., (1993). Although
new laws are being implemented it is widely recognized that
the lack of quantitative science-based knowledge may hinder
effective application.

Developing relevant natural resources policies to effectively
manage water resources is a complex process. Models could
provide insight, but unfortunately, most available hydrologic
models such as the Soil and Water Assessment Tool model
(Arnold et al., 1996; Easton et al. 2010), MIKE-SHE, Hydro-
logic Engineering Center (HEC) model (Jenicek, 2009) and the
FRIER rainfall-runoff model (Horvat et al., 2009), need de-
tailed landscape and rainfall information that is not available in
Latin America. Moreover, the rainfall-runoff relationships in
these models are based on temperate climate for which these

models were validated (Bruijnzeel, 2004; Araujo et al., 2008;
Steenhuis et al., 2009) and application of these models to a
monsoonal climate with a unique hydro biological characteris-
tics remains problematic (Kovacs, 1984; Falkenmark and
Chapman, 1993; Musiake, 2003; Peel et al., 2004 and Si-
vapalan, 2003).

Landscapes such as cloud forests play a key role in provid-
ing water to the lower and drier portions of watersheds in Latin
America (Buytaert et al., 2005). Very few studies on the bio-
hydrologic impact of cloud forests have been carried out
(Cavelier et al., 1997 in Panama; Bruijnzeel et al., 2006 and
Schellekens, 2006 in Costa Rica). Buytaert et al., (2006) com-
pared the water balances of two small catchments in the paramo
of Ecuador, one similar to cloud forests and one a disturbed
agricultural system. and found that the natural vegetation max-
imized water retention in the soil by minimizing the plant-
available water for evaporation. This made more water avail-
able for base and interflow in the cloud forest than in the dis-
turbed system.

One model that has been specifically developed for cloud
forests is the CQflow model (Schellekens, 2006). The CQflow
model is fully distributed and simulates (among other factors)
fog interception. Recently, Topmodel has been successfully
applied in the paramo in the Ecuadorian Andes (Buytaert and
Beven, 2011) and the Jizera Mountains in Czech Republic
(Pavelkova et al., 2012). Another potential model that has been
used in a wide variety of physiographic locations is the
Thornthwaite ~Mather procedure  (Thornthwaite, 1948;
Thornthwaite and Mather, 1955; Steenhuis and van der Molen,
1986) and has been recently adapted for monsoon climates by
separating the watershed into infiltration/recharge zones and
runoff zones via saturation excess mechanisms. (Peranginangin
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et al.,, 2004; Steenhuis et al., 2009; Bayabil et al., 2010;
Tesemma et al.,, 2010). The model is similar to the method
developed at the same time by Budagovskiy (1964; cited by
Shumova, 2009) in the Soviet Union.

Our general objective is to increase knowledge on the inter-
action of hydrology and biological factors in cloud forests in
Latin America by presenting a comprehensive analysis of phys-
ically based watershed model parameters using data from a
recent study that measured rainfall and discharge from a cloud
forest and three surrounding forested watersheds in the La
Tigra National Park in Honduras (Caballero et al., 2012). Dif-
ferences in model parameters between cloud forests and the
other, non-cloud forest watersheds are used to infer the effect of
cloud forests on bio-hydrological factors.

MATERIALS AND METHODS
Site description

La Tigra Experimental Catchment is located (87° 5° W lati-
tude and 14° 10° N longitude) within La Tigra National Park,
25 km north east of Tegucigalpa, central Honduras in the
headwaters of the Choluteca River Basin, which drains into the
Pacific Ocean (Fig. 1). La Tigra Park supplies 30% and 50% of
drinking water for Tegucigalpa (Campanella et al., 1982). Dur-
ing the dry months (March, April and May) other sources of
drinking water (the Guacerique and Concepcion reservoirs)
decrease greatly due to lack of baseflow and La Tigra National
Park becomes the main supply for Tegucigalpa (Stadtmiiller,
1987).
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Fig. 1. Study site, La Tigra Experimental Catchment, Honduras.
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The experimental site is composed of four neighboring
headwater catchments (WS1, WS2, WS3 and WS4, Fig. 1)
together comprising an area of 880 ha. The research area is
characterized by steep slopes ranging from 20 to 30%. The
mean slopes of the stream channels for the catchments range
from 14 to 21%. The general characteristics of each watershed
are summarized in Table 1. Watersheds WS3 has withdrawals
that serve as the water supply for the municipality of Valle de
Angeles.

The study area has been protected since the 1940’s, first as
forest reserve, and more recently as national park. Land cover is
predominantly evergreen Pinus oocarpa at lower elevations up
to 1500 m. Above 1800 m a mixture of Pinus maximinow and
various broadleaf plants (mainly Quercus species) are found.
Between 1500 and 1800 there is a transition zone between the
two vegetation covers. Cloud forest land cover was 58% for
WS1, 0% for WS2, less than 4% for WS3 and 0% for WS4
(Table 1). A 2010 land use survey indicates that forest cover is
predominant in all sites, except in WS4 where 16% is under
agricultural cultivation (Table 1). The cloud forest is exposed to
fog and lower temperatures, approximately 5—10° C (Bruijnzeel

et al., 2006). Unpublished data from the Uyuca Mountains 14
km southeast indicate that temperatures drop approximately
6°C per 1000 m of elevation gain (Agudelo, 2010: personal
communication).

The climate is characteristic of monsoonal regions with very
distinct dry and wet phases. The wet phase begins at the end of
May or early June when the Intertropical Convergence Zone
(ITCZ) becomes active, bringing warm moist clouds from the
eastern Pacific to Central America and the Caribbean
(Hastenrath, 2002). The slopes of the watershed face predomi-
nantly southeast (Fig. 1). Since the trade winds are from the
northwest, the watershed lies in the rain shadow. Annual pre-
cipitation averaged over the watershed is 1150 mm, with 90%
of the rainfall falling from the end of May through October
(Fig. S1 Supplementary material). These amounts are approxi-
mately half of that recorded in 1987 by Stadtmiiller and Agude-
lo (1990) at the ridge of the mountain around 1850 m in the
Cerro Uyuca Biological Reserve 30 km to the south east of the
La Tigra watershed.

Table 1. Characteristics of the four study catchments and their rivers in La Tigra National Park, Honduras, Central America.

CATCHMENT

WS1 WS2 WS3 WS4
Catchment area (ha) 635 93 82 70
Cloud forest area % 58 0 4 0
Other forested % 41 100 96 84
Deforested % 1 0 0 16
Weir elevation at outlet (m) 1505 1374 1431 1486
Elevation range (m) 1505-2270 1374-1850 1431-2000 1486-1960
Mean elevation (m) 1905 1625 1730 1715
Mean slope (%) 22 20 27 30
Main stream channel length (m) 6600 1508 1105 994
Main stream channel slope (%) 18 14 18 21
Drainage density (km/km?) 1.00 1.62 1.35 1.42
Mean annual temperature (°C) 1620 16-20 16-20 16-20
Mean annual precipitation (mm) 1085 1085 1085 1085
Mean annual discharge (mm) 520 - - -
Geology (bedrock formation) Volcanic Volcanic Volcanic Volcanic
Period of measurements Apr. 2008— Apr. 2009— Wet season 2009 Wet season

Dec. 2009 Dec. 2009 Intermittent 2009

Type of stream Perennial Perennial Intermittent

Soils of the research catchments are Andisols of volcanic
origin. A detailed soil map is not available for the study catch-
ments, but based on geologic mapping, soils are underlain by
silicate strata of medium coarse fragments of igneous, volcanic
and calcareous rocks (IGN, 1956). The lower part of the La
Tigra watershed has soils depths ranging from 0.3 to 0.9 me-
ters, organic matter contents from 5 to 15 % (Lavaire and Fial-
los, 2010). Soils have abundant large pores, roots, and rock
fragments which contribute to high permeabilities. Saturated
hydraulic conductivities on disturbed soil samples ranged from
1.6 to 7 cm hr' (Lavaire and Fiallos, 2010). A soil survey in a
similar cloud forest ecosystem in the Capiro-Zapotillo micro-
catchments reported mean organic matter contents in excess of
7%, with values reaching 14% in the uppermost cloud forest
areas. Bulk densities ranged from 0.4 to 1.0 gr cm™ (Martinez,
2008). Martinez (2008) found soil depths ranging from 0.6 to
1.2 m and sometimes even greater in the upper part of the
catchments.

Hydrologic data sets

Stream discharge was measured at each catchment outlet
through a weir (Fig. S2 Supplementary material). Water height
were recorded on 10-minute intervals, and converted to volume
using standardized rating curves (ISO, 1980; Caballero et al.,
2012).

Precipitation was measured by a network of five digital rain
gages located along the elevation gradient (1350-1850 m) to
have a representative measurement of the average precipitation
over the research sites. The potential evaporation was obtained
from a nearby (20 km) digital weather station located on the
grounds of the Pan-American School of Agriculture (Zamorano
University).

Rainfall-runoff model

We present only the conceptual Semi-Distributed Water
Balance Model (SWB model), with the complete derivation
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from Tesemma et al. (2010) (available in preprint form
at http://soilandwater.bee.cornell.edu/publications/zelalemblue-
nile-2012.pdf). The model as shown by Walter et al. (2002) is
mathematically similar to Topmodel with the exponential de-
creasing conductivity as used by Buytaert and Beven (2011).
However, in Topmodel the entire watershed is underlain by a
regional groundwater table that periodically intersects the soils
surface generating runoff while in the SWB model shallow
perched water tables over a slowly permeable layer govern the
formation of saturated runoff producing areas. In the SWB
model the landscape is divided into two regions: well-drained
hillslopes, and the flatter near stream areas that become saturat-
ed during the wet season due to upslope flow contributions. The
hillslopes are further subdivided into two groups: degraded
areas that have the hardpan exposed at the soil surface, and
highly permeable soils above a restrictive layer at some depth.
In the degraded areas (or rock outcrops) that have restricted
infiltration, only a small amount of water can be stored before
saturation excess surface runoff occurs. In contrast, on the
highly permeable portion of the hillslopes, most of the water is
transported as rapid subsurface flow (i.e., interflow over a
restrictive layer) or as base flow that percolates from the soil
profile to deeper subsoil and rock layers (Sanda and Cislerova,
2009, Steenhuis et al., 2009, Bayabil et al., 2010). The flatter
areas that drain the surrounding hillslopes become runoff
source areas when part of the profile is at or near saturation.
Three separate water balances are calculated for each region.
The water balance for the each of the three areas can be written
as:

SO)=S(t-AN+[P-E,~R-P, A, (1)

erc

where S(¢) is volume of plant available water in the soil profile
above the restrictive layer per unit area (L), at time ¢ (7), Sy(¢—
At) is the previous time step water storage (L), P is rainfall (L
T']), E, is actual evapotranspiration (L T']), R is saturation
excess runoff (L T), P.,. is percolation to the subsoil (L T™)
and 4¢ is the time step (1 day in our case). Percolation from the
infiltration zone occurs when the moisture inputs exceed field
capacity. Surface runoff is produced when the soil is saturated
and is equal to the amount of rainfall minus the water needed to
saturate the soil profile. The actual evaporation from the soil, £,
is calculated with the Thornthwaite-Mather procedure
(Thornthwaite, 1948; Thornthwaite and Mather, 1955; Steen-
huis and van der Molen, 1986). The method assume that evapo-
ration decreases linearly with soil moisture content between
field capacity (at which point £, equals potential evaporation)
and the wilting point (at which E, is zero). Once precipitation
has infiltrated below the root zone there are two reservoirs, one
for baseflow and one for interflow. The baseflow reservoir is
associated with the groundwater in the near stream area and is
simulated as linear reservoir with exponentially decreasing
discharge. The interflow reservoir simulates water flowing
down the slope over the restrictive layer and is a zero order
reservoir (e.g., the discharge decreases linearly with reservoir
volume).

Evaluation of model performance

To evaluate how well the predicted discharge matched ob-
served values, we used the Nash-Sutcliffe model efficiency
coefficient (E) or goodness-of-fit index (Nash-Sutcliffe, 1970),
which is widely used to evaluate the predictive capacity of
hydrologic models. In addition, the performance of the model

during calibration was evaluated using the normalized root
mean squared error (RMSE) and regression coefficient, R%

RESULTS

The hydrographs of the four watersheds in the La Tigra Na-
tional Park were distinctly different (solid black lines in Fig. 2).
In WS1 (cloud forest, Fig. 2a) the hydrograph is characterized
by an initially steep receding limb (October—December) becom-
ing more and more shallow until the next rainfall season begins,
usually in late May. Although smallest WS2 has streamflow
throughout the year, the discharge is less than in WS1 and thus
the portion of rain converted to streamflow is smaller (Fig. 2b).
In the two watersheds WS3 (Fig. 2c¢) and WS4 (Fig. 2d), there
was only discharge in the wet, monsoon phase. In general, WS1
and WS2 have similar runoff responses during the wet season
(Figs 2a and 2b). In WS3 and WS4, discharge drastically de-
clines during the short rainless period between the wet seasons
(Figs 2c and 2d).

In the following sections, we use the SWB model parameters
to investigate hydrological processes and how these parameters
can explain differences in hydrological behavior among the
four watersheds. The SWB model is a mathematical relation-
ship between rainfall and evaporation (as input parameters) and
the watershed discharge (as an output). Because the hydrograph
is the output signal that integrates all processes that occur in the
watershed, it is unlikely parameters resulting in a poor fit repre-
sent the physical processes occurring in the watershed. This
approach, however, does not give insight into selecting from
among potential mechanisms whether they all fit the model
with equal precision. Hence, when a good fit is obtained be-
tween observed and predicted outflow, we can assume that the
hydrologic processes in the underlying model structure are
valid. For example if the total discharge does not vary as a
function of rainfall intensity, infiltration excess is likely not
occurring in the watershed.

Model fitting

The semi-distributed SWB model applied here used the pre-
cipitation and potential evaporation as climatic input data to
estimate the water balance. For precipitation (P), daily arithme-
tic averages obtained from either three or four digital rain gages
were used and thus daily precipitation model inputs were the
same for all catchments (Fig. S3 in Supplementary material).
Potential evaporation (PE) data from a nearby (20 km) weather
station was used, which ranged from 1.3 to 5.6 mm d”', with an
average of 3.6 mm d' over the measurement period a value
quite similar to the 3.5 mm d” used in monsoonal climate of
Ethiopia (Collick, et al., 2009) and in the Caribbean (2.1-3.7
mm d', Charlier et al., 2008). Other parameters needed to
simulate the discharge included soil water storage capacity for
the hillslopes and runoff contributing areas. The saturated areas
were designated as those areas at the foot of the hills where
saturation excess runoff is generated as well as areas of exposed
bedrock (see picture S4 in Supplementary material). Saturation
excess runoff in these highly conductive soils does not neces-
sarily mean that the water table is at the surface. Only part of
the soil profile needs be saturated for interflow to occur (Lyon
et al., 2006). The hillslopes act as sources of the recharge to the
aquifer and contribute flow to the saturated runoff generating
areas via interflow from upslope areas.

We initially planned to calibrate the model for WS1 and then
validated the model for the other watersheds, but once the data
were analyzed it became clear that although we could close the
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Fig. 2. Comparison of observed and predicted daily total stream discharges for the four watersheds for the input parameters listed Table 2
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3. (Colour version of the figure can be found in the web version of this article.)
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water balance for WS1, this was not possible for the other
watersheds. For this reason, we first fitted the observed and
predicted values for WS1 and then changed the fewest number
of parameters to fit the other three watersheds using a simpli-
fied equifinality approach by varying those parameters within
physically-justifiable ranges. We first adjusted the area that

contributed runoff in order to fit the observed versus predicted
values. Once we had the mass balance correctly fitted, the
available water content of the soil was fitted, and subsequently
a sensitivity analysis was performed in which we varied the
precipitation and potential evaporation (Table 3).

Table 2. Model input parameter values for surface flow, baseflow and interflow for the four catchments in the La Tigra National Park

in Honduras.

Parameter Watershed

WSI1 WS2 WS3 WS4
Overland flow area 0.04 0.04 0.04 0.04
Permeable hill slope area (fraction) 0.96 0.80 0.30 0.70
r* for interflow zero order reservoir (days) 20 3 3 3
t1, half-life aquifer (days) 70 2.3 2.3 2.3
Maximum depth ground water reservoir (mm) 200 15 15 15
Smax overland flow area (mm) 5 5 5 5
Smax hill slope zone (mm) 20 200 200 200

Table 3. Comparison of observed versus model predicted daily discharge for the four watershed WS1, WS2, WS3 and WS4. The Mean,

Standard deviation (St Dev), root mean square error (RMSE), Nash

Sutcliff Efficiency (Nash Sut) and the intercept (interc), slope and R?of

the linear regression are given for various simulations. For “Table 2 parameters” the values listed in Table 2 for the particle watershed are
used. We also used the input values for Watershed WS1 for simulating the discharge of Watersheds WS2, WS3 and WS4 (WS1 parame-
ters) and the WS2 parameters for simulating WS1 (WS2 parameters); Best fits were also obtained by setting the total contributing area to 1
while keeping the other model parameters in Table 2 for the particular watershed in Table 2 the same by multiplying the precipitation by a
constant factor listed under “Ratio” (Precipitation adjusted) or by multiplying the potential evaporation by a constant factor (Evaporation

adjusted). The value in “Ratio” was the best fit value.

Water- Description Ratio Mean St dev RMSE Nash Linear regression
shed (mm/day) (mm/day) (mmd') Sutc interc slope R?
Observed 1.74 1.60
Table 2 parameters 1.70 1.69 0.62 0.85 0.07 0.96 0.89
WSI1 WS2 parameters 0.54 1.59 1.64 -0.05 0.15 0.97 0.89
Precipitation adjusted 0.90 1.58 1.64 0.54 0.89 0.27 0.93 0.90
Evaporation adjusted 1.30 1.57 1.57 0.51 0.90 0.20 0.97 0.90
Observed 0.47 0.80
WSI1 parameters 1.88 0.96 1.48 -2.43 1.38 1.07 0.80
WS2 Table 2 parameters 0.47 0.98 0.30 0.86 -0.08 1.18 0.93
Precipitation adjusted 0.85 0.35 0.99 0.29 0.87 0.21 1.20 0.95
Evaporation adjusted 1.40 0.33 0.97 0.31 0.85 -0.22 1.18 0.94
Observed 0.31 0.70
WSI1 parameters 1.44 0.72 1.45 -4.27 1.17 0.90 0.26
WS3 Table 2 parameters 0.38 0.64 0.32 0.78 0.13 0.82 0.80
Precipitation adjusted 0.60 0.31 0.70 0.21 0.91 0.07 0.78 0.94
Evaporation adjusted 2.10 0.33 0.82 0.38 0.67 0.02 1.0 0.78
Observed 0.98 1.72
WS1 parameters 2.16 1.06 1.57 0.16 1.67 0.51 0.67
WS4 Table 2 parameters 0.87 1.51 0.54 0.90 0.05 0.84 0.91
Precipitation adjusted 0.83 0.71 1.40 0.66 0.85 -0.04 0.77 0.89
Evaporation adjusted 1.30 0.81 1.64 0.65 0.85 0.05 0.88 0.86

Calibration for WS1

The predicted and observed streamflow for the WS1 water-
shed (cloud forest) for the period October 2008 through Octo-
ber 2009 is shown in Fig. 2a) as the red line. Average observed
streamflow was 1.7 mm d”' and model-predicted discharge was
1.6 mm d”' (Table 3) this best fit was obtained with only 4% of
the watershed area contributing surface runoff, while the re-
maining 96% the watershed infiltrated precipitation and con-
tributed subsurface flow (Table 2). Surface runoff was pro-
duced when the rainfall exceeded the calibrated maximum
available rootzone water content of 5 mm (e.g. Sy = 5 mm,
Table 2) in the soil, and thus any rain with 5 mm or more pro-

duced at least some runoff. The runoff areas are saturated areas
caused by interflow from upslope or exposed bedrock (Harpold
et al.,, 2010). Thus 96% of the watershed had soils with high
infiltration rates in which all rainfall infiltrated. Subsurface
flow consists of slow (baseflow) and fast (interflow) compo-
nents. Baseflow was simulated as a linear reservoir with a half-
life of 70 days. In the model, the groundwater reservoir fills
first, and when the storage exceeds the equivalent of 200 mm
over the whole watershed the zero order interflow reservoir fills
and drains in 20 days (by calibration, Table 2). The time that
interflow stops is clearly visible in Fig. 2a) where on November
10™ 2009, the rapid decline in discharge (i.e., interflow) stops,
and the slope of the receding limb becomes much less steep
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(i.e., baseflow). The Nash-Sutcliffe model efficiency is 0.85,
which is quite good for daily discharge predictions (Table 3).
The R* was 0.89 and the slope close to 1 (Table 3, Fig. 3a)).
The model predicted that an average of 1.4 mm d”' of rainfall
exited the watershed as subsurface flow, which was nearly
equal to the 1.6 mm d” obtained from baseflow separation
technique (Caballero et al., 2012).
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Fig. 3. Comparison of observed and predicted daily total stream-
flow discharges for the four watersheds for various sets of input
parameters listed Table 2 and 3. a) Watershed WS1, b) Watershed
WS2; ¢) Watershed WS3 and d) Watershed WS4. The dashed lines
are the linear regression lines and have the same color as the sym-
bols. For explanation of both the legend and the value of the linear
regression coefficients see Table 3. (Colour version of the figure
can be found in the web version of this article.)

Calibration for WS2, WS3 and WS4

For the three smaller watersheds, which had little or no
cloud forest cover, we initially transferred the calibrated pa-
rameter set for WS1 (Table 2) but the fit was poor with Nash
Sutcliffe values that were either close to zero or negative (Table
3; redline in Fig. 2b, ¢ and d) and we tried to fit the hydro-
graphs of each watershed by changing one parameter at a time
until a good fit was obtained. For every trial, we used the coef-
ficient of determination (R?) and a slope close to 1 as a measure
of good fit. The final model performance was also evaluated
using the Nash Sutcliffe efficiency (E*) and the root mean
square error (RMSE) (Table 3).

Model calibration was performance as follows: We first en-
sured that the water balances (observed and modeled) in each of
the watersheds were as close as possible, by adjusting contrib-
uting areas of the hillslopes that provided water at the gage as
runoff on the day of the rainfall, and sometime later for inter-
flow and baseflow (Table 2). The water balance closed when
the hillslope areas were fixed at 80% of the total area for WS2,
70% for WS4 and 30% for WS3 (Table 2). The remaining
rainfall that not evaporated becomes interflow or baseflow
down from the gage. The fit between daily observed and pre-
dicted values was still poor and required adjusting the other
model parameters (i.e., maximum depth of ground water reser-
voir and S,,,,). This was done first for WS2. Since the water-
sheds did not differ greatly except for the cloud forest cover, we
kept the total of ground water and root zone storage for the
hillslope area constant at approximately 220 mm (Table 2). In
order to obtain a better fit we increased the maximum available
rootzone water content, Sp.y, to 200 mm and reduced the max-
imum ground water storage to 15 mm, (Table 2) yielding a total
storage of 215 mm for WS2 compared with 220 mm for SW1I.
Finally, to obtain good fits for the recession curves we adjusted
decay constant for subsurface flows. Our experience in other
monsoonal climates (Collick et al., 2009; Steenhuis et al., 2009)
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have been that the smaller the watershed, the faster the ground
water outflow and this appeared to be true in this case as well.
For the three small watersheds we used a half life of 5 days for
the linear reservoir and 3 days for the zero reservoir to drain
completely after a storm (Table 2), which were significantly
less than the calibrated parameters for WS1 with a half life of
70 days for the baseflow reservoir and 25 days for the interflow
reservoir to drain. The observed (black line) and the predicted
curve) are depicted in with the blue line (Fig. 2b)) and blue
circles (Fig. 3¢)). The Nash Sutcliffe efficiency for daily values
was 0.76 and R* = 0.90 (Table 3).

Using the same parameter set for rootzone storages and the
subsurface flow parameters as for WS2 with the adjusted con-
tributing areas determent before (Table 2), the hydrographs for
WS3 and WS4 were predicted. By comparing the observed and
predicted outflow in blue lines Figs 2¢) and 2d), and blue cir-
cles in Figs 3c) and 3d), it is obvious that a relatively good fit
was obtained with Nash Sutcliffe efficiencies of 0.78 for WS3
and 0.90 for WS4 for daily values and R” values near 0.80
(Table 3). The two overland flow peaks predicted in streamflow
at the end August and at the end of September in Fig. 2¢) were
predicted by the model but not observed. The small dam at the
intake structure above the weir would have stored this small
overland flow volume. This structure was not observed until the
weir had been built and measuring the water intake was not
possible due to funding limitations. In watershed WS4 a good
fit was obtained when we assumed that 70% of hillslope area
was contributing to streamflow (Fig. 2d)), resulting in an effi-
ciency of 0.90 (Table 3).

Sensitivity analysis

In all four watersheds, the precipitation was assumed to be
evenly distributed across the watershed and that the imbalance
in the water balance was caused by deeper regional flows that
bypassed the weirs. However, there is a possibility that the
differences in the water balances are caused by the differences
in rainfall. Therefore we repeated the calibrations by assuming
the whole watershed is contributing flow (both runoff and
baseflow) to the weir and varied the amount of rainfall by mul-
tiplying the average rainfall by a constant. We kept all other
parameters the same as shown in Table 2. The best fit in Table
3 and Fig. 2 (purple line) and Fig. 3 (purple diamonds) was
obtained by taking 85% of the average rainfall for WS2 and
WS4 and 60% of the rainfall for WS3 (Table 3, third column)
Overall the measures of fit in are similar for the rainfall and
contributing area adjustments (Table 3).

DISCUSSION

The four neighboring headwater catchments (WS1, WS2,
WS3, and WS4, Fig. 1) together comprise an area of 880 ha and
are very similar geologically. All four watersheds are in a pro-
tected area and have never used for agriculture except for a
small section of WS4. Despite that the runoff response varied
greatly between WS1 and the three other smaller watersheds.
The main difference in the watersheds was that WS1 has a large
percentage of cloud forests and greater watershed area (635 ha),
while the other watersheds located at a lower elevation had
little cloud forest cover and were less than 100 ha each (Table
1). In addition, there was a rainfall gradient with approximately
17% less rainfall at the outlet of the watershed at 1350 m eleva-
tion than upper gage located at 1850 m or half way to the top of
the watershed (2270 m).

Rainfall and contributing area

While the water balance closed for the larger (635 ha) WS1
watershed it could not be closed for the other three smaller
watersheds. From other studies in cloud forest areas of Costa
Rica and the island of Guadalupe, it is known that significant
portions of water can bypass stream gages when the watersheds
are small and located in regions with volcanic soils (Schelle-
kens, 2006; Charlier, et al., 2008). In our study, there are two
possible causes for the failure to close the water balance. First,
and similar to the studies above, there is the possibility that not
all the watershed area is contributing to the gage (Table 3) and
second precipitation amounts used in the model are not repre-
sentative for the areas, as there was an increase in precipitation
with elevation. Note this gradient was not incorporated into the
model, as we did not have sufficient rain gages.

Assuming the average measured rainfall was representative
for the whole watershed, the water balance closed when in the
three smallest watersheds without cloud cover (WS2, WS3 and
WS4) only precipitation that fell on a fraction of the area was
contributing water to the stream gage (Table 2). For instance
for WS2, the contributing area for overland flow was 4% and
on 80% of the area the precipitation that was not lost as evapo-
ration became either interflow or baseflow. According to the
model, the remaining 16% of the WS2 watershed area contrib-
uted to deep percolation and did not flow through the gage
(Table 2). In WS3 and WS4 the contributing area for surface
runoff was 4%. In WS3 30% contributed to subsurface flow at
the gage and 66% became deep percolation. On 26% of the area
in watershed WS4, the rainfall was lost as evaporation and deep
percolation and did no flow through the gage. These fractions
of unaccounted water (i.e., deep percolation) fall in the same
range of the other cloud forest on volcanic soils in Costa Rica
and on Guadalupe (Schellekens, 2006; Charlier, et al., 2008).

Assuming that the whole watershed is contributing but the
rainfall varies we found that we needed to multiply the precipi-
tation by 0.85 for watersheds WS2 and WS4 and 0.60 for WS3
(Table 3). In contrast, for watershed WS1 we could not get a
better fit by reducing the rainfall amount. Thus, while keeping
the contributing area constant we could obtain the same fit for
WS2 and WS4 by decreasing the rainfall by realistic amounts
of approximately 15% for those watersheds that had significant
forest coverage at lower elevations (Table 3). WS3 had the
water supply system intercepting water before the weir so the
reduction factor of 0.60 appears to be realistic as well.

In the foregoing analysis we assumed that the precipitation
was equally distributed over the watershed (by averaging the
rainfall of the gage at 1350 m and the one at 1800 m), mainly
because measuring correctly precipitation in a cloud forest is
extremely difficult (Frumau et al., 2011). In reality rainfall
varies within a watershed and we need to examine what the
rainfall pattern is and what the effect is on the discharge.
Bruijnzeel et al. (2011) and Schellekens (2006) found both that
the windward facing slopes and higher elevation have increased
precipitation. In addition, Stadtmiiller and Agudelo (1990)
reported for three plots with cloud forest in the Cerro Uyuca
Biological Reserve, CUBR 30 km south east of La Tigra Na-
tional Park that the annual precipitation from June 1987 to May
1988 was 2629 mm at the ridge and 1372 and 1892 mm at
lower elevations. In addition they found that in the rainy phase
of the monsoon from June to September only the precipitation
in July and August increased with elevation. In the dry time of
the year, the cloud forest intercepted more clouds from Novem-
ber to March and resulted in a doubling of the amount of mois-
ture input compared to non-cloud forest areas.
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The La Tigra National Park showed a similar trend as in the
Cerro Uyuca Biological Reserve. Particularly in the periods
from August through October 2008 (Fig. S5 in the Supplemen-
tary material) and from May 2009 to January 2010 (Fig. S6) the
RGI1 rain gage located at 1350 m received approximately 15%
less rainfall than at RG3 at 1800 m (locations of the rain gages
are on Fig. 1). In 2008 the rain storm on September 3 was the
last event in which the 1800 m gage received much more rain
than the lower gage (Fig. S5). In 2009, starting around July 1
the 1800 m gage received more rain up until the beginning of
September (Fig. S6). Then starting in the middle of October in
2009, the 1800 m rain gage received again more rain than the
lower gage. Finally, we had also a short period in which the
rainfall was measures at RG4 at the east side of the watershed
at 1830 m. Comparison with RG3 on the Westside at approxi-
mately the same elevation did not show any significant trend
(Fig. S7).

In order to examine what the effect of the spatial variable
rainfall was on the simulated discharge, we reran the model for
the WS1 watershed with cloud forest. First we replaced the
average rainfall with the rainfall at 1800 m and simulated the
discharge (Fig. S8). To obtain a good fit, the contributing area
was reduced to 0.83 with similar fit Nash Sutcliffe values of
0.86. Changing any of other parameter values did not improve
the Nash Sutcliffe values. Finally, we took the rainfall distribu-
tion from the Cerro Uyuca Biological Reserve and increased
the average rainfall by a factor of two for July and August and
by 250% for the dry month from November to March. This
resulted in a worse fit for the predicted and observed discharge
(Fig. S9 in the auxiliary material with a Nash Sutcliffe value of
0.14). Changing the input parameters was not effective in ob-
taining a reasonable fit.

Because we only have the integrated output signal from each
of the watershed, it is not possible to determine from the model
directly what caused the difference in amount of flow account-
ed at the stream gage. Therefore, we need to consider the fac-
tors individually that affects discharge. According to Goodrich,
(1992) and Mamillapalli et al. (1996), channel network, drain-
age network density, topography, soils and climatic inputs all
affect discharge. Based on the analysis in the paragraphs above,
it is unlikely that precipitation pattern with elevation can be
responsible for all the observed differences. IN addition, alt-
hough the biological induced differences by the cloud forest in
root zone (that are discussed in the next section) have an effect,
it cannot be the only cause since root zone characteristics influ-
ence mostly the shape of the hydrograph in the short time and
the water balance involves the long term behavior. Thus it must
the geological watershed characteristics (i.e., network density
and topography) are affecting the long term water balance. By
studying the topographic map in Fig. S1, it can be noted that
WSI1 has well developed stream network that drains the con-
cave upper parts. In the middle part of WS1 the contour lines
are mostly parallel to the stream. As a consequence many
springs can be found in the center of the concave hillsides. In
the other three watersheds and especially WS3, contour lines
were in the upper part almost perpendicular to the stream and
hardly concave and relatively fewer springs could be found
indicating the observed differences in the hydrology of the four
watersheds can be partly explained by the drainage network and

topography.
Soil bio-hydrologic parameters

The differences in soil bio-hydrologic parameters between
primarily-cloud forest WS1 and the other three watersheds were

surprisingly far apart since all four watersheds are located in
close proximity to each other. The difference in maximum soil
storage of the root zone between the cloud forest watershed
(WS1) and the other three watersheds was unexpected. To
ensure that we did not have false model optima, we used the
same rootzone storages for WS1 as for the other three water-
sheds (WS2, WS3 and WS4) by changing all input parameters
including evaporation and precipitation. The only other good fit
was when we decreased the potential evaporation to 60% of the
observed value (Table 3) and increased the root zone storage,
Smax to 40 mm (Fig. 2a) yellow line). No other combination of
parameter adjustments resulted in a reasonable model fit. This
indicates that the maximum rootzone available water, Sy, for
the cloud forest and the forest at lower elevations are distinctly
different.

These results are in accordance with findings in the paramo
by Buytaert et al. (2004, 2006) who measured decreased wilting
points in the agricultural catchment after two year of cultivation
compared to the could forest in a paired watershed study in the
Ecuadorian Highlands. Decreases in wilting point translate in a
greater amount of plant-available water, and Buytaert, et al.
(2005) observed even greater amount of plant-available water
in laboratory measurements after the system was disturbed. In
our case, as stated earlier, the S, value is the maximum
amount of water that can be extracted by plants in the root
zone. By lowering the wilting point, more water could become
available to the plant and hence provide a greater Sp.c value.
Buytaert et al. (2004, 2005) found that the retention time for
base and interflow decreased by an order of magnitude when
the paramo was disturbed and subjected to drying; the wilting
point also decreased significantly for the disturbed, agricultural
paramo. Thus biological effects on the hydrology for the cloud
forest are remarkable the same as for the paramo. Both are
permanently wet which might explain why they behave differ-
ently than other systems that dry out at some time during the
year.

CONCLUSIONS

The aim of the study was to compare the bio-hydrology of a
cloud forest with forests at lower elevations using a simple
water balance model suitable for these environments. Overall
this relatively simple model fitted the observed outflow hydro-
graphs well with relatively high Nash Sutcliffe values for daily
predicted values. Despite the similar climatic and geologic
characteristics of the study catchments, the model parameters,
varied greatly between the cloud forest watershed and the other
three watersheds in close proximity, demonstrating that biology
cannot be ignored in hydrology.

The cloud forest watershed had a distinctly smaller amount
of plant-available water and greater groundwater storage, re-
sulting in watershed discharges that were four times greater
than those of the other watersheds, despite only relatively minor
differences in annual rainfall amount. These differences were
cuase by both the geology (as it affected topography and stream
network) and biological effect of the cloud forest on the water
storage in the root zone. Despite limited data available to date,
this modeling approach is a step forward in predicting water
balances in cloud forests and forested areas in Central America,
thus aiding in managing the ever growing water demand and
scarce water supply resources which are threatened by both the
loss of forest and pollution.
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Fig. S3. Daily average precipitation (P) and potential evaporation
Month (PE) used in SWB model for the La Tigra National Park.

Fig. S1. Monthly precipitation at experimental site compared to
long-term average Zamorano weather station and La Tigra SA-
NAA. Source: Zamorano University (1942-2009) and SANAA
(1963-2008).

La Tigra Experimental Watershed, Honduras:
Weir sites

Fig. S4. Saturated area in the La Tigra National park. Spring house
in the back collects the spring water.

Fig. S2a. The weirs in the watershed. 600
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Fig. S5. Comparison of the rainfall of the rain gages RG1 at 1350
m and RG3 at 1800 m elevation for the period starting at August 25

through October 16, 2008 in the La Tigra National Park in Hondu-
ras.
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Fig. S2b. Location of instrumentation in the watershed.
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Fig. S6. Comparison of the rainfall of the rain gages RG1 at 1350
m and RG3 at 1800 m elevation for the period starting at May 18,
2009 through January 10, 2010 in the La Tigra National Park
in Honduras.
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Fig. S7. Comparison of the rainfall of the rain gages RG3 at 1800
m at the east site and RG4 at the west site at 1830 m elevation for
the period starting at September 5, 2009 through October 4, 2009
in the La Tigra National Park in Honduras.
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Fig. S8. Comparison of observed and predicted daily total stream
discharges for the watershed WS1 and the average rainfall and
parameters listed in Table 2 and the with rainfall at gage RG3 at
1800 m and parameters listed in Table 2 with the exception of the
contributing hillslope area that was reduced to 0.83.
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Fig. S9. Comparison of observed and predicted daily total stream
discharges for the watershed WS1 and the average rainfall and
parameters listed in Table 2 and with rainfall that had the same
characteristics at the rainfall for the watersheds that were listed in
Table 2 with the exception of the contributing hillslope area that
was reduced to 0.83 and the rainfall for the rain.




