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Tropical mountainous environments (TMEs) are one of the most rapidly 
changing environments on earth. With increasing population pressure in many 
countries, the agricultura! frontier is moving rapidly into TMEs. By virtue of 
their topography TMEs are extremely spatially variable environments 
climatically, geologically and biologically. This variability means that the 
hydrological and other impacts of deforestation in these environments will also 
be highly spatially variable. Steep slopes and high density drainage networks 
mean that impacts are likely to be higher in magnitude and greater, though more 
variable, in areal extent than the lowland equivalent. 

This paper uses a simple cellular model for deforestation at the agricultura! 
frontier in TMEs to examine potential parteros of land use change in areas where 
there are large influxes of population. Experirnents are carried out with an 
advanced GIS-based dynamic hydrological model to understand the irnpact of a 
sirnulated advancing agricultura! frontier in the Tambito experimental 
catchments in south west Colombia. 

The distributed hydrological model is integrated twice for 50 separate iterations 
of the land use change model. As the agricultura! frontier replaces forest with 
pasture or bare soil in the Tambito catchment, the sensitivity of the hydrological 
system shows a non-linear response to each unit of land use change. This 
indicates that the pattern of change, in terms of the location of the deforested 
areas, is irnportant as well as the magnitude of land use change. Sorne 
hydrological variables show an increasing sensitivity as more of the catchrnent 
is deforested whilst other show more complex patterns. Runoff and erosion are 
particularly sensitive to land use change though this sensitivity is only exhibited 
beyond a critica! threshold of 75% deforestation. Below 75% deforestation the 
irnpacts on runoff and erosionare small but beyond 75% deforestation, even the 
smallest additionalland use change can have serious hydrological consequences. 
This indicates that, even small areas of forest play an important role in 
catchrnent hydrology in TMEs, especially for variables, which accumulate along 
lines of drainage direction like runoff and erosion. 

BACKGROUND : LAND USE CHANGE IN TMEs 

Land use change in the tropical lowland forest is much discussed in the 
hydrological literature from the perspective of climate change (Shuttleworth et 
al., 1990; Shukla et al. , 1990), water yield (Bosch and Hewlett, 1982), flooding 
(Hsia, 1987), sedirnent yield (Wiersum, 1984), and nutrient budgets (Bruijnzeel 
and Wiersum, 1985). Much less irnpacts research has been carried out in 
tropical montane cloud forest (TMCF) though these ecosystems too are being 
converted to pasture at an estimated rate of 1.1% per year - greater than that 
reported for lowland forests {FAO, 1993). Only 10% (Castaño, 1991) of the 
Colombia's TMCF remains as a result of heavy settlement of popu1ation in the 
Andean region between 1500 and 3000m. Though this accounts for only 3% of 
the area of the country, TMCF is rich in both hydrological and biological 
resources. They are one of the least hydrologically understood ecosystems of 
the humid tropics (Bruijnzeel and Proctor, 1995). 

Though deforestation in the tropical lowlands will have important irnplications 
for lowland hydrology and soil erosion, other irnpacts, for example, loss of 
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biodiversity and mesoscale climatic effects are likely to be much more 
significant in these systems. In the tropical mountains as a result of steeper 
slopes and higher rainfall inputs, along with their locations at the hydrological 
source for the lowlands there are likely to be much greater hydrological impacts 
resulting from land use change. A simple analysis of the widely used erosion 
equation ofThomes (1990); Thomes and Brandt (1993) indicates the potential 
significance of the tropical hillsides as areas of extreme soil erosion and as 
source arcas for sediment. According to this model, erosion increases as a 
power function of slope with an exponent of 1.66. Where vegetation cover is 
less than 30% erosion will increase dramatically as a function of slope. This 
notion is widely supported by field and experimental studies (Morgan, 1978; 
Quine and Walling, 1993;). 

On this basis alone one may expect much greater impacts of deforestation on 
soil erosion in the tropical hillsides than in the tropical lowlands. Slope angles 
in TMEs can be very steep. Even with the smoothing of land surface contours 
which occurs as a result of the production of digital elevation models (DEMs), at 
25m resolution, slopes of >40° are not uncommon in parts of the Pacific slopes 
of the Colombian Andes. The distribution function for slope angles in the 
Tambito experimental catchments is normally distributed around a mean of 
30.7° with a standard deviation of 8.5°. Slopes range from a minium of oo toa 
maximumof68°. 

THE TAMBITO EXPERIMENTAL CATCHMENTS 

The Tambito experimental catchments are located close to the agricultura! 
frontier on the Pacific slopes of the Western (Occidental) Cordillera of the 
Colombian Andes in the Department of Cauca, Colombia (2°30.4'N 76° 59.9' 
W, see Figure 1). The catchments vary between, 1374 and 2894 mas!, in an area 
covering only 5.5 by 4.1 Km (1424 Ha.). The catchments include two sub
catchments, the Palo Verde, which is largely primary forest and the Tambito 
which is a mixture of primary forest, secondary forest and pasture. The 
subcatchments have similar slopes, geologies, soils and aspects. A manual 
floristic survey of the catchments in 1996 indicated a cover of 861 Ha. of 
primary forest, 527 Ha. of secondary forest and 36 Ha. of pasture in the two 
catchments (Cortes, 1996). The forest is classified as sub-Andean tropical 
montane cloud forest, which differs from lowland forest in structure as well as 
composition. TMCF has low stature, an abundance of epiphytes and high 
standing dead biomass. Xerophytic features are sometimes present and may 
reflect the high levels of UV radiation received at these altitudes. 

Since 1997 the Tambito catchments have been the subject of an intensive 
hydrological monitoring, experimentation and modelling effort which has 
included the installation of automatic monitoring stations, the development of a 
GIS database and various catcbment-wide studies to quantify the spatial 
variability of soil and vegetation properties. 

HISTORJCAL LAND USE AND LAND USE CHANGE IN TAMBITO 

The historical land use of the Tambito catchments is complex. Tambito means 
'small market' and the site was almost certainly a stopover on the route from the 
Pacific lowlands to the markets of El Tambo and Popayan throughout this 
century. The pasture and secondary forest areas of the catchments are a relic of 
this legacy. There is also evidence of small-scale timber removal by Carton de 
Colombia at the head of the Palo Verde catchments but the very steep terrain 
and poor communications ensured that this was a very small-scale exercise. For 
20 years the area has been a reserve of the University of Cauca and Fundacion 
Proselva and parts of the secondary forest ha ve developed in this time. The area 
currently under pasture remains as pasture due to frequent cutting and grazing 
by horses used to transport food and materials into and out of the reserve. 



Apart from these small scale impacts it is likely that much of the remainder of 
the catchments are primary forest that have undergone only very light selective 
logging near to the main rivers for timber to produce paths, houses and bridges. 
The absence of large trees in the catchments reflects frequent treefall triggered 
by heavy rainfall or occult precipitation events followed by moderate winds. 
Treefall is common, with an increased frequency of treefall for steeper slopes 
and older trees that tend, not only to be larger, but also to contain a heavy 
dressing of epiphytic vegetation and greater mass of standing dead biomass. 
The forest is poorly vertically structured since much of the light input is from 
the sides as well as the top. 

A SIMPLE CELLULAR MODEL FOR LAND USE CHANGE AT THE 
AGRICUL TURAL FRONTIER 

A nurnber of researchers have examined the impact of land use change on 
hydrological processes in the tropics through field monitoring (Richardson, 
1982), field experimentation (Roche, 1981 ; Hewlett and Fortson, 1983) and 
numerical modelling (Vugts and Bruijnzeel, 1988, Shuttleworth, 1990). Though 
the detail is complex the general conclusions of this research indicate that 
'removal of forest leads to higher streamflows' (Bruijnzeel, 1990). Because of 
the leve! of instrumentation necessary very little research has been carried out to 
look at impacts on stores and fluxes other than streamflow, for example soil 
moisture, runoff and recharge. As a result the exact mechanism (i.e. higher 
baseflow, higher runoff, or both) that produces higher streamflows in deforested 
areas is unclear. The intention of this paper is not to add to the debate of the 
wide ranging hydrological impacts of land use change in the hurnid tropics but 
rather to examine the importance of the pattern of deforestation as a moderator 
of hydrological impact. As used here pattem refers both to: 
(a) the spatiallocation of deforestation relative to varying catchment properties 

such as rainfall, temperature and position in the drainage network, 
(b) the spatial form of deforestation for example clustered, corridor, frontier, 

trellised, dendritic -see Lambin (1994,1997). 

In order to understand the hydrological significance of the pattem of 
deforestation, we produce a scenario for the pattem of deforestation and then 
apply every iteration of this scenario as the vegetation cover for integration of a 
distributed hydrological model. The model for land use change used here is a 
cellular automata designed specifically for the purpose. The cellular automata 
model uses only a DEM, an initial land use map and maps of the network of 
rivers and roads. The cellular automata simulates the conversion of forest to 
pasture only, it does not model regeneration of forest or more complex land use 
transitions. It assurnes that deforestation spreads in an epidemiological fashion 
from roads and agricultura! frontiers. In this way an agricultura! frontier moves 
through the landscape from all access points, the resistance to the spread of this 
frontier is assurned proportional to sin (slope). The cellular automata are not 
in tended to model the rate of deforestation, just the form. No parameters of the 
model are temporally dependent. Any notion of the rate of deforestation is 
solely a function of the totallength of the advancing frontier and the availability 
of low slopes at the frontier. Since the hydrological model is applied to each of 
the land use transitions separately, offline and in a non-transient malUler, no 
specification for the rate of advance of the agricultura! frontier is necessary. 

The patterns of deforestation produced by this automaton are applicable only in 
tropical montane environments at the forest-agriculture frontier without complex 
patterns of land ownership. The model replicates but sirnplifies the observed 
pattern of change (as far as is indicated by the agreement with the pattern of 
secondary forest in the catchment). Four iterations of the cellular automata 
deforestation model are shown in Figure 2 and the trajectories of vegetation 
cover are shown in Figure 3. Note that within 32 iterations the whole catchment 



is deforested. The important properties in terms of understanding the irnpact of 
pattern on process are not the rates of deforestation but the location of 
deforestation with respect to hydrologically irnportant landscape variables such 
as slope and altitude. Figure 4 shows frequency distributions of the slope angles 
deforested in iterations 1,1 0,20,30,40 and 50 of the cellular automata. lt is clear 
that the shallowest slopes are deforested frrst (in iterations 1-10) with steeper 
slopes being deforested later. lf one looks at altitude (Figure 5) the pattern is 
more complex and is driven essentially by the location of the cutting fronts in 
the frrst timestep (the road at the head of the Palo Verde catchrnent, and the 
deforested area at the confluence of Tambito and Palo Verde). In the initial 
iterations, the distribution of altitudes deforested is bimodal with a peak at 
1450m and another at 2500m. As the cellular automata iterates, deforestation 
occurs more equally across the range of altitudes. 

This paper is not concerned with predictions of land use change nor its impacts 
rather the models are used in order to understand the emergent complexity of 
distributed but connected hydrological processes and their sensitivity to 
plausible patterns of land use change. It is clear from an examination of 
surrounding areas in Cauca that it is entirely plausible that Tambito could be 
fully converted from forest to pasture with the shallowest slopes and those 
nearest the road converted frrst. 

MODELLING TIIE HYDROLOGICAL IMPACT 

The cellular automata land use iterations forrn the basis upon which we may use 
a hydrological model to analyse the catchment-wide irnplications of 
deforestation in a particular form. The experirnent performed here is as follows. 
Each of the land use change iterations is used as the land cover for a different 
one-month long integration of the TAMBITO hydrological model using 
measured meteorological data for January 1998. In each integration prirnary, 
secondary, pasture and bare are parameterised according to field measured 
values for each land use. In this parameterisation, deforestation only effects the 
vegetation cover and leaf area index, which have irnpacts on plant growth, 
evapotranspiration and interception. There are no direct irnpacts of 
deforestation on soil or other properties within the model. Hence, any impacts 
of deforestation are irnpacts only of canopy removal. In each case the 
hydrological model is applied twice: frrst with the irnmediate replacement of 
forest with pasture (in order to examine longer-term sensitivity) and second 
with the replacement of forest with bare soil, which is more representa ti ve of the 
short-term situation. 

The T AMBITO hydrological model is surrrrnarised in Figure 6. The model is a 
distributed process model of hydrology, vegetation dynamics and soil erosion 
applied at a 25m resolution to the Tambito catchments. The model is integrated 
within a GIS and is dynarnic with a timestep of one hour and requires hourly 
meteorological input data, which are distributed according to field 
measurements. These data are used to calculate hydrological fluxes, along with 
plant growth dynarnics and soil erosion. Results are written as time series of 
two-dimensional maps, time series of values for particular grid cells, and 
catchment totals or integrals. 

A surrrrnary of the basic functions of the model is given here, for more detail see 
Mulligan (1999). The TAMBITO model sirnulates hydrological fluxes in all 
cells according to the inputs and properties of the cell. Evapotranspiration is 
calculated as the sum of soil evaporation, transpiration, and interception loss, all 
of which are driven by the available energy and water availability. Rainfall is 
intercepted by the vegetation according to its leaf area index, vegetation cover 
and measured leaf surface water storage capacity. Non intercepted rainfall falls 
direct as canopy throughfall and is combined with interrupted throughfall 
(canopy drainage) to produce net precipitation. lnfiltration occurs at the rate of 



advance of the wetting front (that is at the saturated hydraulic conductivity at the 
wetting front). The potential for overland flow generation is proportional to the 
instantaneous difference between the rate of advance of the wetting front and the 
precipitation intensity plus the input of water from upslope. Recharge is 
calculated following the method ofCampbell (1985). 

Canopy storage is updated on an hourly basis as: 

Cst=Cst-1 + Rt-Eit-Dt (Equation 1] 

where, 
Cs = canopy storage, 
T = time, 
R = rainfall input (mm), 
Ei = interception loss (mm), 
D = canopy drainage (mm). 

Soil moisture is updated on an hourly basis as: 

where, 
e = soil moisture(m3water/m3soil), 
t=time, 
1 = infiltration (mm), 
Es = soil evaporation (mm), 
Et = evapo-transpiration (mm), 
R = recharge (mm), 

[Equation 2] 

and surface water fluxes are updated on an hourly basis as : 

Where 
W = surface water depth (mm), 
Pn = net precipitation (mm), 
Ron = runon (mm), 
Roff = runoff (mm). 

Runoff is routed downslope using a uni-directional scheme which assigns all 
runoff from a particular cell to the downstream cell with the steepest drop in 
altitude. The T AMBITO model is a hillslope model, it does not model the 
dynarnics of river flow or groundwater and is not intended to provide 
information on fluvial dynamics. 

Soil erosion is calculated using the equation ofThornes (1990) and is a function 
of slope, runoff vo1ume and vegetation cover. Vegetation growth is modelled 
using a production efficiency model (Monteith, 1997; Monteith, 1983; Prince, 
1991; Prince et al., 1994) forced by photosynthetically active radiation (PAR) 
and lirnited by water availability and respiration (Mitchell et al., 1993 ). 
Partitioning of assirnilate occurs in response to water availability. To date 
nutrients are not incorporated into the model though they are recognised as an 
irnportant factor in the growth dynarnics of TMCF (Edrnisten, 1970,Vitousek 
and Sanford, 1986; Marrs et al, 1988). 



TIIE COMPLEX SPA TIAL PA TTERNS OF MOUNT AIN HYDROLOGY 

The Tambito catchments show complex spatial variability in meteorological 
conditions, soil and vegetation types. Rainfall in the catchments varíes from 
4602 mm/annum at 1450 masl to 7681 rnrn!annum at 2200 masl (average for 
1995 and 1996). Since the main control on rainfall in this area is altitude rainfall 
may vary between 2830 mm/annum and 10674 mm/annum at the altitudinal 
limits ofthe catchments. Mean annual temperatures vary from 22.5°C at 1374m 
to 12.6°C at 2894m. In addition cloud cover dynarnics in the catchment are 
complex leading to complex pattems of solar radiation receipt and of occult 
precipitation. Occult precipitation is a significant input of water to the 
catchment but is not included here for simplicity. Research is in progress to 
quantify the role of occult precipitation. The distributíon of soil properties 
within the catchments shows no systematic variation wíth land cover, slope, 
aspect or various topographic índices (Mauricio Rincon-Romero, personal 
communication). 

THE NUMERICAL EXPERIMENTS 

The TAMBITO hydrological model is used here as a tool for representing the 
complexity of the hydrological processes operating throughout the catchments 
and understanding the impact of simple land use changes when filtered through 
this complex system. For each of the 32 land use iterations from the current 
land use to complete deforestation of the catchment, the T AMBITO 
hydrological model was integrated for one month of meteorological data 
(January 1998). Hourly rainfall was distributed with altitude according to the 
measured altitudinal relationship between the long term Tambito (1450 masl) 
and 20 de Julio (2200 masl) sites (0.01 16 mm/m). Temperature was distributed 
with altitude according to a relationship derived from data for 350 Colombian 
stations (0.006 °C/m) and consistent with the altitudinal temperature lapse rate 
reported by Holdridge (1947,1967) and others. Solar radiation is calculated 
using the equations oflqbal (1983). It is a function of latitude, longitude, slope, 
aspect, julian day and hour and is corrected for cloud cover using a stochastic 
atrnospheric transmissivity model based on the difference between modelled and 
measured solar radiation receipt for the Tambito meteorological station 
(Mulligan, 1999). Net solar radiation is calculated using a linear regression 
between incoming and net solar radiation for the forest surface produced from 
hourly data between June and December 1997. Net solar radiation is 84% ofthe 
incoming radiation so that the vegetated surface has an albedo of 16%. 

The model was only integrated for one month for each land use iteration because 
of the prohibitive computational expense of integrating for a longer period for 
each of the 52 land use iterations. The period chosen, January 1998, showed 
typical meteorological conditions for the area. Although this short period 
integration would exclude sorne of the higher magnitude, lower frequency 
events one would expect to see for a longer term analysis, it is adequate for the 
purpose of understanding the sensitivity of the hydrological system to land use 
change. Meteorological conditions for the period 151-31 51 January, 1998 are 
summarised in Table l . 

CA TCHMENT SENSITIVITY TO DEFORESTA TION TIIE IMP ACT OF 
PA TIERNS ON PROCESS 

The following model outputs were written as hourly catchment-wide integrals 
for use in the analysis: total evapotranspiration, total recharge, average soil 
moisture, total runoff and total erosion. These variables were chosen as (a) 
indicators of the model behaviour and (b) irnportant hydrological variables for 
understanding the irnpact of deforestation. In order to understand the irnpact of 
pattem on process the sensitivity of each variable, expressed as the change in the 
value of the output variable between land use iterations per unit change in the 



deforested area between the same iterations. In other words, the sensitivity 
measures the response of the output variable per unit of deforestation and thus 
reflects the importance of the location and pattem of deforestation on the 
hydrological bebaviour ofthe catchment. 

Table 2 summarises the impact of deforestation on the key hydrological 
variables for the integrations where forest is replaced directly by pasture. As 
one rnight expect, as deforestation occurs, evapotranspiration decreases due to 
the lower leaf area index and canopy storage capacity of pasture compared with 
primary forest (0.03 mm compared with 0.25 mm). At the same time the 
shallower rooting depth of pasture compared with forest (30 cm compared with 
300 cm) means that evapotranspiration from pasture becomes water limited 
much sooner than evapotranspiration from forest. Recharge shows a complex 
pattem of change as deforestation occurs. Recharge decreases during the initial 
stages of deforestation, possibly as a result of greater limitation of recharge 
imposed by soil moisture where the soil moisture storage capacity is low 
because the root zone (at the base ofwhich recharge occurs) is only 30cm deep. 
As deforestation continues the decreased evapotranspiration and increased soil 
moisture leads to an increase in recharge. Since recharge has a strong power 
relationship with soil moisture recharge is very sensitive to change in soil 
moisture. The complex pattem of change in recharge is also a function of the 
location of deforestation with respect to the variability in soil texture within the 
catchment (Ksat varíes from 43.2 mm/hr to 277 nunlhr). Soil moisture fraction 
increases as deforestation occurs, due to reduced evapotranspiration but also 
because the lower soil moisture capacity of shallow rooted pasture means that, 
though the total volume soil water can be lower, the soil moisture concentration 
will be higher. In other words, soils with a shallow coupling with the 
atrnosphere are much more dynarnic than soils with deeper coupling. A small 
input or output of water from a shallow coupled soil can ha ve a large effect of 
the soil moisture concentration. 

Rather unusually deforestation leads, in this model, to a decrease in runoff 
volumes and thus a decrease in erosion. The reason for this is clear. In the 
transition from forest to pasture or bare soil, the volume of soil coupled to the 
atrnosphere for evapotranspiration changes dramatically. When forest is 
replaced by pasture the soil moisture budget is calculated over a much srnaller 
volume of soil (a rooting depth of 30cm instead of 3m). This means that the soil 
hydrological budget becomes much more dynarnic as a smaller volume of water 
input or output can cause a greater change in the soil moisture concentration 
which, itself acts as a driver for the soil hydrological fluxes. 

As deforestation continues more and more of the catchrnent becomes more 
tightly coupled with the atrnosphere in this way. This limits the depth of the 
wetting front before it is considered as recharge and so increases the hydraulic 
conductivity at the wetting front thereby increasing the infiltration and reducing 
overland flow over the catchment as a whole. Where this occurs along the main 
flowpaths, overland flow from upslope is soon re-infiltrated. Despite the 
reduction in the protective vegetation cover (particularly in the bare soil case, 
Table 3) the reduction in overland flow volume produces a very large reduction 
in soil erosion. Although overland flow decreases, this does not mean that the 
catchment yield increases. It is clear from Table 2 and Table 3 that recharge 
increases significantly with deforestation. These effects together may mean that 
catchment water yields are not greatly affected in volume by deforestation but 
are affected in timing and dynarnics. 

The pattem of change is qualitatively similar for all variables in the forest to 
bare soil experiments as for the forest to pasture integrations, though the change 
in flux per unit land cover is different. It is not, however, the purpose of this 
paper to examine in detail the change in hydrological fluxes with deforestation. 
Here we are more interested in the non-linearities that exist because of the 



spatial complexity and connectedness of the system. These are expressed in the 
system sensitivity per unit land use change as deforestation continues. 
Sensitivity is expressed as the percent change in the output variable between two 
land use integrations divided by the percent change in the deforested area 
between the same integrations. The sensitivity of evapotranspiration to land use 
change (Figure 7) is greatest in the initial stages of deforestation because 
deforestation is concentrated in the lowest parts of the catchment (the highest 
orders in the flow network) which are very wet because of input of water from 
upslope. As land use change continues evapotranspiration becomes less 
sensitive for the pasture and the bare soil integrations though there is sorne non
linear behaviour beyond iteration 25, particularly for the bare soil integration. 

Recharge (Figure 8) shows much more erratic behaviour but with a generally 
increasing sensitivity of recharge to deforestation as it proceeds. This reflects 
the increasing soil moisture availability in the catchment as deforestation 
proceeds. The bare soil and pasture integrations are similar and sensitivity is, on 
the whole, 50% lower than for evapotranspiration. Soil moisture (Figure 9) is 
not particularly sensitive to the pattem of land use change but shows a complex 
pattem of sensitivity, which increases initially and then stabilises before 
increasing again. Although runoff decreases as deforestation proceeds, the 
sensitivity of runoff (Figure 1 O) to a unit deforestation increases exponentially 
as the area is deforested until total deforestation is reached at iteration 32, at 
which point the runoff stabilises and sensitivity drops to zero. Runoff is a very 
sensitive variable with changes of up to 100% in a single land use iteration. 
There are small differences between the pasture and bare soil integrations. Soil 
erosion (Figure 11) shows a similar pattem of sensitivity to deforestation with a 
sharp increase in sensitivity as the fmal patches of forest are removed. 

CONCLUSIONS 

The response of evapotranspiration, recharge and soil moisture to deforestation 
as indicated by the T AMBITO model are as would be expected, 
evapotranspiration decreases, soil moisture increases and recharge shows a 
complex pattem of change which depends upon the spatial patterns of soil 
moisture in the catchment. Overland flow and erosion show a rather surprising 
response since both decrease with deforestation. lf we compare this to the 
generally accepted ideas on irnpacts of deforestation on the water yield in 
tropical catchments, the results are clearly in contradiction. In support of this 
discrepancy one may argue that (a) the reduction in erosion is solely a function 
of the reduced runoff, (b) runoff does not equate with catchment water yield 
since baseflow and throughflow contributes significantly to river flow regirnes 
in tropicallandscapes and these are not considered in this simple analysis. Most 
irnportantly, the reduction in runoff with deforestation exhibited by this model is 
solely a function of the reduced depth of soil coupled to the atrnosphere when 
deeply rooted forest is replaced by shallow rooted pasture or bare soil. This 
change in coupling has not been considered in previous models and is likely to 
be of great significance. 

An examination ofthe hydrological sensitivity ofthe Tambito catchments shows 
clear non-linearities in the sensitivity of key hydrological variables to 
progressive deforestation in the Tambito catchments. These non-linearities arise 
as a result of the hydrological connectedness of the catchment and the 
importance of the spatial pattem of the remaining forest for the integrated 
hydrological behaviour of the catchment. Of particular interest are threshold
type activity exhibited by sorne variables such as evapotranspiration, where 
deforestation in a particular part of the catchment causes a sharp increase in the 
overall catchment response. Overland flow and erosion are the main 
hydrological processes that connect landscapes laterally. Since they represent 
the integration of active hydrological processes over the network of local 
drainage directions, they show strong sensitivity to deforestation. Both runoff 



and soil erosion show an exponential increase in sensitivity ( change in runoff or 
erosion per unit change in land cover) as deforestation proceeds. This indicates 
that partial deforestation of this catchrnent (up to 75%) could take place with 
relatively little impact on overland flow and erosion but beyond this the 
sensitivity of the systern increases dramatically and further deforestation would 
have very serious hydrological consequences. Research is in progress to 
examine how these pattems of sensitivity reflect the properties of particular 
parcels of land undergoing deforestation in each iteration. 
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Total rainfall (@ 1450masl) 191.8 mm 
Maximum hourly rainfall (@ 1450masl) 13 rrun/hr 
Average hourly solar radiation (catchment average) 174 W/m" 
Maximum hourly solar radiation (catchment average) 533 W/m" 
Average cloud cover (@1450 masl) 50% 
Average hourly temperature (@ 1450masl) 19.0 oc 
Mínimum hourly temperature (@ 1450masl) 14.5 oc 
Maximum hourly temperature (@ 1450masl) 26.4 oc 

Table 1 General meteorological conditions for th T~mbito catchments, 151-31 51 January 1998. 



Iteration % of catchment deforested Catchment mean Catchment total Catchment mean Catchment total runoff (rnm/month) Catchment total erosion 
evapotranspiration recharge soil moisture (mm/month) 
(rnm/month) (mm/month) (m3water/m3soil) 

1 7.7 93.4 128523 0.27 3521 75927213 
5 21.7 87.4 72956 0.29 2235 56363609 
10 39.4 77.9 63128 0.31 1493 44806488 
15 57.6 65.0 113287 0.33 582 28495805 
20 75.1 52.5 106092 0.35 187 15014043 
25 86.0 47.9 100211 0.37 15 3464119 
30 92.8 46.5 95218 0.37 0.04 186426 
35 97.1 46.0 96908 0.38 0.00 7554 
40 99.7 45.9 70794 0.38 --- 14 
45 100.0 45.9 --- 0.38 --- ---

-

Table 2 Change in hydrological fluxes as forest is replaced by pasture. 



lteration % of catchment deforested Catchment mean Catchment total Catchment mean Catchment total runoff (mmlmonth) Catchment total erosion 
evapotranspiration recharge soil moisture (mmlmonth) 
(rrun!month) (mmlmonth) (m3water/m3soil) 

1 7.7 94.3 136293 0.28 38 19.47 78514825 
5 21.7 87.4 72956 0.29 2234.67 56363609 
10 39.4 82.0 69329 0.32 1679.44 47064435 
15 57.6 71.0 124534 0.34 850.05 29536927 
20 75.1 60.8 115364 0.36 285.72 15488448 
25 86.0 58 107936 0.38 21.85 3208093 
30 92.8 58 100207 0.38 1.01 201262 
35 97.1 58.5 105980 0.39 o 8064 
40 99.7 58.9 77083 0.39 o 14.33 
45 100.0 58.9 --- --- --- ---

Table 3 Change in hydrological fluxes as forest is replaced by bare ground 
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• Sensitivity total catchment evapotranspiration [pasture] 
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