
ABSTRACT 

VON STACKELBERG, NICHOLAS OLAF. Simulation of the hydrologic effects of 
afforestation in the Tacuarembó River basin, Uruguay. (Under the direction of Dr. G. M. 
Chescheir and Dr. R. W. Skaggs.) 
 

The Soil and Water Assessment Tool (SWAT) was used to simulate the hydrology of two 

small catchments in northern Uruguay.  The modeling study was intended to complement a 

long-term field research project that is evaluating the hydrologic and water quality effects of 

the conversion of pasture to pine plantation.   

The field study takes a paired catchment approach to evaluate the small watershed scale 

effects of afforestation.  The control and treatment catchments were monitored for a three 

year pretreatment period during which the land use was grassland with livestock grazing 

(July 2000 to June 2003). Subsequently, the treatment catchment was planted with loblolly 

pine (Pinus taeda) in July 2003 (57% afforested).  The control catchment (pasture) and 

treatment catchment (pine trees) will be continuously monitored from planting through tree 

maturation and harvesting.  The control and treatment catchments are 69 hectares and 108 

hectares, respectively. 

The objective of the modeling study was to predict the hydrologic effects of converting 

native pasture to pine plantation in Uruguay, South America.  Supporting objectives of the 

research included accurately simulating the hydrologic response of the two catchments 

during the pretreatment period, improving upon the understanding of the hydrologic 

processes occurring on the two catchments and evaluating the dependency of the difference 

in evapotranspiration between grass and pine trees to factors such as weather variability, 

vegetative rooting depth, soil properties and groundwater characteristics.  



The SWAT model of the two catchments was calibrated and validated using the 

monitoring data from the pretreatment period.  Model input parameters were either based on 

measured properties, published values or adjusted during calibration.  Two modeling 

scenarios were developed as possible explanations for the higher base flows in the treatment 

catchment observed during the pretreatment period.   

The SWAT model predicted outflows from the catchments reasonably well as compared 

to observed outflows during the years with above average rainfall (July 2000 – June 2003). 

The model overpredicted flows during the dry year (July 2003 – June 2004). The annual flow 

volumes were within +/- 13% for each of the years in the calibration and validation period, 

except for the control catchment during the dry year, which ranged from 77 - 86% for the two 

modeling scenarios.  Model efficiency, E, for daily outflow volumes was greater than 0.86 

for each catchment under each scenario, indicating a good fit between simulated and 

observed results.  

A 34-year weather data set was compiled in order to run a long-term continuous 

simulation using the calibrated model.  Three land uses were simulated: native grassland, 

pasture with livestock grazing and afforestation of the treatment catchment.  The conversion 

of the catchments from the baseline pasture condition to native grassland or afforested 

condition resulted in a predicted reduction in outflow volume from the catchments.  The 

reduction in mean annual flow volumes for the grassland ranged from 15% to 18%, and for 

the pine treatment from 23% to 27%.  However, certain hydrologic processes may be 

underrepresented in the model, including the effect of deep rooted pine trees and the 

evapotranspiration of the pine trees during dormancy. 



A sensitivity analysis was conducted on selected model parameters to evaluate the impact 

on predicted effect of land use conversion.  The maximum effect was determined by 

maximizing the pine trees ability to withdraw water from the shallow aquifer.  The maximum 

predicted effect on mean annual outflow volume for the afforestation of the treatment 

catchment ranged from 30% to 36%. 

The results of this study were an initial attempt to evaluate the hydrologic effects of the 

conversion of pasture to pine plantation in northern Uruguay.  Further refinement of the 

SWAT model, additional field investigations and improved understanding of pine tree 

evapotranspiration are recommended to improve the accuracy of the predicted hydrologic 

effects. 
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1.0 Introduction 

1.1 Background 
Uruguay is a small country in South America positioned between Brazil to the north and 

Argentina to the south (Figure 1-1). The predominant physiography of Uruguay is natural 

savannah vegetation over rolling hills.  The country is in a zone of subtropical to temperate 

humid climate.  The land has historically been used for the grazing of livestock, primarily 

cattle and sheep, as well as crop farming in the most fertile soils. Uruguay has the highest 

percentage of farmland in the world at 85 percent.    

The land is also very productive for growing trees.  In 1989, the Uruguayan government 

instituted financial incentives for the establishment of tree plantations in an effort to diversify 

the rural economy.  In response, multinational timber interests have been purchasing land and 

planting trees (primarily eucalyptus, loblolly pine and slash pine).  Subsequently, local 

stakeholders have expressed environmental concerns regarding the impact on water resources 

of converting the landscape from grassland to tree plantations.  Of particular concern are the 

effects of the tree plantations on water yield and the downstream water supply.  In addition, 

the effect on base flows in the receiving streams and rivers is of concern. 

Studies conducted in Australia, New Zealand, South Africa and Great Britain have shown 

that the establishment of tree plantations on historical grasslands reduce rainwater yield from 

the landscape, thereby decreasing water flow to tributary streams and rivers.  The reduced 

water yield is of particular concern during low flow periods, when the lack of water could 

negatively impact aquatic resources and water supply.  The reduced high-flows could also 

affect the geomorphic stability of the river channel by altering historic flood patterns.  
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Figure 1-1 Location of the research site. 
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In 1999, researchers at North Carolina State University (NCSU) initiated a study to 

evaluate long-term impacts on the hydrologic regime of land use conversion from pasture to 

pine plantation. The catchment scale research site is in the Tacuarembó River basin in 

northern Uruguay.  The study takes a paired catchment approach, in which one catchment 

remains grassland and the other catchment is afforested with pine trees.  By comparing the 

outflows from both catchments, the hydrologic effects of the afforestation can be assessed. 

The Weyerhaeuser Foundation provides financial support for the study.  Additional funds 

supplied by the Instituto National de Investigación Agropecuaria (INIA), an agency of the 

government of Uruguay, were used to support the construction and instrumentation of outlet 

flumes in two paired catchments. Complementary water quality and soil quality studies are 

being conducted by members of the Agronomy Faculty at the Universidad de la República in 

Montevideo.  Dr. Carlos Perdomo is leading the water quality study and Dr. Fernando García 

Préchac is leading the soil quality study in cooperation with the NCSU investigators. 

1.2 Literature Review 

1.2.1 Hydrologic Effects of Afforestation 
Several studies have been conducted to evaluate the hydrologic effects of afforestation 

using the paired catchment experimental approach. The studies were located in the United 

Kingdom, Australia, New Zealand and South Africa.  There are no reported studies of 

impacts of converting grasslands to pine plantations in Uruguay.  A comparison of the 

applicable paired catchment studies of afforestation with pine or spruce species is shown in 

Table 1-1.  This literature review focuses on those studies of afforestation that were in similar 

climactic and physiographic settings as Uruguay. 
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Table 1-1 Summary of paired catchment studies of conversion from grassland/pasture to pine plantation. 

Research 
Site Catchment Type Area 

(ha) 
Elev. 
(m) Climate1 Vegetation Treatment 

Mean 
Annual 
Rainfall 
(mm) 

Mean 
Annual 
PET2 
(mm) 

Source 

GH1 Control 218 460-
670 

Tussock 
grassland 

1350 750 - 
900 

Glendhu 
State Forest, 
New Zealand GH2 Treatment 310 460-

671 

Temperate 
oceanic 
with winter 
dominant 
rainfall (Do) 

Pinus 
radiata 

67% 
afforested 
at 1230 
stems/ha 

1350 750 - 
900 

McLean 
(2001); 
Fahey and 
Jackson 
(1997) 

Langrivier Control 245.8 366-
1460 

Tall open 
to closed 
fybos 
shrubland 

 1500 - 
1650 

Biesievlei Treatment 27.2 372-
580 

Pinus 
radiata 

98% 
afforested 

1298 1500 - 
1650 

Bosboukoof Treatment 200.9 274-
1067 

Pinus 
radiata 

57% 
afforested 

1127 1500 - 
1650 

Lambrechtsbos 
A 

Treatment 31.2 366-
1067 

Pinus 
radiata 

89% 
afforested 

1145 1500 - 
1650 

Lambrechtsbos 
B 

Treatment 65.5 300-
1067 

Pinus 
radiata 

82% 
afforested 
with 20m 
stream 
buffer 

1145 1500 - 
1650 

Jonkershoek 
Forest 
Research 
Centre, South 
Africa 

Tierkloof Treatment 157.2 280-
1530 

Subtropical 
dry 
summer 
(Cs) 

Pinus 
radiata 

36% 
afforested 

1319 1500 - 
1650 

Scott et al 
(2000) 

Mokobulaan C Control 36.9 1341-
1494 

Sub-climax 
pasture 
with 
burning 

 1199 1200 -
1350 

Uitsoek State 
Forest, South 
Africa 

Mokobulaan B Treatment 34.6 1318-
1486 

Subtropical 
humid with 
summer 
dominant 
rainfall (Cf) Pinus 

patula 
100% 
afforested 

1197 1200 -
1350 

Scott et al 
(2000) 
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Table 1-1 continued. 

Research 
Site Catchment Type Area 

(ha) 
Elev. 
(m) Climate1 Vegetation Treatment 

Mean 
Annual 
Rainfall 
(mm) 

Mean 
Annual 
PET2 
(mm) 

Source 

Cath iv Control 94.7 1845-
2226 

Grassland 1400 1200 - 
1350 

Cath ii Treatment 190 1845-
2454 

Pinus 
patula 

75% 
afforested 
with 20m 
stream 
buffer 

1400 1200 - 
1350 

Cathedral 
Peak, South 
Africa 

Cath iii Treatment 138.9 1845-
2454 

Subtropical 
humid with 
summer 
dominant 
rainfall (Cf) 

Pinus 
patula 

86% 
afforested 

1400 1200 - 
1350 

Scott et al 
(2000) 

Kylies Run Control 135  Pasture 876 750 - 
900 

Tumut, New 
South Wales, 
Australia 

Redhill Treatment 195  

Subtropical 
humid with 
summer 
dominant 
rainfall (Cf) 

Pine 876 750 - 
900 

Hickel (2001) 

Wye Control 870 341-
738 

Pasture 2400 600 - 
750 

Plynlimon, 
United 
Kingdom Severn Treatment 1055 319-

738 

Temperate 
oceanic 
with winter 
dominant 
rainfall (Do) 

Lodgepole 
pine, 
Spruce 
(Sitka & 
Norway) 

67.5% 
afforested 

2400 600 - 
750 

Kirby et al 
(1991) 

Monoachyle Control 770 292-
906 

Pasture ~1500 450 - 
600 

Balquhidder, 
United 
Kingdom Kirkton Treatment 685 242-

852 

Temperate 
oceanic 
with winter 
dominant 
rainfall (Do) 

Spruce 
(Sitka & 
Norway) 

14% 
afforested 

~1500 450 - 
600 

Johnson 
(1995) 

D1 Control 69 130 - 
204 

Pasture 1487 1200 - 
1350 

El Cerro, 
Uruguay 

D2 Treatment 107.7 136 - 
192 

Subtropical 
humid (Cf) 

Pinus 
taeda 

57% 
afforested  

1487 1200 - 
1350 

Chescheir et 
al (2004) 

1: Trewartha climate classification system (Riley and Spolton 1981). 
2: Global potential evapotranspiration estimate using Penman-Monteith method (Fisher et al 2000). 
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1.2.1.1  Water Yield 
It has been well established that the conversion of land cover from grassland to 

forestation results in a reduction in annual water yield (Hibbert 1967, Bosch and Hewlett 

1982, Best et al. 2003).  This has been found to be primarily due to the greater 

evapotranspiration from trees as compared to grass (Holmes and Sinclair 1986, Zhang et al. 

1999, 2001).  Using results from over 250 catchments worldwide, Zhang et al. developed a 

simple water balance model that relates mean annual rainfall to mean annual 

evapotranspiration for various types of vegetative cover, including grass and tree plantation 

(Figure 1-2).  The model can be used to predict the reduction in annual water yield from an 

afforested site once the trees reach maturity. The actual evapotranspiration of the trees at a 

specific site is primarily dependent upon amount of annual rainfall, potential 

evapotranspiration, and the plant available water capacity of the soil. 
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Figure 1-2 Relationship between land cover, mean annual rainfall and mean annual 
evapotranspiration as predicted by Holmes and Sinclair (1986) and Zhang et al. (2001).  (Best et al. 
2003) 

Vertessy and Bessard (1999) adapted the Holmes and Sinclair evapotranspiration curves 

(HSR in Figure 1-2) to 28 catchments in the Murrumbidgee Basin in western Australia to 

develop the Mean Annual Yield Analysis (MAYA) model. The MAYA model relates mean 

annual runoff to mean annual rainfall for grassland and pine plantation vegetative covers.  

For a catchment with mean annual rainfall of 1,200 mm, the model predicts an annual flow 

reduction of 350 mm (or 71%) for conversion from grassland to pine plantation.  The flow 

reductions may be less, depending on the productivity of the pine trees, the fraction of area 

afforested and the management of the plantation.  

One of the most extensive experimental data sets on afforestation, both in number of 

paired catchments and length of observations, is from South Africa (Scott et al. 2000).  The 
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catchments with the most similar mean annual rainfall and potential evapotranspiration to the 

Uruguay research site are the Cathedral Peak and Jonkershoek research sites. The Cathedral 

Peak Forest Influences Research Station in South Africa has one control catchment of 

grassland and two treatment catchments of Pinus patula. The Jonkershoek Forest Research 

Centre in South Africa has one control catchment of fynbos shrubland and five treatment 

catchments of Pinus radiata. At tree maturation, the flow reduction was significant from the 

afforested catchments in comparison to the control catchment and varied for the different 

percentages of afforestation (Table 1-2). The percentage flow reduction in the low flow, or 

baseflow, regime was generally greater than the effect on total flows. The size of the 

reductions appeared to be primarily limited by water availability and potential 

evapotranspiration. 

Table 1-2 Mean annual flow reductions in Cathedral Peak and Jonkershoek catchments 16-20 years 
after afforestation (after Scott et al. 2000). 

Mean Annual 
Total Flow 
Reduction 

Mean Annual 
Low Flow 
Reduction Catchment Area 

(ha) 

Mean 
Annual 
Rainfall 

(mm) 

Treatment 
(Afforestation 

with Pinus 
radiata) (mm) (%) (mm) (%) 

Cathedral Peak ii 190 1,234 75% 373 58% 25 63% 
Cathedral Peak iii 138.9 1,791 86% 445 45% 17 46% 
Bosboukoof 200.9 1,127 57% 168 32% NA NA 
Biesievlei 27.2 1,298 98% 309 56% 29 68% 
Lambrechtsbos A 31.2 1,145 89% 214 53%a 29 29%b 
Lambrechtsbos B 65.5 1,145 82% 258 58% 24 71% 
Tierkloof 157.2 1,319 36% 189 21% 28 36% 
a:  15-18 years after planting. 
b:  15 -17 years after planting. 
 

D.F. Scott and R.E. Smith developed an empirical model to predict the hydrologic effects 

of pine afforestation using the experimental results from 3 research catchments (Scott and 

Smith, 1997).  Based on the model, total and low flow reductions of 100% were predicted 

under optimal growth conditions and approximately 80% under sub-optimal growth 
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conditions 20 years after planting. However, based on the re-analysis of all of the South 

African experimental data, the empirical model was over-predicting maximum flow 

reductions for many catchments (Scott et. al. 2000).  

1.2.1.2  Flow Duration 
Several studies have evaluated the effects of afforestation on flow regime, or the amount 

of time flows are at various levels.  The most common statistical method of comparison is the 

flow duration curve, which is a cumulative distribution function that plots percentage of time 

flow is exceeded versus flow depth.  Impacts to periods of low and high flow can be 

evaluated through comparison of the flow duration curves. High flows are commonly defined 

as flows that are exceeded from 1% to 10% of the time and low flows as flows that are 

exceeded for 70% to 99% of the time. 

For the Redhill treatment catchment in southeastern Australia (195 hectares, 876 mm 

mean annual rainfall, 78% afforested with pines), Vertessy (2000) compared the daily flow 

duration curves of runoff one year and eight years after planting, which were years with 

similar annual rainfall.  The flow duration curves indicated a 50% reduction in high flows 

and a 100% reduction in low flows.  Comparison of flow duration curves for the Redhill 

catchment to the Kileys Run control catchment (135 hectares, native grassland) revealed a 

significant reduction in the duration of daily flows of all magnitudes (Figure 1-3).  The 

Redhill catchment ceased to flow 40% of the time. 



 

  10 

 
Figure 1-3 Flow duration curve of daily flows from the Kileys Run (pasture) and Redhill (pine) 
catchments near Tumut, Australia, for the period 1995-1999. (Vertessy 2000) 

Using data from ten catchments in Australia, New Zealand and South Africa, Lane et al. 

developed a method to isolate the effects of afforestation from the effects of rainfall 

variability on streamflow durations (Lane et al. 2003).  After removing the effect associated 

with rainfall variability, the significance of the change in flow duration due to afforestation 

was determined at 10th percentiles (Figure 1-4). The hydrologic response of the catchments to 

afforestation was generalized into two types.  Group 1 exhibited proportionally greater flow 

reductions in low flows than high flows.  Group 2 showed a more uniform response across all 

flows.  
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Figure 1-4 Net flow reduction fraction (Asig/Asig + a) at flow duration percentiles for ten 
catchments (Lane et. al 2003). 

A paired catchment research site in the Glendhu State Forest in southern New Zealand 

evaluated the hydrologic effects of the vegetation conversion from tussock grassland (218 ha, 

mean annual rainfall 1350 mm) to tree plantation (310 ha, 67% afforested with Pinus 

radiata).  Fahey and Jackson (1997) found an average reduction of 27% in annual water yield 

nine years after conversion from grassland.  The study also reported that low flows from the 

planted catchment were 20% less than that from comparable areas in tussock grassland.  

McLean (2001) found that flow reductions were approximately 30% for all percentiles of the 

flow regime 16 years after pine plantation establishment. 

1.2.1.3  Flow Seasonality 
Impacts on seasonal or monthly flows due to afforestation have been less widely 

quantified than effects on annual water yield.  The monthly flow depth reduction was 

generally fairly uniform throughout the year at the Jonkershoek catchments, with a greater 
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percentage of flow reduction during the drier summer months (December through April) 

(after Scott et. al 2000).  

McLean (2001) evaluated the seasonality of the hydrologic effects of afforestation for the 

paired catchments in Glendhu State Forest by comparing seasonal flow duration curves.  

Differences in flow reductions in the summer were more variable than in the winter; 

however, this was primarily due to the higher variability in rainfall during the summer 

months.  The finding in New Zealand that seasonal differences in flow reduction were not 

detectable was attributed to the evergreen vegetation, which does not have a distinct dormant 

season (Best et al. 2003).  

1.2.1.4  Temporal Effects 
In a comprehensive analysis of 12 pine planting experiments at 6 research locations in 

South Africa, Scott et. al. (2000) found that the reduction in flow from the treatment 

catchment became significant 3 to 6 years after the planting of pine trees.  The time to 

initiation of flow reductions was dependent upon the level of competition from native 

vegetation and the rate of growth of the pine crop.  The rate of flow reduction increased once 

significance had been attained.  The peak reduction under pine was reached around 15 years 

of age.  After the maturation of the pine trees, flow reductions were diminished from the peak 

rate (50% less flow reduction for 5-year mean following maturation).  This phenomenon was 

associated with reduced transpiration of maturing trees and a lag effect due to the 

replenishment of depleted soil water storage in the catchments.  

1.2.1 Hydrologic Effects of Grazing 
The hydrologic effects of grazing on rangeland have been well studied.  Previous studies 

primarily evaluated the effects on infiltration and runoff. 
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Livestock grazing generally reduces water infiltration by two mechanisms: removal of 

protective vegetative cover through consumption and compaction of the soil surface through 

treading.  The amount of reduction in infiltration rate is dependent on the duration and 

intensity of grazing.  Gifford and Hawkins (1978) concluded that ungrazed plots have higher 

infiltration rates than do grazed plots, while heavy grazing causes lower infiltration rates than 

moderate and light grazing intensities, which have similar infiltration rates.  Branson et. al. 

(1981) developed linear regression equations relating the effect of light, moderate and heavy 

grazing intensities on infiltration rate using data from previous studies covering a wide range 

of soil and vegetation types.  

The reduction in infiltration rates due to livestock grazing results in an increase in surface 

runoff.  Holechek et. al. (2004) concluded that heavy grazing increases runoff compared to 

moderate grazing; however, under light or moderate grazing the effect on surface runoff is 

limited due to increased vegetative cover. 

Limited studies indicate that light or moderate grazing can result in an increase in water 

yield as compared to protected grassland (Holechek et. al. 2004).  Under controlled grazing, 

adequate vegetative cover is maintained to limit detrimental effects, while transpiration and 

evaporation from excessive vegetation is reduced. 

A limited number of studies have evaluated the time of recovery of the hydraulic and 

physical properties of soil from the effects of grazing.  The recovery period of a grassland 

site in Colorado was 13 years after exclusion of cattle grazing, while at a pasture site in 

Wisconsin runoff rates were significantly reduced 3 years after grazing ended (Branson et. al. 

1981). Due to the variability of grazing duration and intensity, as well as site, weather, soil 
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and vegetative cover characteristics, it is difficult to draw general conclusions about 

hydrologic recovery of grazed lands from the published results.  

1.3 Research Objectives 
The principle objective of this thesis and the overall research project is to quantify and 

evaluate the hydrologic effects of the conversion of grassland to pine plantation in Uruguay. 

Following are the specific research objectives for this thesis:  

1. Establish a better understanding of the hydrologic response of the control and 
treatment catchments before the treatment (planting pine trees) was applied, and 
evaluate how they compare, with regards to water yield, storm flows and base flows.  

2. Create a model that accurately simulates the hydrology of the pretreatment condition 
of the catchments. 

3. Predict the hydrologic effect of livestock grazing. 

4. Predict the hydrologic effect of the full growth of the pine trees. 

5. Evaluate the sensitivity of the predicted hydrologic effects to key model parameters. 

 

The calibrated hydrologic model of the catchments will be used to run continuous 

simulations using historical weather data.  The results from these simulations will be used to 

compare the hydrology of the watersheds prior to the planting of the pine trees, to evaluate 

the hydrologic effects of the establishment of the pine plantation and to predict the effects of 

future management of the pine plantation.  

1.4 Research Site 
The research site is located within the Tacuarembó River basin in northern Uruguay 

(Figure 1-1). Two adjacent catchments on the El Cerro tract with similar drainage area, 

topography, slope, aspect, soils and vegetation were selected for instrumentation (Figure 1-

5).  One catchment (D1) remained as pasture for the control and the other catchment (D2) 
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was planted with pine trees for the treatment.  After a three year pre-treatment calibration 

period, catchment D2 was planted with loblolly pine (Pinus taeda) in July of 2003. 

Catchment D1 has a drainage area of 69.0 hectares (ha) and catchment D2 has an area of 

107.7 ha.  The aspect of catchment D1 is primarily to the east, while catchment D2 faces 

south and east. 

The following sections characterize the topography, hydrography, soils and management 

of the catchments. 

1.4.1 Topography 
The topography of the catchments is characterized by a rolling landscape with protruding 

rocky hillocks of basalt and sandstone. A comprehensive survey of the catchments in 2000 

created a map with one meter contours.  The elevation of D1 varies from 130 meters (m) to 

204 m, while D2 varies from 136 m to 192 m. 

Using GIS software and the one meter contour map, a digital elevation model (DEM) was 

developed of the catchments.  The topographic relief of the site shows an upper elevation 

plateau and cliff area in the northern portion of catchment D2 (Figure 1-5 and Figure 1-6). 

Catchment D1 also has these features in the western portion, but they have significantly less 

areal extent than in catchment D2. Based on the DEM, the volume of earth above selected 

elevations was calculated (Table 1-3). A greater volume of earth above the elevation of the 

outlet exists in catchment D2.  The volume of earth at the upper elevations is also greater in 

catchment D2.   
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The slope of the terrain is shown in Figure 1-6 and the proportion of area within each 

slope range is summarized in Table 1-4.  The slope range with the greatest proportion of area 

in both catchments was 5% - 10%. 

Table 1-3 Volume of earth above selected reference elevations.  

Volume of Earth Above  
Elevation (1,000’s m3) 

Area Weighted Volume of Earth 
Above Elevation (m) Reference 

Elevation (m) 
Catchment D1 Catchment D2 Catchment D1 Catchment D2 

130 18,190 28,350 26.4 26.3 
140 11,538 24,115 16.7 22.4 
150 6,151 14,637 8.9 13.6 
160 2,643 7,523 3.8 7.0 
170 875 3,086 1.3 2.9 
180 253 833 0.4 0.8 
190 64 13 0.1 0.0 
200 3 0 0.0 0.0 
210 0 0 0.0 0.0 

 
 
Table 1-4 Area of the catchments within selected slope ranges.  

Area Within Range (%) Slope Range 
(%) Catchment D1 Catchment D2
0 - 2 10.8% 13.3% 
2 -5 27.9% 29.5% 

5 - 10 46.2% 42.9% 
10 - 15 10.8% 10.1% 
15 - 25 3.9% 3.0% 

> 25 0.4% 1.1% 
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D2

D1
Legend

Catchment Boundary
Streams

Elevation (m)
130 - 140
141 - 150
151 - 160
161 - 170
171 - 180
181 - 190
191 - 200
201 - 210  

Figure 1-5 Topography and hydrography of the research catchments. 
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D2

D1
Legend

Catchment Boundary
Streams

Slope (%)
0 - 2
2.01 - 5
5.01 - 10
10.01 - 15
15.01 - 25
25.01 - 85  

Figure 1-6 Slope of the research catchments. 
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1.4.2 Hydrography 
The hydrography of the catchments is characterized by an extensive network of incised 

channels conveying the surface and subsurface flows from the landscape to the outlets of the 

catchments.  The incision of the stream channels into the landscape occurred through erosive 

processes over many centuries.  The alignment of the stream channels was digitized in GIS 

based on aerial photographs of the site.  Additional survey was conducted to characterize the 

geometry of the channels. 

The drainage density, or length of stream channel per drainage area, of the catchments is 

2.0 and 1.9 kilometer per square kilometer for catchment D1 and D2, respectively. 

The average slopes of the tributaries in the upper elevations of the catchments range 

between 4 and 10%.  The average slope of the main channel in the lower portion of 

watershed D1 is 1.4% and in watershed D2 is 1%.  Discontinuities in slope were observed in 

some of the channels, where a headcut or nick point has resulted in a drop of 0.1 to 0.5 

meters. The average slope in these channels is lower. 

The geometry of the channels varies quite widely.  In some areas in the upper portions of 

the catchments, the stream channel has formed a wide floodplain of 30 meters or more, 

characterized by abandoned terraces and a narrower active floodplain.  In other areas, the 

channel has formed a deep and incised gully without any active floodplain.   The main 

channels in the lower portions of the catchments are deep and wide.  It appears that the main 

channels have become disconnected from an active floodplain, but are prone to flows up to 

top of bank, perhaps not infrequently.  In many areas, the channel has incised to a less 

erosive clay layer that has slowed the channel morphology.  Figure 1-7 shows some typical 
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cross-sections from catchment D1 and Figure 1-8 shows typical cross-sections from 

catchment D2.  In general, the channels on D2 are more deeply incised than those on D1. 

1.4.3 Soils 
The soils on the catchments in the lower and middle elevations are dominated by sandy 

loam and sandy clay loam material of varying depth over sandstone.  The higher elevations 

are outcroppings of basalt and sandstone overlain by a shallow topsoil layer. The soils on the 

site were investigated, classified and mapped by Molfino (2000).  Additional physical and 

chemical characterization of a subset of the soil map units was conducted by Préchac et. al. 

(2004).  The soil map developed by Mofino (2000) was digitized and entered into the GIS 

database (Figure 1-9).  Soil map unit properties and areas for each catchment are summarized 

in Table 1-5.  Catchment D2 has a higher proportion of the shallow upper elevation soils (A 

and E) than D1. 

 

Table 1-5 Soil map unit properties and areas.  

Soil 
Map 
Unit 

Layers 

SCS 
Hydro-
logic 
Soil 

Group 

Texture 
Thick-
ness 
(cm) 

Effective 
Saturated 
Hydraulic 
Conduct-

ivity 
(mm/hr) 

Area 
D1 

Area 
D2 

A 1 D Loam 10 20 1% 11% 
B 3 D Sandy loam/Sandy clay loam 82 14 2% 5% 
C 4 B Sandy loam/Sandy clay loam 175 92 14% 26% 
D 4 B Sandy loam/Sandy clay loam 175 33 32% 20% 

DL 3 C Sandy loam/Sandy clay loam 104 11 6% 0% 
E 1 D Sandy loam  35 50 7% 16% 
F 3 C Sandy loam/Sandy clay loam 104 47 25% 15% 
G 3 D Sandy loam/Sandy clay   110 16 7% 2% 
H 3 D Sandy loam/Sandy clay   80 16 6% 5% 
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Figure 1-7 Representative channel cross-sections from catchment D1 (see Figure 1-5 for location).  
Above is cross-section from main channel in headwaters of catchment (XS 1-1).  Below is cross-
section from main channel in lower portion of catchment (XS 1-2). Assumed vertical datum for each 
cross-section. 
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Figure 1-8. Representative channel cross-sections from catchment D2 (see Figure 1-5 for location).  
Above is cross-section from a tributary in headwaters of catchment (XS 2-1).  Below is cross-section 
from main channel in lower portion of catchment (XS 2-2). Assumed vertical datum for each cross-
section. 
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Legend
Catchment Boundary
Streams

Soil Map Unit
A
B
C
D
DL
E
F
G
H  

Figure 1-9 Soil map of the research catchments. 



 

  24 

1.4.4 Vegetation 
The general vegetation biome of most of Uruguay, including the research site, is 

grassland (Dasmann 1984).  Grasslands are the most productive rangelands in the world with 

regards to forage production for livestock grazing.  Grasslands are dominated by grasses and 

are typically free of woody plants (trees and shrubs). 

A vegetation survey was conducted in March and April of 2003 that identified the 

classification and frequency of the predominant species present in each type of soil 

(Marchesi 2003). 

The vegetation of the upper elevation soils (A and B) is predominantly grasses and 

sedges, including quill beaksedge (Rhynchospora tenuis),  slender bluestem (Schizachyrium 

tenerum), carpetgrass (Axonopus argentinus, Axonopus siccus), and panicgrass (Panicum 

sabulorum).  The rocky cliff areas, which transition between the upper plateau and the lower 

area of the catchments, have more shrub and woody vegetation.  

The mid elevation soils (C, D, DL, E and F) also have predominantly grass vegetation, 

with some sedges, rushes and shrub vegetation.  The grass species include slender bluestem, 

bluestem (Andropogon lateralis), bermuda grass (Cynodon dactylon), carpetgrass, broadleaf 

carpetgrass (Axonopus compressus), and bahia grass (Paspalum notatum). 

The lower elevation and riparian areas (G and H soils) have a greater diversity of 

vegetation.  Along with the grasses are wood sorrel (Oxalis hispidula) and slender fimbry 

(Fimbristylis autumnalis). The vegetation in the riparian area in catchment D1 has been 

grazed and trampled by livestock, while in catchment D2 longer grasses and shrubs have 

grown up in the absence of livestock since June 2003.  There are very few trees in the 

riparian area in either watershed. 
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1.4.5 Management 
Both catchments were left as pasture and used for grazing livestock (cattle and sheep) 

during the pretreatment period (July 2000 to June 2003). Grazing density for the period was 

0.9 cattle units per hectare.   

In July 2003, the treatment catchment (D2) was planted with loblolly pine seedlings 

(pinus taeda), comprising 57% of the catchment area (Figure 1-10).  The trees were planted 

in furrows (approximately 10 cm deep and 70 cm wide) and spaced approximately 2.5 m 

apart.  The area between furrows was left with pasture vegetation and the furrows were 

aligned perpendicular to the hillslopes.  Planting density for the trees was 1,000 trees per ha.  

The pine trees will be pruned and thinned periodically per the standard management practices 

of Colonvade S.A.  

During the treatment period, the control catchment (D1) will continue to be kept as open 

pasture for grazing with a grazing density of 0.9 cattle units per ha.  Cattle and sheep will not 

be allowed to graze on the treatment catchment for approximately three years after tree 

planting..  Cattle and sheep will then be allowed to graze on the treatment catchment at 

prescribed grazing densities until the vegetation cannot support the grazing (Table 1-6). 

Table 1-6 Grazing density of pine planted catchment. 

Years Grazing Density  
(cattle units per hectare) 

0-3 0 
3-6 0.5 
> 6 0.2 
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Legend
Streams
Catchment Boundary

Planted Area
Year Planted

1998
1999
2003  

Figure 1-10 Pine planting area on research catchments. 
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1.4.6 Weather 
The general climate for most of Uruguay, including the research site, is mid-latitude 

humid subtropical (Cfa) grassland according to the Köppen climate classification system.  

The humid subtropical climate has hot, muggy summers with frequent thunderstorms and 

mild winters with precipitation resulting from mid-latitude cyclones. 

Average annual rainfall measured at a weather station operated and maintained by INIA 

in the town of Tacuarembó (35 km south of the research site) was 1,487 mm for the 26-year 

period from 1979 through 2004. Rainfall varied from as low as 841 mm in 2004 to as high as 

2,797 mm in 2002.  

Average monthly values of rainfall, potential evapotranspiration, maximum and 

minimum temperatures, relative humidity and daily sunshine at the Tacuarembó weather 

station are shown in Table 1-7.  The rainfall is fairly uniformly distributed throughout the 

year, with less rainfall in the months of June, July and August than in the other months. 

Table 1-7 Average monthly weather parameters at the Tacuarembó weather station. 

Month Rainfall 
(mm) 

PET 
(mm)1 

Max. 
Temperature 

(deg C) 

Min. 
Temperature 

(deg C) 

Relative 
Humidity 

(%) 

Daily 
Sunshine 

(hrs) 

January 117 156 35.4 11.0 74 9.0 
February 138 123 34.4 9.8 78 7.9 
March 150 111 33.2 8.5 80 7.3 
April 182 73 30.0 4.8 83 6.0 
May 137 50 27.0 1.1 86 5.7 
June 95 40 24.9 -1.9 86 4.8 
July 99 48 25.9 -2.4 84 5.4 
August 76 65 28.5 -0.1 81 6.0 
September 112 80 28.6 1.3 79 6.5 
October 144 109 31.2 4.1 79 7.0 
November 137 133 33.2 6.5 76 8.3 
December 123 156 34.5 9.5 73 8.7 
1:  Corrected pan evaporation. 
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2.0 Methods 
This section describes the methods for the data collection in the field and for the model 

development.   

2.1 Field Data Collection 
This section describes the procedures for collection of data from the research site.  A 

complete description of the data collection methods can be found in Chescheir et. al. (2004). 

The catchments were continuously monitored from the beginning of July 2000 through 

the preparation of this thesis.  Continued monitoring is planned through the growth and 

harvesting of the pine trees.  

2.1.1 Rainfall 
Rainfall was continuously measured at two locations in the catchments using automatic 

tipping bucket rain gauges. Rain gauge R1 is located near the flume outlet of catchment D2 

(Figure 2-1). The time of each tip of the tipping bucket was recorded by an Onset (HOBO) 

data-logger. Rain gauge EM was connected to the Campbell Scientific CR10X weather 

station located on the boundary between the two catchments.  The EM rain gauge recorded 

rainfall depth on a 15-minute interval basis.  

Data from the weather station (EM) was used for the hydrologic analysis. Missing and/or 

erroneous data from the weather station was supplemented using data from rain gauge R1.  

Rain data was also collected at two manual rain gauges (R1M and EMM), which are 

located beside the automatic gauges R1 and EM. Four additional manual gauges (RV1M, 

R2M, R3M, and R4M) were installed across the two catchments (Figure 2-1) to assess the 
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variability of rainfall during short duration, large volume storms. Rain gauge R4M is located 

at the ranch house just south of catchment D1. 

2.1.2 Weather 
A 3-meter tall Campbell Scientific weather station equipped with automatic sensors and a 

CR10X data-logger was installed on the ridge between the two catchments (Figure 2-1). The 

sensors continuously measured air temperature, relative humidity, wind speed, wind 

direction, solar radiation, and net radiation on a 30-second interval and stored the data on a 

15-minute basis for download. The weather station was also equipped with the automatic rain 

gauge, EM.  

2.1.3 Water Table Elevations 
Five groundwater wells were installed in the catchments in July 2002. Wells N1 and N5 

are located on catchment D1 and wells N2, N4, and N6 are on catchment D2 (Figure 2-1). An 

additional automatic well N3 was installed on catchment D1 in September 2002.  The wells 

were constructed of 0.1 m diameter PVC pipes buried to a depth of about 2 meters. The water 

table elevations in the wells were measured using a float and weight system attached with a 

potentiometer. The potentiometer was originally linked to a data logger (Blue Earth) for 

recording and storing data on a continuous basis. The data loggers were changed to Onset 

(HOBO 08) modules in September 2002.  Water table data were recorded on an hourly basis.  

Six manual ground water wells (0.1 m diameter PVC pipes) were installed on two 

transects across the boundary of the catchments.  Three wells were located along a transect 

from N1 to N2 and the other three wells were located along the transect from N5 to N6 

(Figure 2-1).  Water table depths were measured manually on a biweekly basis. 
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2.1.4 Flow Rates 
Flow rates at the outlet of the two experimental catchments were measured using 1.37 m 

high HL flumes. The concrete flumes were designed using the guidelines provided by USDA 

(1974) and Bos (1989) and were constructed with stainless steel measuring sections. The 

hydrologic and hydraulic analyses for the flume design were presented earlier (Amatya et al. 

2001).  

Initially, water levels in the flume were continuously measured and recorded by a Stevens 

Type F chart recorder with a float and weight system located in the stilling well on the side of 

the flume entry. A potentiometer located on the recorder and connected to the recorder gears 

read the stage elevations onto a Blue Earth electronic data logger. Flow stage was recorded 

up to every three minutes if a significant change in stage (> 0.005 m) occurred between time 

intervals; otherwise, stage was recorded hourly. The Blue Earth data loggers were replaced 

with Onset (HOBO U12) modules in February 2004, which were set to record stage 

elevations every two minutes. 

An ISCO 720 pressure probe connected to an ISCO 6712 water sampler was installed in 

the stilling well of each flume in September 2002.  The probe measured and recorded stage in 

the flume at two minute intervals independent of the Blue Earth/HOBO and Stevens 

Recorder system.   

Additional water level recorders were installed in the upstream approach channel of both 

flumes in July 2004.  Prior to the installation of the new recorders, sand would often obstruct 

flow into the stilling well after large flow events, particularly in flume V1.  The blockage 

would result in erroneous measurements from all three recording devices: the Stevens chart 

recorder, the Blue Earth/HOBO data logger, and the ISCO flow probe.  The new recorders 
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have separate stilling wells that are less susceptible to sand blockage.  The new stilling wells 

were instrumented with a 2-channel HOBO U12.   

A calibrated rating curve provided by Bos (1989) was used to estimate flow rates through 

the flume outlet from flow stages. For stage elevations exceeding the 1.37 m maximum 

height of the stainless steel HL flume, flow rates were calculated assuming a sharp crested 

flat weir located at the top of the HL flume. The total flow rate was the composite of flow 

rates from flume and weir flow. The instantaneous flow rates were aggregated to obtain 

daily, monthly, and annual totals. 

Potential error in the observed outflow data was introduced during intense storm events 

when the flumes were overtopped.  The high flow was assumed to behave like a broad 

crested weir above the top of the flume; however, the stage – discharge rating curve was 

never verified at these high flows and is considered less reliable.  A gauged emergency 

overflow with a well-defined stage – discharge relationship was constructed at each flume in 

April 2004 to improve the reliability of the measurement of high flows.  The storm events 

during the model calibration and validation period where the flumes were overtopped are 

summarized in Table 2-1.  The April 24, 2002 storm had multiple sources of error due to the 

malfunctioning of the D1 stage gauge and rainfall gauge during the storm event. 
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Table 2-1 Storm events in which the flumes were overtopped (July 2000 to June 2004). 

 D1 D2 

Storm Date Max. 
Stage (m) 

Duration 
(hr:min) 

Max. Stage (m) Duration 
(hr:min) 

3/22/01 2.274 1:12 2.360 1:33 
1/31/02 2.093 0:36 2.108 1:00a 
4/24/02 No Data No Data 2.279 1:03 

10/6 – 10/7/02 2.146 1:00 2.448 1:30 
10/19/02 1.700 0:00 2.095 0:28 
12/1/02 2.179 0:50 2.313 0:56 
1/20/03 1.654 0:00 1.874 0:10 

a: Data recorded every 30 minutes – duration to the nearest 0:30. 
 

2.1.5 Emergency Spillways 
Very high flows observed during the wet pretreatment period resulted in flow rates 

greater than the capacity of the flume and channel structure.  The flow rate over the top of the 

flume structure was estimated as described above.  To improve the accuracy of the flow rate 

estimates and accommodate the overflow water, emergency spillway structures were 

constructed beside both flumes in April 2004.  

A broad-crested weir 10 m wide was constructed in the spillway next to the V1 flume.   

The flow capacity of the V1 emergency spillway at peak stage is 8.1 m3/sec.  A broad crested 

weir 15 m wide was constructed in the spillway next to the V2 flume.   The flow  capacity of 

the V2 emergency spillway  at peak stage is 8.1 m3/sec.  The emergency spillways were not 

engaged during the data period used for this study. 
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2.2 Model Development 
A hydrologic model of both catchments was created, calibrated and validated as part of 

the research for this study.  The objective of the hydrologic model was to develop a tool for 

use in evaluating the hydrology of the catchments and the effect of the establishment and 

management of the pine plantation.   

2.2.1 Model Selection 
A literature review was conducted to select the model most suitable for simulating the 

hydrologic conditions of the catchments.  The Soil Water and Assessment Tool (SWAT), 

developed and maintained by the USDA at the Blacklands Research and Extension Center in 

Texas, was selected for this effort.  SWAT is a continuous, lumped parameter model that 

uses physically-based and empirical relationships to simulate surface and subsurface flows, 

tree and crop growth, land management practices and the fate and transport of water quality 

constituents.  The AVSWAT2000 program, with ArcView GIS interface for SWAT, was 

used for this study. 

The Agricultural Policy/Environmental Extender (APEX) model was also considered as a 

supplement to the hydrologic modeling study.  APEX is a field scale or small watershed 

model that is based on many of the same algorithms as SWAT.  Modifications were recently 

made to APEX that were intended to improve the simulation of forestry applications (Sahel 

et. al. 2004).  The modifications included changes to canopy interception and addition of 

surface litter evaporation and quick return flow to the stream.  The modified APEX model 

was calibrated for the following management scenarios: 1) clearing, shearing, windrowing 

and burning and 2) clearcutting, roller chopping and burning. These modifications were 
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either not applicable or not significant to the Uruguay situation, so the decision was made to 

only use SWAT.   

2.2.2 Model Creation 
The SWAT hydrologic model has intensive data requirements, including weather, 

topography, hydrography, soils, and land cover.  The topography, hydrography, soils and 

land cover data were compiled in GIS. 

2.2.2.1  Weather 
This section presents a summary of the development of the weather input files to the 

hydrologic model.  Refer to Appendix 3 for a more detailed description. 

Data collected from the weather station on the experimental site were used for the 

calibration and validation period from July 2000 through June 2004.  The 15-minute interval 

precipitation, temperature, relative humidity, solar radiation and wind speed was aggregated 

to a daily basis. Potential evapotranspiration (PET) for this period was calculated using the 

Penman-Monteith method as described in Chescheir et al. (2003). 

Historical weather data was compiled from several sources for use in the long term 

continuous simulations.  Data collected from the weather station on the experimental site 

were used for the period from July 2000 through June 2004.  Daily weather parameters 

obtained from stations operated by INIA in Tacuarembó and Salto were used for the period 

1971 - 2000.  The weather parameters collected at the stations and made available to the 

public include precipitation, minimum and maximum air temperature, hours of sunshine and 

pan evaporation.  The daily solar radiation for this period was estimated based on the daily 

hours of sunshine using the equation developed by Doorenbos and Pruitt, as presented in 

Jensen (1989).  Daily PET was estimated by adjusting the pan evaporation data using a pan 
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coefficient of 0.75. Refer to Appendix 3 for a description of how this pan evaporation factor 

was determined. 

Data from the Salto weather station were used for those periods where data were not 

available from the Tacuarembó station (prior to 1978 for precipitation, prior to 1986 for the 

other weather parameters).  The precipitation, air temperature, hours of sunshine and pan 

evaporation data were correlated between the stations using the ratio of the average annual 

values at those locations published by the Dirección Nacional de Meteorología (DNM 2004). 

2.2.2.2  Topography, Hydrography and Subcatchments 
The catchments were surveyed previously and a map with one-meter contours was 

developed.  Using GIS and the one-meter contours, a digital elevation model (DEM) was 

developed of the catchments.  SWAT used the DEM to determine the slope of the landscape 

and the boundaries of the subcatchments. 

The stream network through the catchments was digitized previously in GIS based on 

aerial photographs.  SWAT used the stream networks to route the surface and subsurface 

flow from the landscape to the outlets of the catchments.  Additional survey was conducted 

to characterize the channel geometry of the streams.  

The catchments were divided into eleven subcatchments based on the topography and the 

hydrography of the site (Figure 2-2). 
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2.2.2.3  Soils 
The soils on the site were investigated, classified and mapped previously by Molfino 

(2000).  Additional physical and chemical characterization of a subset of the soil map units 

was conducted in 2003 and 2004 (Préchac et. al., 2004).  The soil classifications and 

laboratory analyses were used to assign hydrologic and physical parameters for use by the 

hydrologic model.   

2.2.2.4  Land Cover 
The SWAT model tracks plant growth in order to simulate the hydrology of the 

landscape.  The model requires the designation of land use areas that have similar vegetative 

cover and management.  Land use/land cover GIS coverages were developed for the 

pretreatment and treatment condition (Figure 2-3 and 2-4).  The primary land uses/land 

covers for the pretreatment period were grazed pasture and riparian pasture with small 

coverages representing the cliff lines and the gravel road.  For the treatment period, 

coverages representing pine trees, ungrazed grass, and ungrazed riparian grass were added to 

the treatment watershed.  The riparian area in the pretreatment condition was assumed as a 

7.62-meter (25 foot) offset on either side of the stream network.  For the pine catchment 

under the treatment condition, the riparian area was assumed to extend to the boundaries of 

the planted area. 

The land cover areas for the pretreatment and treatment periods are summarized in Table 

2-2 and 2-3 respectively.  The land cover for catchment D1 remained the same. 
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Table 2-2 Land cover areas for pretreatment period. 

 D1 D2 

Land Cover Area 
(hectare) Percent Area 

(ha) Percent 

Cliff – Mixed Trees 1.4 2.1% 3.0 2.7% 
Grass 0.1 0.1% 0.0 0.0% 
Pasture - Grazed 58.1 84.2% 91.3 84.7% 
Riparian Pasture - Grazed 8.9 12.9% 13.1 12.2% 
Gravel Road 0.5 0.7% 0.4 0.3% 
Total 69.0 107.7  

 

 
Table 2-3 Land cover areas for treatment period. 

 D1 D2 

Land Cover Area 
(ha) Percent Area 

(ha) Percent 

Cliff – Mixed Trees 1.4 2.1% 3.0 2.7% 
Grass 0.1 0.1% 8.3 7.7% 
Pasture - Grazed 58.1 84.2% 0.0 0.0% 
Pine NA NA 61.8 57.4% 
Riparian Grass 0.0 0.0% 34.3 31.9% 
Riparian Pasture - Grazed 8.9 12.9% 0.0 0.0% 
Gravel Road 0.5 0.7% 0.4 0.3% 
Total 69.0 107.7  
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2.2.3 Baseflow Scenarios 
Water balance calculations during the pretreatment period indicated that outflow from 

catchment D2 was greater than from D1 on a per unit area basis (Chescheir et al. 2004).  

Much of this difference was attributed to the continuous base flow that occurred at D2 and 

not at D1.  Two hypotheses have been put forth to attempt to explain these differences in 

observed flows.  One idea theorizes that evapotranspiration on a per unit area basis is less 

from catchment D2 than from catchment D1 due to differences in soil properties of the sites.  

The other idea theorizes that groundwater flows into the D2 catchment from areas outside of 

the catchment boundary.  Two modeling scenarios were therefore developed as potential 

explanations for the observed discrepancy in base flows between catchment D1 and D2: 

reduced evapotranspiration scenario and added groundwater scenario.   

2.2.3.1  Reduced Evapotranspiration 
Under the reduced evapotranspiration scenario(reduced ET), the primary source of base 

flow to the catchments was from the shallow soils in the upper plateau and cliff areas (soils A 

and B), as well as along the catchment divide (soil E).  The soil rooting depth and water 

storage capacity of these soils were assumed to be small, while the infiltration rate was 

assumed to be large.  As a result of these assumptions, the model simulated lower 

evapotranspiration from the areas with A, B and E soils (evapotranspiration approximately 

50% of the other soils).  Since the treatment catchment (D2) has the greater extent of A, B 

and E soils (see Figure 1-9), the simulated base flows were greater in catchment D2.   

2.2.3.2 Added Groundwater 
For the added groundwater scenario (added GW), it was assumed that the greater base 

flows in the treatment catchment were due to a source outside of the catchment, either from 
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an additional area in the upper plateau or from a cross-catchment transfer from the control 

catchment.  Under this scenario, the soil rooting depth and water storage capacity of the A, B 

and E soils were increased, while the infiltration rate was reduced, which resulted in higher 

evapotranspiration from these soils than under the first scenario.   

For the model simulations, an area on the upper plateau adjacent to catchment D2 was 

delineated as the source of the additional base flow.  The groundwater source has an area of 

8.1 hectares and consisted entirely of grass cover, except for 2% dirt roads, on A type soils. 

For the pine treatment land cover, the added groundwater area was 80% afforested with pine 

trees, 18% grass cover and 2% dirt roads. Groundwater from the additional area was input 

into the model as a point source upstream of the catchment outlet. The surface and shallow 

subsurface lateral flow from the additional area was not included in the model and was 

assumed to drain away from the catchment. 

Under both scenarios, a greater portion of the groundwater from catchment D1 seeped 

into the deep aquifer and did not return to the stream channel above the flume.  This was 

done to account for the lack of sustained base flows observed at the flume in catchment D1.  

Alternatively, the groundwater seeping from catchment D1 could be considered to be a 

possible source of the base flows in catchment D2 under the added GW scenario; however, 

this was not explicitly modeled. 
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3.0 Model Calibration and Validation 
This section provides a detailed description of the calibration and validation of the Soil 

and Water Assessment Tool (SWAT) model of the control and treatment catchments.  

Included is a summary of the methodology and approach, the selection of key hydrologic 

parameters and the performance of the calibration and validation.  

3.1 Methodology 
The observed data record was divided into two periods for model calibration and 

validation. The model calibration period for both catchments was July 1, 2000 to June 30, 

2002.  The model validation period for the control catchment was July 1, 2002 to June 30, 

2004 and for the treatment catchment was July 1, 2002 to June 30, 2003.   

During the model calibration, model parameters were adjusted so that the outflows from 

the simulation most closely matched the observed outflows. Once it was determined that the 

calibration was complete, the model was validated.  The model validation consisted of 

assessing the performance of the model by comparing additional outflows outside of the 

calibration period.  Model parameters were not adjusted for the validation.  

The model calibration and validation used daily precipitation, potential 

evapotranspiration, temperature, relative humidity, total solar radiation and wind speed from 

the meteorological station on the research site.  The daily potential evapotranspiration was 

estimated using the Penman-Monteith method (Chescheir et al. 2004). The curve number 

method of estimating surface runoff was used in SWAT on a daily time step. 

To evaluate the accuracy of the model calibration, a comparison was made between 

simulated and observed flow volumes, flow hydrographs and flow duration curves.  The 
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goodness of fit between simulated and observed was evaluated with a linear regression 

analysis and with the coefficient of efficiency statistic (Legates and McCabe 1999). 

3.1.1 Parameter Selection 
This section summarizes the selection of key hydrologic parameters during the model 

calibration.  

SWAT is a semi-physically-based, semi-empirical, lumped parameter, deterministic 

model that relies upon detailed soil and plant cover characteristics.  Initial soil parameters 

were based on analysis of on-site soil samples (Molina 2000 and Préchac et al. 2004).  

Parameters for soil map units that were not sampled were estimated using the Rosetta 

computer program (Schaap 1999).  Initial parameters for plant cover were based on default 

values in the model database for range grass, range brush, and mixed coniferous and 

deciduous forest. 

The following subsections describe the selection of key parameters in each of the 

hydrologic flow processes. The primary differences in parameters between the two 

calibration scenarios are presented in the last subsection. 

3.1.1.1  Evapotranspiration 
Evapotranspiration  is the combined processes by which water is transferred from the 

earth surface to the atmosphere.  Evapotranspiration includes interception and evaporation 

from the plant canopy, plant transpiration, sublimation and evaporation from the soil and 

surface depressions. Potential evapotranspiration (PET) is the maximum rate at which water 

could be removed from soil and plant surfaces if unlimited water were available.  
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As stated above, the daily PET was estimated with the Penman-Monteith method 

(Chescheir et al. 2004). Data from the on-site weather station, including temperature, relative 

humidity, total solar radiation, net radiation and wind speed, were used in the estimation of 

PET. 

The SWAT model calculates interception due to canopy storage as a function of the 

maximum canopy storage and the daily leaf area index (LAI) for each type of vegetation.  

The rainfall intercepted by the canopy is the first source of water to be evaporated in the 

model. The maximum canopy storage was estimated for each type of vegetation based on 

published values (Dunne and Leopold 1978, Ward and Trimble 2004).  A maximum canopy 

storage of 2 mm was estimated for the range grass areas, 4 mm for the range brush in the 

riparian areas, and 4 mm for the mixed forest in the cliff areas. 

The soil albedo is the unitless ratio of solar radiation reflected from the soil to the amount 

incident upon it.  The model uses soil albedo to estimate net radiation and soil temperature.  

An average value of 0.12 was assumed for wet bare soil (Dunne and Leopold 1978). 

Groundwater “revap” in the SWAT model is defined as the upward movement of water 

from the shallow aquifer to the overlying soil layers to meet evaporative demand (Neitsch et 

al. 2002). The groundwater revap coefficient is the unitless fraction of water that moves 

upward. A value of 0.02 was assigned to the A and B upper elevation soils and 0.20 to the 

remaining mid and lower elevation soil types, representing the minimum and maximum 

values, respectively, recommended by the model.  The minimum value was selected for the 

upper elevation soils based on the rationale that the grass roots would have less access to the 

groundwater due to greater depth of earth in these areas. 
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SWAT has a soil evaporation compensation coeffecient (ESCO) that specifies the degree 

to which soil evaporative demand can be met by deeper soils.  ESCO is a unitless coefficient 

that varies from 0.01 to 1.00.  The potential evaporation from the soil surface to any depth in 

the soil profile is calculated using a distribution function.  For an ESCO value of 1.0, 50% of 

the evaporative demand is extracted from the top 10 mm of soil and 95% of the evaporative 

demand is extracted from the top 100 mm of soil.  Lowering the ESCO value allows the 

model to extract more of the evaporative demand from deeper soils. The SWAT model 

default of 0.95 for ESCO was used, which represents a slightly deeper distribution of soil 

evaporation. 

SWAT also has a plant uptake compensation factor (EPCO) that specifies the degree to 

which plant water demand can be met by deeper soils. EPCO is a unitless coefficient that 

varies from 0.01 to 1.00.  The potential plant water uptake from the soil surface to any depth 

in the root zone is calculated using a distribution function.  For an EPCO value of 0.01, 50% 

of the water uptake demand is extracted from the top 6% of the root zone.  As EPCO 

approaches 1.00, the model allows more of the water uptake demand to be met by deeper 

soils.  EPCO was set at the model default of 1.0, except for the range grass vegetation and 

range brush vegetation, which were set to 0.5 and 0.8, respectively, to account for the 

shallower root distribution of these vegetation types (Jackson et al. 1996, Sun et al. 1997). 

3.1.1.2  Surface Runoff 
SWAT has two options for simulating surface runoff: the SCS curve number method and 

the Green-Ampt method.  The SCS curve number method was used for the calibration. 

The curve number is an empirical index used to relate rainfall to runoff for various types 

of soil and land cover. The model is very sensitive to the curve number, which was used as a 
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calibration parameter for this study.  The calibrated curve number values generally correlated 

with poor to fair hydrologic condition for each hydrologic soil group and land cover (Table 

3-1).  Values published by the Soil Conservation Service (SCS) for soil moisture condition II 

(average antecedent moisture condition) and land slopes of 5% are included in Table 3-1 for 

reference (Neitsh et al. 2002).  Somewhat higher curve numbers were selected for the mixed 

forest vegetation to account for the predominant steep and rocky cliffs in these areas and 

sparse cover of the vegetation. 

Table 3-1 Curve numbers for the SWAT model calibration. 

 Curve Numbera 

Land Cover Soil 
Type Selected SCS Poor SCS Fair SCS Good 

Gravel Roadb All 98 98 98 98 
Mixed Forest A 79 83 79 77 
 B 93 77 73 70 
 C 75 66 60 55 
Riparian Pasture A 80 83 77 73 
 B 77 77 70 65 
 C 66 67 56 48 
 D 58 67 56 48 
 DL 71 77 70 65 
 E 84 83 77 73 
 F 71 77 70 65 
 G 77 83 77 73 
 H 77 83 77 73 
Pasture A 85 89 84 80 
 B 86 86 79 74 
 C 71 79 69 61 
 D 63 79 69 61 
 DL 74 86 79 74 
 E 89 89 84 80 
 F 76 86 79 74 
 G 82 89 84 80 
 H 82 89 84 80 
a: For moisture condition II or average antecedent moisture condition. 
b: Gravel road assumed impervious due to heavy equipment use and compaction. 

 

The timing of surface flow to the receiving stream is dependent on the slope, length and 

surface roughness of the flow pathway.  The ArcView SWAT model interface estimates the 
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slope and length parameters from the topographic GIS data layer.  A value of 0.15 was 

assumed for the Manning’s roughness coefficient for all overland flow pathways.  Due to the 

relatively small size of the catchments and  high drainage density, the time of concentration 

is less than one day and therefore these parameters are not significant on a daily time step.  

The slope, length and Manning’s roughness parameters were not adjusted during the 

calibration. 

3.1.1.3  Soil Water Content, Percolation and Lateral Flow 
SWAT requires detailed soil information to accurately simulate water movement through 

the soil profile.  The characteristics of each distinct soil layer need to be provided.  The 

extent of each soil map unit and the depth, SCS hydrologic soil group and sand, silt, clay and 

organic content were obtained from Molina (Molina 2000).  Initial estimates of the soil bulk 

density, available water capacity and saturated hydraulic conductivity for the C, D and F soils 

were based on lab analysis conducted by Préchac et al. (2004). For the remaining soil map 

units, these properties were estimated using the Rosetta computer program based on sand, silt 

and clay content (Schaap 1999). 

The soil parameters used in the model are summarized in Table 3-2.  The soil bulk 

density expresses the ratio of the mass of solid particles to the total volume of the soil. The 

soil bulk density was not modified during the calibration.   

The available water capacity, or plant available water, is the water content (mm of 

water/mm of soil) of the soil between field capacity and permanent wilting point.  Field 

capacity is defined as the water content at matric potential of -0.033 MPa and permanent 

wilting point as the water content at matric potential of -1.5 MPa.  The water content at 

wilting point was not measured for the lab analysis and was estimated using the Rosetta 
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program.  Available water capacity of the A, B and E upper elevation soil map units was 

reduced during the calibration to reflect the poor growing conditions in these soils. 

The saturated hydraulic conductivity is a measure of the ease of water movement through 

the soil layer that determines the rate of percolation of water into underlying soil layers and 

the shallow aquifer, and the rate of lateral flow through the soil layer to the stream. 

Percolation is the vertical movement of water through the soil layers. Lateral flow, or shallow 

subsurface flow, is the horizontal movement of water through the soil layers to the receiving 

stream.  Lateral flow can be an important flow path for soil layers with high hydraulic 

conductivities underlain by an impermeable of semi-impermeable layer.   

During the calibration, the saturated hydraulic conductivity was increased in the A and E 

soil map units to simulate the rapid movement of water through the shallow soil profile and 

over the underlying impermeable rock. A layer of soil with very low saturated hydraulic 

conductivity was entered at the bottom of each soil profile to reflect the relatively impervious 

basalt and sandstone formations underlying most of the catchments.  

The timing of lateral flow to the receiving stream is dependent on the slope and length of 

the subsurface flow pathway.  The SWAT model estimates these parameters from the GIS 

topographic layer and sets them the same as the surface flow slope and length.  These 

parameters were not adjusted during the calibration. 
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Table 3-2 Soil parameters for the SWAT model calibration. 

Soil 
Map 
Unit 

Layer 

Hydro-
logic 
Soil 

Group 

Texture 

Depth 
to Layer 
Bottom 
(mm) 

Soil Bulk 
Density 

(g/cm^3) 

Available 
Water 

Capacity 
(mm/mm) 

Saturated 
Hydraulic 

Conductivity 
(mm/hr) 

A 1 D Loam 100 1.56 0.05 20 
B 1 C Sandy Loam 450 1.65 0.05 21 
B 2  Sandy Clay Loam 620 1.62 0.05 5 
B 3  Sandy Clay Loam 820 1.64 0.05 6 
C 1 B Sandy Loam 780 1.42 0.10 170 
C 2  Sandy Loam 990 1.43 0.10 26 
C 3  Sandy Clay Loam 1330 1.46 0.14 11 
C 4  Sandy Clay Loam 1750 1.52 0.14 44 
D 1 B Sandy Loam 480 1.39 0.10 90 
D 2  Sandy Clay Loam 800 1.39 0.18 24 
D 3  Sandy Clay Loam 1140 1.36 0.24 1 
D 4  Sandy Clay Loam 1750 1.47 0.24 12 
DL 1 C Sandy Loam 430 1.65 0.15 20 
DL 2  Sandy Clay Loam 700 1.64 0.18 6 
DL 3  Sandy Clay 1040 1.59 0.15 5 
E 1 D Sandy Loam 350 1.65 0.05 50 
F 1 C Sandy Loam 380 1.39 0.14 115 
F 2  Sandy Loam 720 1.43 0.16 15 
F 3  Sandy Clay Loam 1040 1.38 0.28 1 
G 1 D Sandy Loam 280 1.63 0.18 8 
G 2  Sandy Loam 570 1.65 0.11 43 
G 3  Sandy Clay 1100 1.59 0.15 5 
H 1 D Sandy Loam 400 1.63 0.18 8 
H 2  Sandy Loam 600 1.65 0.11 43 
H 3  Sandy Clay 800 1.59 0.15 5 

 

3.1.1.4  Groundwater 
SWAT separates groundwater flow into two components: a shallow and deep aquifer.  

Water percolates from the deepest soil layer into an unsaturated vadose zone before entering 

the shallow aquifer.  The water in the shallow aquifer either returns to the soil layers above 

through revap, flows to the receiving stream or percolates to the deep aquifer below.  The 

revap process was discussed above under evapotranspiration. Water in the deep aquifer does 

not return to the stream and is lost from the catchment.  
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The rate of percolation into the unsaturated vadose zone above the shallow aquifer is 

governed by the soil water content and saturated hydraulic conductivity of the overlying soil 

layer.  Once water enters the vadose zone, the time it takes to move into the shallow aquifer 

is dictated by the groundwater delay (Table 3-3).  This parameter was adjusted during 

calibration. Longer groundwater delays were assigned to higher elevation soils. 

The rate of water movement from the shallow aquifer is governed by the depth of water 

in the aquifer, the depth of water at which flow is initiated to the stream and the base flow 

recession parameter which determines the exponential decay rate of flow.  The depth of 

water at which shallow aquifer flow returns to the stream was set to zero for all hydrologic 

response units. The base flow recession parameter was adjusted during calibration and 

reflects the relative position of the hydrologic response unit within the catchment. 

The amount of water moving from the shallow aquifer to the deep aquifer is controlled by 

the specified fraction of water that is present in the shallow aquifer.  The deep aquifer 

fraction was generally set at 0.05.  For the upper elevation A, B, C, D, DL and E soils in 

catchment D1, the deep aquifer fraction was set at 0.80.  It is hypothesized that groundwater 

flow is either transferred from catchment D1 to catchment D2 or is lost to the deep aquifer, 

which would account for the relative lack of base flow in the D1 flume. 
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Table 3-3 Groundwater parameters for the SWAT model calibration 

Subcatchment Soil Land 
Cover 

Groundwater 
Delay (days) 

Baseflow 
Recession 
Parameter 

Groundwater 
Revap 

Coefficient 

Deep Aquifer 
Fraction 

1 A AGRL 35 0.048 0.02 0.05 
1 A FRST 35 0.048 0.02 0.05 
1 A RNGB 35 0.048 0.02 0.05 
1 A RNGE 35 0.048 0.02 0.05 
1 B FRST 35 0.048 0.02 0.05 
1 B RNGB 35 0.048 0.02 0.05 
1 B RNGE 35 0.048 0.02 0.05 
1 C FRST 10 0.050 0.20 0.05 
1 C RNGE 10 0.050 0.20 0.05 
1 D RNGB 10 0.050 0.20 0.05 
1 D RNGE 10 0.050 0.20 0.05 
1 H RNGB 5 0.350 0.20 0.05 
2 C RNGB 10 0.050 0.20 0.05 
2 C RNGE 10 0.050 0.20 0.05 
2 D RNGE 10 0.050 0.20 0.05 
2 E RNGE 10 0.050 0.20 0.05 
2 H RNGB 5 0.350 0.20 0.05 
3 C RNGE 10 0.050 0.20 0.05 
3 D RNGB 10 0.050 0.20 0.05 
3 D RNGE 10 0.050 0.20 0.05 
3 E RNGE 10 0.050 0.20 0.05 
3 F RNGB 5 0.350 0.20 0.05 
3 F RNGE 5 0.350 0.20 0.05 
3 G RNGB 5 0.350 0.20 0.05 
3 G RNGE 5 0.350 0.20 0.05 
3 H RNGB 5 0.350 0.20 0.05 
4 F RNGB 5 0.350 0.20 0.05 
4 F RNGE 5 0.350 0.20 0.05 
4 G RNGB 5 0.350 0.20 0.05 
4 G RNGE 5 0.350 0.20 0.05 
4 H RNGB 5 0.350 0.20 0.05 
4 H RNGE 5 0.350 0.20 0.05 
5 D RNGB 10 0.050 0.20 0.80 
5 D RNGE 10 0.050 0.20 0.80 
5 E RNGE 10 0.050 0.20 0.80 
5 F RNGB 5 0.350 0.20 0.05 
5 F RNGE 5 0.350 0.20 0.05 
5 G RNGB 5 0.350 0.20 0.05 
5 H RNGB 5 0.350 0.20 0.05 
6 D RNGE 10 0.050 0.20 0.05 
6 F RNGB 5 0.350 0.20 0.05 
6 F RNGE 5 0.350 0.20 0.05 
6 G RNGB 5 0.350 0.20 0.05 
6 G RNGE 5 0.350 0.20 0.05 
6 H RNGB 5 0.350 0.20 0.05 
7 C AGRL 10 0.050 0.20 0.80 
7 D AGRL 10 0.050 0.20 0.80 
7 D RNGB 10 0.050 0.20 0.80 
7 D RNGE 10 0.050 0.20 0.80 
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Table 3-3 continued. 

Subcatchment Soil Land 
Cover 

Groundwater 
Delay (days) 

Baseflow 
Recession 
Constant 

Groundwater 
Revap 

Coefficient 

Deep Aquifer 
Fraction 

7 DL AGRL 10 0.050 0.20 0.80 
7 DL RNGB 10 0.050 0.20 0.80 
7 DL RNGE 10 0.050 0.20 0.80 
7 E AGRL 10 0.048 0.20 0.05 
7 E RNGE 10 0.050 0.20 0.80 
7 F RNGB 5 0.350 0.20 0.05 
7 F RNGE 5 0.350 0.20 0.05 
7 G RNGB 5 0.350 0.20 0.05 
7 G RNGE 5 0.350 0.20 0.05 
8 C AGRL 10 0.050 0.20 0.05 
8 C RNGB 10 0.050 0.20 0.05 
8 C RNGE 10 0.050 0.20 0.05 
8 D AGRL 10 0.050 0.20 0.05 
8 D RNGB 10 0.050 0.20 0.05 
8 D RNGE 10 0.050 0.20 0.05 
8 E AGRL 10 0.048 0.20 0.05 
8 E RNGE 10 0.050 0.20 0.05 
8 H RNGB 5 0.350 0.20 0.05 
9 A FRST 35 0.048 0.02 0.05 
9 B FRST 35 0.048 0.02 0.05 
9 C RNGB 10 0.050 0.20 0.05 
9 C RNGE 10 0.050 0.20 0.05 
9 D RNGB 10 0.050 0.20 0.05 
9 D RNGE 10 0.050 0.20 0.05 
9 E RNGE 10 0.050 0.20 0.05 
9 F RNGB 5 0.350 0.20 0.05 
9 F RNGE 5 0.350 0.20 0.05 
9 H RNGB 5 0.350 0.20 0.05 

10 A AGRL 35 0.048 0.02 0.05 
10 A FRST 35 0.048 0.02 0.05 
10 A RNGE 35 0.048 0.02 0.05 
10 B FRST 35 0.048 0.02 0.05 
10 C RNGB 10 0.050 0.20 0.05 
10 C RNGE 10 0.050 0.20 0.05 
10 F RNGB 5 0.350 0.20 0.05 
10 F RNGE 5 0.350 0.20 0.05 
10 G RNGB 5 0.350 0.20 0.05 
11 A AGRL 35 0.048 0.02 0.80 
11 B AGRL 35 0.048 0.02 0.80 
11 B FRST 35 0.048 0.02 0.80 
11 C AGRL 10 0.050 0.20 0.80 
11 C FRST 10 0.050 0.20 0.80 
11 C RNGB 10 0.050 0.20 0.80 
11 C RNGE 10 0.050 0.20 0.80 
11 D RNGB 10 0.050 0.20 0.80 
11 D RNGE 10 0.050 0.20 0.80 
11 F RNGB 5 0.350 0.20 0.05 
11 F RNGE 5 0.350 0.20 0.05 
11 H RNGB 5 0.350 0.20 0.05 
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3.1.1.5  Plant Growth 
The SWAT model has an extensive crop growth database with numerous parameters that 

govern the growth of different types of vegetation. The crop database for range grass was 

used for the open areas with livestock grazing (pasture), range brush for the riparian areas 

along the stream corridors (riparian pasture) and mixed forest for the cliff areas with 

deciduous and coniferous vegetation.  This section will focus on the crop growth parameters 

that were adjusted during the calibration.  Refer to Table 3-4 for the values used for the 

parameters discussed. 

The maximum rooting depth of the soil dictates how deep the vegetation can go for 

water.  The maximum rooting depth in the A, B and E soils was limited to 100 mm to reflect 

poor growth and water limiting conditions in these areas.  The maximum rooting depth of 

each type of vegetation could go deeper in the other soils up to the maximum shown in Table 

3-4.  The maximum rooting depth for each type of vegetation was selected based on 

published data (Canadell et al. 1996). 

The potential heat units (PHU) specifies how many heat units, or degree days above base 

temperature, for the plant to reach maturity.  For tree species, the PHU is an estimate of the 

growing season, i.e. the amount of time between budding and leaf senescence. The PHU 

program was used to estimate the PHU for each vegetation type based on location on the 

planet and mean monthly maximum and minimum temperatures (Neitsch et al. 2002b).  A 

value of 1,350 was determined for the range brush and grass type vegetation.   

Once vegetation reaches maturity in the model, the leaf area index for the plant is set to 

zero and the vegetation no longer intercepts rainwater nor takes up water from the soil for the 

purpose of growth.  Therefore, after plant maturity, evapotranspiration due to the vegetation 
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no longer occurs.  This modeling approach has a significant effect on soil moisture content 

and water yield for land covers with vegetation that has reached maturity. Due to the 

likelihood that plants don’t stop transpiring and certainly continue to intercept rainwater after 

maturity, the growing season was extended to delay or prevent the vegetation from reaching 

maturity.  A value of 3,500 PHU’s was used for the pasture, riparian pasture and mixed 

forest, representing the highest allowable value for this parameter in the model. 

The SWAT model uses optimal and base temperatures to calculate the number of PHU’s 

accumulated each day and simulate plant growth.  The model defaults for each vegetation 

type were used. 

SWAT uses six parameters to simulate leaf area growth.  The leaf area index (LAI) is 

defined as the area of one side of the leaves per unit area of soil surface for the plant canopy.  

The LAI is used by the model to estimate the amount of water and solar radiation that is 

intercepted by the plant canopy.  The LAI is also used to calculate canopy height.  The 

following six parameters describe the optimal leaf area development curve for each plant 

type in the model: potential maximum LAI, two points (four parameters) that relate fraction 

of growing season to fraction of potential maximum LAI, and the fraction of growing season 

when the LAI is decreasing (senescence). For the pasture and riparian pasture, these values 

were adjusted to reflect a fast growing and relatively stable leaf area throughout the growing 

season.  The maximum potential leaf area index for each vegetation type was selected based 

on published data (Scurlock et al. 2001). The potential maximum LAI for mixed forest was 

reduced to represent the low density of trees on the rocky cliff areas. 
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Table 3-4 Crop growth parameters for the SWAT model calibration. 

Plant 

Max. 
Rooting 
Depth 
(cm) 

Potential 
Heat 
Units 

Optimal 
Temp. 
(deg C) 

Base 
Temp. 
(deg C) 

Max. 
Potential 

LAI 

Fraction 
of 

Growing 
Season 

(Point 1) 

Fraction 
of LAI 

(Point 1) 

Fraction 
of 

Growing 
Season 

(Point 2) 

Fraction 
of LAI 

(Point 2) 

Fraction 
of 

Growing 
Season 

Dormant 
Pasture 150 3,500 25 12 4.0 0.05 0.50 0.10 0.95 0.99 
Riparian Pasture 200 3,500 25 12 4.0 0.05 0.50 0.10 0.95 0.99 
Mixed Forest 300 3,500 30 10 5.0 0.05 0.05 0.40 0.95 0.99 
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3.1.1.6  Land Management 
The livestock grazing operation was simulated in SWAT.  The mix of sheep and cattle 

were continuously grazed year round on the catchments at an average annual stocking rate of 

0.9 cattle per hectare (1 cattle unit equivalent to the needs of a 380 kg cow with calf) during 

the calibration period (Terzaghi 2004). It was estimated that the livestock at this stocking rate 

would consume 6.8 kg/ha of biomass per day (2% of body weight) (Holechek et al. 2004), 

deposit 3.4 kg/ha of biomass per day (Holechek et al. 2004) and trample 3.4 kg/ha of biomass 

per day (Neitsch et al. 2002b).  The minimum amount of biomass for grazing in the A, B and 

E soils was 100 kg/ha and for the remaining soils was 500 kg/ha. 

3.1.1.7  Stream Routing 
SWAT routes flow from each subbasin through the stream network.  The average channel 

width and depth for each stream reach were based on cross-sections surveyed during July 

2004. A Manning’s roughness factor of 0.04 was selected to represent the dense grass in the 

channels.  The channel length and slope were estimated by the ArcView SWAT interface 

using the topographic and stream network GIS data layers. Due to the relatively small size of 

the catchments and daily time step of simulation, the model was not very sensitive to flow 

attenuation effects due to stream routing. 

3.1.1.8  Added Groundwater Scenario Parameters 
This subsection describes the primary differences in parameters between the added 

groundwater scenario and the reduced evapotranspiration scenario.  

The available water capacity was increased and the saturated hydraulic conductivity was 

decreased in the A, B and E soil map units under the groundwater transfer scenario (Table 3-
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5).  Also, for these soils, the maximum rooting depth was not limited under the groundwater 

transfer scenario as it had been under the default scenario. 

Table 3-5 Calibration scenario parameter differences 

Parameter Reduced ET 
Scenario 

Added GW 
Scenario 

Available Water Capacity (mm water/mm soil) 
Soil A 0.05 0.20 
Soil B, Layer 1 0.05 0.15 
Soil B, Layer 2 0.05 0.19 
Soil B, Layer 3 0.05 0.19 
Soil E 0.05 0.15 
Saturated Hydraulic Conductivity (mm/hr) 
Soil A 20 5 
Soil E 50 19 
Maximum Rooting Depth (mm)   
Soil B 100 No Limit 
Soil E 100 No Limit 
 

3.1.2 Calibration Procedure 
This section discusses the calibration approach and the key calibration parameters.  The 

following section presents the performance results of the calibrated model. 

The first step in the calibration process was to attempt to match the simulated and 

observed annual flow volumes from the catchments.  The primary calibration parameters for 

the flow volumes were curve number and available water capacity of the soil.  In addition, 

groundwater revap, ESCO and EPCO were adjusted during the calibration.  Each of these 

parameters has an influence on the amount of evapotranspiration that occurs, which is a key 

component of the catchment water balance. 

The second step was to evaluate the seasonal variability between simulated and observed 

flows.  The primary method to evaluate the seasonal variability of flows was a comparison 

plot of cumulative outflow volume for the calibration period. The primary calibration 
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parameters for this step were the crop parameters that regulate plant growth, including the 

fraction of growing season and fraction of LAI parameters. 

The third step was to match the separation of storm flows and base flows.  Storm flows 

consist of surface runoff and quick lateral subsurface flow.  The storm flows for the 

catchments arrive at the stream within a day of the rainfall event.  Base flows are the 

groundwater flows that enter the stream long after any rainfall event. Slow lateral subsurface 

flow acts as the transition between storm flow and base flow.  The primary method to 

evaluate the flow separation was a comparison of daily flow duration curves, or amount of 

time that a flow rate is exceeded.  Curve number was the most important calibration 

parameter for storm and base flow separation. 

The final step in the calibration was to match the shape of the hydrographs, which 

includes the timing of storm peaks, flow recession and base flows.  The primary calibration 

parameters adjusted during this step were the groundwater parameters that govern rate of 

return flow to the stream, including groundwater delay, baseflow recession constant and deep 

aquifer fraction.  The surface water parameters that affect the timing of the return of surface 

flows to the stream were not adjusted since the time of concentration is less than a day for the 

catchments.  

The calibration procedure was iterative, as modification of a parameter in one step 

sometimes effected the results in the preceding steps. 
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3.2 Calibration Performance 
This section presents and discusses the results of the model calibration.  A number of 

statistical analyses were used to evaluate the performance of the model calibration, including 

comparison of simulated to observed annual flow volume, seasonal flow, flow duration, flow 

hydrographs and goodness of fit. 

3.2.1 Annual Flow Volume 
The flow volumes were compared for the two years of the calibration period: July 1, 2000 

to June 30, 2001 and July 1, 2001 to June 30, 2002.  The volumes are presented as flow 

depths with millimeter units, which is the flow volume averaged over the area of the 

catchment.  

Both years in the calibration period were wetter than normal.  Average rainfall in 

Tacuarembó over the 20 year period prior to monitoring of the research site was 1,487 mm 

(Chescheir et al. 2004).  Total rainfall for 2000/2001 was 1,808 mm , and 2,111 mm for 

2001/2002. 

For both modeling scenarios, the flow volumes were under predicted by the model in the 

first year and over predicted in the second year (Table 3-6).  In the second year, most of the 

error was due to a very large multi-day storm (April 22-24, 2002).  The accuracy of the 

observed flow measurements for this storm are questionable, as both outlet flumes were 

overtopped, requiring flow stages and rates to be estimated.  In addition, the rain gauge also 

had problems during this time period. 
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Table 3-6 Comparison between observed and simulated annual flow volumes. 

Year Rainfall 
(mm) 

Observed 
Flow (mm) 

Simulated 
Flow (mm) 

Error (mm) Percent 
Error 

Reduced ET Scenario – Catchment D1 
2000/2001 1808 798 769 -29 -3.7% 
2001/2002 2111 1019 1053 34 3.3% 
(w/o April storm) (1747) (734) (738) (5) (0.6%) 
Reduced ET Scenario – Catchment D2 
2000/2001 1808 1068 965 -104 -9.7% 
2001/2002 2111 1198 1263 65 5.4% 
(w/o April storm) (1747) (920) (943) (23) (2.5%) 
Added GW Scenario – Catchment D1 
2000/2001 1808 798 753 -45 -5.7% 
2001/2002 2111 1019 1040 20 2.0% 
(w/o April storm) (1747) (734) (725) (-8) (-1.2%) 
Added GW Scenario – Catchment D2 
2000/2001 1808 1068 932 -137 -12.8% 
2001/2002 2111 1198 1233 35 2.9% 
(w/o April storm) (1747) (920) (913) (-7) (-0.8%) 

 

Graphs of cumulative flow depth through the calibration period for each model scenario 

are shown in Figure 3-1 and Figure 3-2.  The simulated and observed flow depths match 

particularly well for catchment D1 for the both model scenarios.  The model under predicts 

outflow for catchment D2 in the first year and over predicts outflow for the second year. The 

error in catchment D2 mostly cancels out over the calibration period.   
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Figure 3-1 Cumulative flow depth comparison for the reduced ET model scenario. 
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Figure 3-2 Cumulative flow depth comparison for the added GW model scenario. 
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3.2.2 Monthly Flow Volume 
The monthly rain, PET, observed flow and error between observed and predicted 

volumes are shown in Figure 3-3 and Figure 3-4.  The volumes are presented as depths with 

millimeter units, which is the volume averaged over the area of the catchment.  The error 

between observed and simulated flow depths varies throughout the year; however, there does 

not appear to be a systematic error on a seasonal basis.  Also, there does not appear to be a 

correlation between amount of rainfall or PET and amount of error.  

3.2.3 Flow Duration 
Flow durations, or percent of time a flow depth is equaled or exceeded, for simulated and 

observed daily flow depths were calculated and compared.  For catchment D1 under the 

reduced ET calibration scenario, the low flows between 0.01 and 1.1 mm were slightly over 

predicted (Figure 3-5). The remainder of the flow regime matched quite closely.  For 

catchment D2 under the reduced ET calibration scenario, there was an under prediction of 

flow durations between 1 and 10 mm (Figure 3-6). 

The flow duration curves for the added GW calibration scenario were very similar to 

those for the reduced ET scenario (Figure 3-7 and Figure 3-8).   
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Figure 3-3 Monthly rain, PET, observed outflow and error comparison for the reduced ET model 
scenario.  Error equals simulated minus observed flow. 
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Figure 3-4 Monthly rain, PET, observed outflow and error comparison for the added GW model 
scenario. Error equals simulated minus observed flow. 
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Figure 3-5 Daily flow duration during calibration period (reduced ET scenario – catchment D1). 
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Figure 3-6 Daily flow duration during calibration period (reduced ET scenario – catchment D2). 
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Figure 3-7 Daily flow duration during calibration period (added GW scenario – catchment D1). 
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Figure 3-8 Daily flow duration during calibration period (added GW scenario – catchment D2). 
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3.2.4 Hydrographs 
Representative hydrographs were selected for each season for presentation.  Both storm 

flow and base flow hydrographs are included for the selected periods (Figure 3-9 – 3-16). 

The peak storm flows were generally simulated well for both catchments for all seasons 

(Figures 3-9, 3-11, 3-13 and 3-15) .  Some storm peaks were over or under predicted; 

however, there did not appear to be a systematic or seasonal pattern to these errors. 

The simulation of base flows was generally considered good (Figures 3-10, 3-12, 3-14 

and 3-16).  The base flows were slightly over simulated for the winter period (Figure 3-12) 

and slightly under simulated for the summer period (Figure 3-10). The simulated base flows 

for catchment D1 more closely matched observed than for catchment D2.  The simulated 

base flow recession matched the observed recession for both catchments for all seasons. 

The hydrographs for the added GW calibration scenario are very similar to those for the 

reduced ET calibration scenario and are not included. 
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Figure 3-9 Daily flow hydrograph for winter 2001 (reduced ET scenario – catchment D2). 
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Figure 3-10 Daily base flow hydrograph for winter 2001 (reduced ET scenario – catchment D2). 
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Figure 3-11 Daily flow hydrograph for summer 2002 (reduced ET scenario – catchment D2). 
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Figure 3-12 Daily base flow hydrograph for summer 2002 (reduced ET scenario – catchment D2). 
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Figure 3-13 Daily flow hydrograph for spring 2000 (reduced ET scenario – catchment D1). 
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Figure 3-14 Daily base flow hydrograph for spring 2000 (reduced ET scenario – catchment D1). 
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Figure 3-15 Daily flow hydrograph for autumn 2001 (reduced ET scenario – catchment D1). 
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Figure 3-16 Daily base flow hydrograph for autumn 2001 (reduced ET scenario – catchment D1). 
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3.2.5 Goodness of Fit 
Two statistical analyses were conducted to evaluate the “goodness of fit” between the 

simulated and observed data: the linear regression model and the coefficient of efficiency. 

The linear regression model uses the least squares error method to determine the best fit 

line between simulated and observed data.  The equation of the regression line followed the 

form: simulated = slope x observed + intercept.  The ideal regression line for the calibration 

would have a slope of 1.0 and an intercept of 0.0.  The Pearson product moment correlation 

coefficient (R2) was calculated for each linear regression.  The correlation coefficient is a 

measure of the variance in the simulated data that is attributable to the variance in the 

observed data.  The slope, intercept and correlation coefficients were very good for each 

catchment and each calibration scenario (Table 3-7). 

The coefficient of efficiency, E, is a calibration statistic used by hydrologists to represent 

the deviation of the simulated to observed regression line from the 1:1 line. It is calculated by 

taking unity minus the ratio of the mean square error (simulated to observed) to the variance 

of the observed data (Nash and Sutcliffe 1970, Legates and McCabe 1999). The coefficient 

of efficiency varies from minus infinity to 1.0, with a value above 0.7 generally considered a 

good fit. 

Coefficients of efficiency were determined for the relationships of observed to simulated 

daily flow depths for both of the calibration scenarios and both catchments. Coefficients of 

efficiency were greater than 0.95, indicating a good fit between the simulated and observed 

results (Table 3-7).  With 730 days in the calibration period, the degrees of freedom for both 

scenarios was 729. 
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Table 3-7 Goodness of fit for modeling scenarios during calibration period. 

 Reduced ET Scenario Added GW Scenario 

Statistical Parameter D1 D2 D1 D2 

Regression Line     

Slope 0.93 0.99 0.93 0.98 
Intercept 0.18 -0.01 0.14 -0.07 
Correlation Coefficient, R2 0.95 0.96 0.96 0.96 

Coefficient of Efficiency, E 0.95 0.96 0.96 0.96 
 

3.3 Validation Performance 
This section presents and discusses the results of the validation of the calibrated model.  

A number of statistical analyses were used to evaluate the performance of the model 

calibration, including comparison of simulated to observed annual flow volume, cumulative 

flow, flow duration, flow hydrographs and goodness of fit.  

3.3.1 Annual Flow Volume 
For catchment D1, the flow volumes were compared for the two years of the validation 

period: July 1, 2002 to June 30, 2003 and July 1, 2003 to June 30, 2004.  Catchment D2 only 

had one year for the model validation due to the planting of the pine trees: July 1, 2002 to 

June 30, 2003.  The volumes are presented as flow depths (mm), which are the flow volumes 

averaged over the area of the catchment.  

Total rainfall for 2002/2003 was 2,539 mm.  This was an extremely wet year, nearly 

doubling the annual average rainfall of 1,487 mm.  The wet year  was followed in 2003/2004 

by a drier than average year, with 1,049 mm of total rainfall. 
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For both calibration scenarios, the flow volumes matched well for 2002/2003 for both 

catchments (Table 3-8 and Figure 3-17 and Figure 3-18). For catchment D1, the flow volume 

was greatly over predicted for the dry year (2003/2004). 

Table 3-8 Comparison between observed and simulated annual flow volumes. 

Year Rainfall 
(mm) 

Observed 
Flow (mm) 

Simulated 
Flow (mm) 

Difference 
(mm) 

Percent 
Error 

Reduced ET Scenario – Catchment D1 

2002/2003 2539 1321 1334 14 1.0% 
2003/2004 1049 150 279 129 86.4% 

Reduced ET Scenario – Catchment D2 

2002/2003 2539 1599 1561 -38 -2.4% 

Added GW Scenario – Catchment D1 

2002/2003 2539 1321 1323 2 0.2% 
2003/2004 1049 150 265 116 77.4% 

Added GW Scenario – Catchment D2 

2002/2003 2539 1599 1569 -30 -1.9% 
 

3.3.2 Monthly Flow Volume 
The monthly rain, PET, observed flow and error between observed and predicted 

volumes are shown in Figure 3-19 and Figure 3-20.  Flow for the second half of 2002 was 

generally under predicted, with the exception of November, for both scenarios, while the first 

half of 2003 was over predicted. The seasonal errors balanced out over the year, resulting in a 

small annual difference between simulated and observed.  For catchment D1, flows were 

over predicted for each month, with the exception of July, during the second year of the 

validation period (2003/2004). April 2004 had the highest monthly over prediction during the 

second year of the validation period, which was primarily due to one storm event.  
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Figure 3-17 Cumulative flow depth comparison for the reduced ET model scenario. 
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Figure 3-18 Cumulative flow depth comparison for the added GW model scenario. 
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Figure 3-19 Monthly rain, PET, observed outflow and error comparison for the reduced ET model 
scenario.  Error equals simulated minus observed flow. 
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Figure 3-20 Monthly rain, PET, observed outflow and error comparison for the added GW model 
scenario.  Error equals simulated minus observed flow. 
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3.3.3 Flow Duration 
Flow durations, or percent of time a flow depth is equaled or exceeded, for simulated and 

observed daily flow depths were calculated and compared for the validation period.  For 

catchment D1 under both calibration scenarios, the simulated duration curve was generally 

above the observed duration curve for all flows except the larger storm events (Figure 3-21 

and Figure 3-23). For catchment D2 under both calibration scenarios, the simulated duration 

curve matched the observed duration curve fairly closely across all flow depths (Figure 3-22 

and Figure 3-24).  The flow duration curve for catchment D2 includes only the first year of 

the validation period.   

3.3.4 Hydrographs 
As for the calibration period, the peak storm flows were well simulated for both 

catchments under both calibration scenarios for 2002/2003.  The storm flows were 

significantly over predicted in catchment D1 during 2003/2004, which was an extremely dry 

year.  A significant portion of the annual error in flow volume from catchment D1 during 

2003/2004 was due to a storm event in April 2004 (Figure 3-25).  During the dry year, the 

model simulated more surface runoff than was observed.  

The performance of the model in simulation of base flows during the validation period 

was similar to the performance during the calibration period.  The base flows were generally 

well simulated for both catchments under both calibration scenarios during 2002/2003.  The 

base flows were over predicted in catchment D1 during 2003/2004 (Figure 3-26). 
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Figure 3-21 Daily flow duration during validation period (reduced ET scenario – catchment D1). 
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Figure 3-22 Daily flow duration during validation period (reduced ET scenario – catchment D2). 
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Figure 3-23 Daily flow duration during validation period (added GW scenario – catchment D1). 
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Figure 3-24 Daily flow duration during validation period (added GW scenario – catchment D2). 
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Figure 3-25 Daily flow hydrograph for autumn 2004 (reduced ET scenario – catchment D1). 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

4/1/2004 4/11/2004 4/21/2004 5/1/2004 5/11/2004 5/21/2004 5/31/2004 6/10/2004 6/20/2004 6/30/2004

Fl
ow

 (m
m

)

0

20

40

60

80

100

120

140

R
ai

n 
(m

m
)

RAIN OBS SWAT  
Figure 3-26 Daily base flow hydrograph for autumn 2004 (reduced ET scenario – catchment D1). 
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3.3.5 Goodness of Fit 
The slope and intercept of the linear regression model for the validation period were not 

as close to the ideal 1:1 line as for the calibration period.  The correlation coefficient, R2, was 

also lower for the regression line, indicating more variability between the simulated and 

observed data.  

Coefficients of efficiency, E, were greater than 0.84 for both of the calibration scenarios 

and both catchments during the validation period, indicating a good fit between the simulated 

and observed results (Table 3-9).  The coefficient of efficiency was slightly less during the 

validation period as compared to the calibration period. Catchment D1 had 730 degrees of 

freedom and catchment D2 had 364 degrees of freedom during the validation period. 

Table 3-9 Goodness of fit for modeling scenarios during validation period. 

 Reduced ET Scenario Added GW Scenario 

Statistical Parameter D1 D2 D1 D2 

Regression Line     

Slope 0.87 0.84 0.87 0.84 
Intercept 0.45 0.59 0.42 0.61 
Correlation Coefficient, R2 0.86 0.89 0.87 0.90 

Coefficient of Efficiency, E 0.86 0.89 0.87 0.89 
 

3.4 Scenario Comparison 
This section compares the simulation results from the two model scenarios.   

The added GW scenario generally had less predicted annual flow than the reduced ET 

scenario, although the difference was small relative to the total flow volume (Table 3-10).  

The lower flows under the added GW scenario were due to the higher evapotranspiration 

from the A, B and E soils resulting from the higher available water capacity and rooting 
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depth.  The added groundwater under that scenario had a small total volume relative to the 

storm flow.  

Table 3-10 Comparison of annual flow volumes. 

Year Rainfall 
(mm) 

Reduced ET 
Scenario 

Flow (mm) 
SWAT1 

Added GW 
Scenario 

Flow (mm) 
SWAT2 

Difference (mm) 
SWAT2-SWAT1 

Catchment D1 

2000/2001 1808 769 753 -16 
2001/2002 2111 1053 1040 -14 
2002/2003 2539 1338 1323 -15 
2003/2004 1049 278 263 -15 

Catchment D2 

2000/2001 1808 965 932 -33 
2001/2002 2111 1263 1233 -30 
2002/2003 2539 1590 1569 -22 

 

Plots of the difference between the daily flows simulated for each of the scenarios are 

shown in Figure 3-27 through 3-33.  Generally, the differences between the scenarios are 

small relative to the total flow. Both catchments generally had higher storm flows during the 

summer months under the reduced ET scenario; however, the differences, which ranged from 

-5.3 to 1.8 mm daily flow, were small relative to the observed storm flows.  
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Figure 3-27 Model scenario comparison - daily flow difference for 2000/2001 (Catchment D1).  
(SWAT1 is reduced ET scenario and SWAT2 is added GW scenario) 

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

7/1/00 8/1/00 9/1/00 10/1/00 11/1/00 12/1/00 1/1/01 2/1/01 3/1/01 4/1/01 5/1/01 6/1/01

SW
A

T2
 - 

SW
A

T1
 (m

m
)

 
Figure 3-28 Model scenario comparison - daily flow difference for 2000/2001 (Catchment D2). 



 

  85 

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

7/1/01 8/1/01 9/1/01 10/1/01 11/1/01 12/1/01 1/1/02 2/1/02 3/1/02 4/1/02 5/1/02 6/1/02

SW
A

T2
 - 

SW
A

T1
 (m

m
)

 
Figure 3-29 Model scenario comparison - daily flow difference for 2001/2002 (Catchment D1). 
(SWAT1 is reduced ET scenario and SWAT2 is added GW scenario) 
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Figure 3-30 Model scenario comparison: daily flow difference for 2001/2002 (Catchment D2). 
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Figure 3-31 Model scenario comparison - daily flow difference for 2002/2003 (Catchment D1). 
(SWAT1 is reduced ET scenario and SWAT2 is added GW scenario) 
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Figure 3-32 Model scenario comparison: daily flow difference for 2002/2003 (Catchment D2). 
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Figure 3-33 Model scenario comparison - daily flow difference for 2003/2004 (Catchment D1). 
(SWAT1 is reduced ET scenario and SWAT2 is added GW scenario) 

An analysis was conducted in order to evaluate the performance of the base flow 

simulation of each scenario.  For the analysis, flow in a given day was considered base flow 

if no rain occurred on that day or the previous day, which was considered valid since the 

travel time of surface runoff in the catchments was less than one day.  The base flows were 

similar for catchment D1 under both scenarios, with a mean absolute difference in daily base 

flows between the scenarios of 0.01 mm (Table 3-11). The mean absolute difference in daily 

base flows between the scenarios for catchment D2 was 0.08 mm.  The mean absolute 

differences between the scenarios was less than the mean absolute error between the 

simulated and observed results for both catchments.  Therefore, although the reduced ET 

scenario performed slightly better than the added GW scenario in predicting base flow in 

catchment D2, the difference between scenarios was smaller than the error of the models.  
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Table 3-11 Comparison of daily base flow error and difference. 

 Catchment D1 Absolute 
Error/Difference 

Catchment D2 Absolute 
Error/Difference 

 Red ET Add GW Add GW 
& Red ET Red ET Add GW Add GW & 

Red ET 

Mean 0.11 0.11 0.01 0.33 0.37 0.08 
Standard 
Deviation 0.21 0.20 0.01 0.36 0.40 0.06 

Winter 
Mean 0.12 0.12 0.01 0.33 0.34 0.07 

Summer 
Mean 0.08 0.07 0.00 0.18 0.19 0.06 

 

3.5 Model Calibration Summary and Conclusions 
A SWAT model of the two research catchments was calibrated and validated using 

observed weather and outflow data.  The calibration period for both catchments was July 1, 

2000 to June 30, 2002.  The validation period for the control catchment was July 1, 2002 to 

June 30, 2004, and for the treatment catchment was July 1, 2002 to June 30, 2003. 

Two modeling scenarios were developed and calibrated. In the first scenario (reduced 

ET), the higher base flows in catchment D2 were due to reduced evapotranspiration from the 

shallow soils in the upper elevation (A, B and E).  In the second scenario (added GW), the 

higher base flows in catchment D2 were due to additional groundwater simulated as 

originating from outside the catchment boundary. 

Key hydrologic parameters were adjusted during the calibration so that the simulated 

outflow results most closely matched the observed.  To evaluate the adequacy of the model 

calibration, a comparison was made between simulated and observed outflow hydrographs, 

cumulative outflows, and flow duration curves.  In addition, the goodness of fit was 

evaluated for observed and predicted daily outflow from each catchment. 



 

  89 

The annual flow volumes were within 13% for each of the years in the calibration and 

validation period, except for catchment D1 during 2003/2004, which was 86% and 77% for 

the reduced ET and added GW modeling scenarios, respectively.  In general, the simulated 

cumulative flow depths tracked well with the observed during the calibration period, and less 

well during the extremely wet year followed by the extremely dry year during the validation 

period.  

There was generally a good match between the simulated and observed flow durations 

and hydrographs.  Coefficients of efficiency were greater than 0.86 for each catchment under 

each scenario, indicating a good fit between simulated and observed results.   

The two modeling scenarios had similar total and storm flow predictions during the 

pretreatment period.  The base flow prediction by the two scenarios was also similar for 

catchment D1.  The reduced ET scenario was slightly more accurate than the added GW 

scenario in predicting base flows in catchment D2;  however, the mean absolute difference 

between the scenarios was smaller than the mean absolute error between the predicted and 

observed base flows. There is the potential that the scenarios will be more divergent for the 

simulations of the treatment period. Further field investigation regarding the surface and 

subsurface flow of water is required to determine which scenario more accurately represents 

the hydrologic response of the catchments.  

Based on the analysis of the results, the calibration and validation of the models were 

considered good and appropriate for further use in evaluating the difference in the hydrologic 

response of the two catchments and predicting the hydrologic effects of pine afforestation. 
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4.0 Model Simulations 
This section presents the methodology and results of the long-term continuous 

simulations using the calibrated catchment models.  

4.1 Methodology 
The calibrated and validated hydrologic models were used to perform long-term 

simulations of selected scenarios.  A statistical analysis of the simulation results was 

conducted to evaluate the hydrologic characteristics of each scenario. 

4.1.1 Baseflow Scenarios 
The two modeling scenarios developed and calibrated as potential explanations for the 

observed discrepancy in base flows between catchment D1 and D2 were evaluated with the 

long-term simulations.  Under the reduced evapotransipiration scenario, the soil water 

storage capacity and rooting depth were severely reduced in the higher elevation soils (A, B 

and E).  For the added groundwater scenario, base flow from an area outside of the catchment 

boundary of D2 was added to the stream flow.  The two different base flow scenarios were 

simulated using a long-term weather data set. 

4.1.2 Land Cover and Management 
Three different land cover and management scenarios were simulated for catchment D2 

using the calibrated hydrologic model.  Following is a summary of the scenarios: 

1. Pasture with grazing: grass land cover with continuous grazing of sheep and cattle 
(calibrated model condition). 

2. Pasture without grazing:  grass land cover without any grazing. 

3. Full grown pine without grazing:  pine tree and riparian grass land cover without 
any grazing. 
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The curve numbers used for the grass and pine land uses are included in Appendix A.   

The same crop parameters for pasture and riparian pasture used in the calibrated model 

were used for the grass and riparian grass vegetation.  These crop parameters are summarized 

in Section 3.1.1.5. 

The default crop parameters for pine trees provided by the modeling program were used 

for the simulation of the pine afforestation, with the following exception.  The base 

temperature for crop growth was raised from zero degrees Celsius to ten degrees Celsius.  

This was done to prevent the pine trees from reaching maturity before the start of dormancy, 

as the model assigns an LAI of zero after plant maturity.  

4.1.3 Model Parameter Sensitivity Analysis 
A model sensitivity analysis was performed on selected model parameters to evaluate the 

effect of parameter selection on water yield.  The parameters were selected based on their 

potential effect on water yield and given the uncertainty associated with their value for grass 

and pine land cover.  The following model parameters were evaluated: 

1. Groundwater Revaporation Coefficient (GW_REVAP) 

Groundwater revap in the SWAT model is defined as the upward movement of 

water from the shallow aquifer to the overlying soil layers to meet 

evapotranspirative demand (Neitsch et al. 2002). Groundwater revap results from 

capillary action and/or deep-rooted vegetation that removes water directly from 

the shallow aquifer. The groundwater revap coefficient is the unitless fraction of 

water that moves upward. The value of GW_REVAP was varied for the pine trees 

(0.2 and 1.0) to assess the effect of root penetration into the shallow aquifer on 

water yield and base flows. 
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2. Maximum Root Depth (RDMX) 

The maximum rooting depth of the soil dictates how deep the vegetation can 

utilize water.  For perennial vegetation and trees, the model sets the rooting depth 

throughout the growing season at the maximum rooting depth. The maximum 

rooting depth was varied for the range grasses (0.5, 1.0, 1.5 and 2.0 meters).  

3. Plant Uptake Compensation Factor (EPCO) 

The plant uptake compensation factor specifies the degree to which plant water 

demand can be met by deeper soils. EPCO is a unitless coefficient that varies 

from 0.01 to 1.00.  The potential plant water uptake from the soil surface to any 

depth in the root zone is calculated using a distribution function that approximates 

the distribution of root density in the root zone.  For an EPCO value of 0.01, 50% 

of the water uptake demand is extracted from the top 6% of the root zone.  As 

EPCO approaches 1.00, the model allows more of the water uptake demand to be 

met by deeper soils. EPCO was varied for range grasses (0.01, 0.5 and 1.0). 

4. Maximum Leaf Area Index (BLAI) 

The leaf area index is defined as the area of one side of the leaves on vegetation 

per unit area of soil surface. The leaf area index varies through the growing 

season as the vegetation grows and is at a maximum at maturity. The maximum 

leaf area index for range grasses was varied (1.0, 2.0, 3.0 and 4.0). Leaf area 

index affects transpiration by the plants and canopy interception of rainfall and 

photosynthetically active radiation. 

5. Maximum Canopy Interception (CANMX) 

The maximum canopy interception specifies the amount of canopy storage of 
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intercepted precipitation.  Intercepted rainfall is the first water used by the model 

to meet evaporative demand.  The maximum canopy interception for range 

grasses was varied (1, 2 and 8 millimeters). 

4.1.4 Data Analysis 
This section describes the hydrologic output and statistics that were  used to evaluate the 

simulation results from each scenario. 

1. Flow Hydrograph – The model produced outflow volumes for each day of the 

simulation. 

2. Flow Volume - The volumes were calculated as flow depths (mm), which is the 

flow volume averaged over the area of the catchment.  Daily flow volumes were 

aggregated on a monthly and annual basis.  Mean monthly and mean annual flow 

volumes over the simulation period were compared for each scenario.  

3. Flow Duration – The flow duration or probability of exceedance is the percent of 

time a flow depth was equaled or exceeded.  Daily flow duration curves were 

calculated for the full flow regime.  Flow duration curves were compared 

graphically for each scenario. 

4. Flow Pathway– The water yield from the catchments in the model is generated 

from three flow pathways:  overland surface runoff, lateral shallow subsurface 

flow (sometimes referred to as interflow) and groundwater flow from the shallow 

aquifer.  Flow depths from each of the flow pathways were compared. 

5. Water Balance – The model output includes the components of the water balance, 

including rainfall, evapotranspiration, soil water storage, outflow and deep 
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seepage. Water is lost from the system through evapotranspiration and percolation 

to the deep aquifer.   

The first year of the simulation (1971) was used as model start-up for the establishment 

of antecedent conditions in the catchments and was excluded from all statistical analyses. 

4.2 Results 
This section presents the results from the model simulations. 

4.2.1 Pretreatment Catchment Comparison 
A comparison of the hydrologic response of each catchment with the pretreatment land 

cover and management (pasture with livestock grazing) was made using the predicted results 

from the long term simulation of the reduced evapotranspiration scenario. 

The daily flow duration curves for each catchment show that flows with a lower 

probability of exceedance (below 10%) were similar for both catchments, while daily flows 

with a higher probability of exceedance (above 10%) were greater in catchment D2 (Figure 

4-1).  For catchment D1, the predicted flow duration curves were similar to the observed 

flow duration curves during the pretreatment monitoring period (Chescheir et. al. 2004), 

indicating that the observed flow regimes were consistent with that predicted for long-term 

weather conditions. The predicted flows were lower than the observed flows for catchment 

D2 across the entire hydrologic regime, which was primarily attributed to the three wet years 

during the pretreatment period (catchment D1 flow durations include the fourth dry year).  
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Figure 4-1 Predicted daily flow duration curves for catchments D1 and D2 with grazed grass land 
use (1972-2003). 

A linear regression analysis of the predicted daily outflows showed the relationship 

between catchment D1 and D2 to have a slope of 1.02 and intercept of 0.36 (Figure 4-2).  

The fit of the regression line was excellent, with a coefficient of determination (R2) of 1.00.  

The regression analysis of the observed daily outflows during the pretreatment period 

determined a slope of 0.98 and intercept of 0.73, with R2 of 0.99 (Chescheir et.al. 2004). In 

both the predicted and observed data, the slope approaches that of a 1:1 line, indicating that 

the response to large storms from both catchments is similar.  The intercept is greater than 

zero for both predicted and observed, which reflects the higher base flows from catchment 

D2. 
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Figure 4-2 Predicted daily outflows and linear regression parameters for catchments D1 and D2 with 
pasture land use (1972-2003). 

The water yield from the catchments predicted by the model is generated from three flow 

pathways:  overland surface runoff, lateral shallow subsurface flow (sometimes referred to as 

interflow) and groundwater flow from the shallow aquifer.  Water is lost from the system 

through evapotranspiration and percolation to the deep aquifer. A summary of the water 

balance for the two catchments is presented in Table 4-1.  Groundwater was a greater 

component and evapotranspiration a smaller proportion of the mean annual water balance for 

catchment D2. 
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Table 4-1 Mean annual percentages for components of the water balance for each catchment.  

Component D1 D2 

Evapotranspiration 43% 37% 
Surface Runoff 42% 44% 
Lateral Subsurface Flow 5% 4% 
Groundwater 1% 10% 
Deep Aquifer 9% 5% 

 

4.2.2 Land Cover and Management Comparison 
This section presents the results from the long term simulation of three different land uses 

for catchment D2 under both groundwater scenarios.   

4.2.2.1  Reduced Evapotranspiration Scenario 
This section presents the results for the reduced evapotranspiration scenario.  The mean 

annual stream outflow from catchment D2 is shown in Table 4-2.  The grass cover without 

grazing had 15% less mean annual water yield than the pasture with livestock grazing.  This 

was primarily due to the fact that grass land cover has lower curve numbers, and less 

resultant surface runoff, than pasture.  In addition, the grass had greater loss resulting from 

evapotranspiration due to greater leaf area. For the pasture with grazing, the livestock 

continuously consumed vegetation, thereby preventing the grass from reaching maturity and 

resulting in reduced evapotranspiration through the growing season.  

The pine tree cover had less water yield than the grass cover due to the deeper roots and 

the greater leaf area during the growing season of the trees.  The deeper roots of the trees 

have greater access to the water in the soil. The afforestation of catchment D2 with mature 

pine trees (57% pine, 40% grasses) resulted in a 23% reduction in mean annual water yield as 

compared to the pretreatment condition.   
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Table 4-2 Mean annual water yield from catchment D2 for the reduced evapotranspiration model 
scenario.  

Land Use 
Mean Annual 
Water Yield 

(mm) 

Difference Percent 
Difference 

Grass without Grazing 857 -126 -15% 

Pasture with Grazing 789 Baseline Baseline 

Pine 790 -190 -23% 

 

The mean monthly flows for each land use are summarized in Figure 4-3. The greatest 

flow differences between pasture and pine land uses were predicted during the summer and 

autumn (December through May).  The mean monthly outflows were similar for the winter 

months (June through September), which was primarily due to the fact that the model sets the 

leaf area index at a constant 0.75 for perennial vegetation and trees during dormancy.  The 

dormant period was determined by the length of daylight, which is a function of the latitude 

of the catchments.  For the research catchments, the dormancy period started on May 12 and 

ended on August 3; however, growth would not commence in the spring until the average 

daily temperature exceeded the base temperature for growth of the vegetation. 
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Figure 4-3 Predicted mean monthly water yield for catchment D2 with grass, pasture and pine land 
uses (1972-2003). 

An analysis of the flow regime of the predicted outflow from catchment D2 for each land 

use showed lower storm flows and higher base flows from the grass than from the pasture 

(Figure 4-4). The pine treatment also had lower storm flows than the pasture, while the base 

flows were quite similar. The reduced storm flows under the grass and pine tree land uses 

were due to the lower curve numbers resulting from the greater vegetative cover. The lower 

base flows under the pine land cover is an indication of the greater utilization of the water in 

the soil and loss through evapotranspiration by the pine trees. 
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Figure 4-4 Predicted daily flow duration curves for catchment D2 with grass, pasture and pine land 
uses for the reduced evapotranspiration model scenario (1972-2003). 

A comparison of water yield from specific land use and soil combinations (hydrologic 

response units) within the same subcatchment showed the general relationship that pasture 

with grazing had the highest mean annual water yield, followed by grass without grazing and 

then pine trees (Figure 4-5).  The difference in mean annual water between pasture and grass 

was less pronounced in the shallow A soils. 
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Figure 4-5 Mean annual water yield from selected hydrologic response units from subcatchment 1 
for the reduced evapotranspiration model scenario. 

The dominant flow pathway for both catchments was overland surface runoff (Figure 4-6 

and 4-7).  For catchment D1, there was greater mean annual lateral subsurface flow than 

groundwater flow, while the reverse was true for catchment D2.  The pine treatment had the 

effect of slightly increasing groundwater and lateral subsurface flows, while considerably 

decreasing surface runoff, as compared to the control (pasture with livestock grazing).  The 

pine treatment reduced groundwater flows as compared to the grass land cover. 
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Figure 4-6 Predicted mean annual flow volumes for catchment D1 with grass and pasture land uses 
for the reduced evapotranspiration model scenario (1972-2003). 
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Figure 4-7 Predicted mean annual flow volumes for catchment D2 with grass, pasture and pine land 
uses for the reduced evapotranspiration model scenario (1972-2003). 
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The effect on water yield of varying the amount of water removed by the pine trees from 

the shallow aquifer is discussed further below (Section 4.3.1). 

4.2.2.2  Added Groundwater Scenario 
This section presents the results for the added groundwater scenario.  The mean annual 

water yield from catchment D2 is shown in Table 4-3.  The pine tree land cover had the 

lowest mean annual water yield, resulting in a 27% reduction as compared to the 

pretreatment pasture condition.  The lower water yield of the pine tree land cover under the 

added groundwater scenario as compared to the reduced evapotranspiration scenario is due to 

the greater water storage capacity of the upper elevation soils and greater use by the pine 

trees.  

Table 4-3 Mean annual water yield from catchment D2 for the added groundwater model scenario.  

Land Use 
Mean Annual 
Water Yield 

(mm) 

Difference Percent 
Difference 

Grass without Grazing 670 -151 -18% 

Pasture with Grazing 821 Baseline Baseline 

Pine 599 -222 -27% 

 

As under the reduced evapotranspiration scenario, the pasture cover with livestock 

grazing had a higher mean annual water yield than the grass cover without grazing; however, 

the difference was greater under the added groundwater scenario.   

The predicted flow regimes for the added groundwater scenario were similar to the 

reduced evapotranspiration scenario.  Comparison of the flow duration curve from each land 

use for catchment D2 showed lower storm flows from the grass and pine land covers than for 
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the pasture (Figure 4-8), while the pine tree and pasture land uses had lower base flows than 

the grass. 
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Figure 4-8 Predicted daily flow duration curves for catchment D2 with grass, pasture and pine land 
uses for the added groundwater model scenario (1972-2003). 

A comparison of the mean annual water yield from selected hydrologic response units is 

shown in Figure 4-9.  The effect of the pine treatment was greatest in the shallow, upper 

elevation A soils.  The mean annual water yields for the C and F soils were the same as for 

the reduced ET scenario, as was expected since the parameters for these soil types was 

unchanged.   
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Figure 4-9 Mean annual water yield from selected hydrologic response units from subcatchment 1 
for the added groundwater model scenario. 

The flow component trends for the added GW scenario were similar to those for the 

reduced ET scenario presented above (Figure 4-10 and 4-11).  As for the reduced ET 

scenario, the pine treatment had the effect of slightly increasing groundwater and lateral 

subsurface flows, while considerably decreasing surface runoff, as compared to the pasture 

with livestock grazing.  The pine treatment reduced groundwater flows as compared to the 

grass land cover. 
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Figure 4-10 Predicted mean annual flow volumes for catchment D1 with grass and pasture land uses 
for the added groundwater model scenario (1972-2003). 
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Figure 4-11 Predicted mean annual flow volumes for catchment D2 with grass, pasture and pine land 
uses for the added groundwater model scenario (1972-2003). 

 



 

  107 

4.2.2.3  Scenario Comparison 
As would be expected, the mean annual water yield difference between the two modeling 

scenarios was small for the pasture land cover (Table 4-4); however, the effect of the pine 

tree treatment and removal of grazing was larger for the added groundwater scenario.  The 

productivity and water use of the trees planted in the shallow, upper elevation soils has a 

significant impact on water yield from catchment D2.  Under the added groundwater 

scenario, the A, B and E soils had more water storage capacity and lower infiltration rates, 

resulting in more water availability for plant uptake and transpiration. 

Table 4-4 Comparison of mean annual water yield from catchment D2  for the model scenarios.  

 Mean Annual Water Yield (mm) 

Land Use Reduced ET Added GW Difference 

Grass without Grazing 719 670 49 

Pasture with Grazing 844 821 23 

Pine 654 599 55 

 

The predicted flow regimes for the two scenarios with the pine treatment were very 

similar, with the greatest difference in the mid-range flows from 2 to 11 mm (Figure 4-12).  

The storm flows and base flows matched closely. 
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Figure 4-12 Predicted daily flow duration curves for catchment D2 with pine land cover for both 
model scenarios (1972-2003). 

 

4.2.3 Model Parameter Sensitivity Analyses 
The results of the land use comparison above are dependent upon the selection of model 

input parameters for the grass and pine vegetation, neither of which was able to be calibrated.  

This section presents the results of sensitivity analyses conducted on key model parameters.   

4.2.3.1  Groundwater Revap 
Two values for the GW_REVAP parameter for the pine trees were selected for 

comparison: 0.20, the value generally used for vegetation in the model calibration, and 1.00, 

representing the maximum possible removal of water from the shallow aquifer by deep roots 

and capillary action.  The higher groundwater revap fraction (1.0) resulted in a mean annual 
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reduction in water yield from catchment D2 of 65 mm and 74 mm for the reduced ET and 

added groundwater model scenarios, respectively (Table 4-5).  The difference in water yield 

was greater in the winter months than in the summer months. 

Table 4-5 Mean monthly water yield (mm) from catchment D2 with pine land use for the 
groundwater revap scenarios.  

 Reduced ET Scenario Added GW Scenario 

Month REVAP 0.2 REVAP 1.0 REVAP 0.2 REVAP 1.0 

January 35 33 28 25 
February 40 37 31 28 
March 51 46 42 37 
April 77 72 69 64 
May 76 69 71 64 
June 57 50 57 49 
July 57 49 57 48 
August 41 34 42 33 
September 61 55 59 52 
October 62 55 59 51 
November 51 47 44 39 
December 40 37 32 29 
Annual 654 589 599 525 
 

Comparison of the flow duration curves at the two levels of the groundwater revap 

fraction showed that the parameter had no effect on storm flows and resulted in a reduction 

of base flows for both base flow model scenarios (Figure 4-13 and Figure 4-14).   

Based on the results of this analysis, selection of the groundwater revap parameter is 

significant due to its effect on base flows.  The value of 1.0 for the groundwater revap 

fraction represents the greatest reduction in water yield resulting from the afforestation of 

catchment D2. The actual value of the groundwater revap fraction is likely somewhere 

between 0.2 and 1.0.  Further monitoring of the catchments as the pine trees mature and 
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additional calibration of the model for the treatment condition will be required to select the 

appropriate value for the groundwater revap parameter.   
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Figure 4-13 Predicted daily flow duration curves for catchment D2 with pine land use at two levels of 
groundwater revap parameter for reduced ET model scenario (1972-2003). 
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Figure 4-14 Predicted daily flow duration curves for catchment D2 with pine land use at two levels of 
groundwater revap parameter for added GW model scenario (1972-2003). 

 

4.2.3.2  Other Model Parameters 
This section presents the results from the sensitivity analysis of additional parameters that 

affect the amount of actual evapotranspiration, including maximum leaf area index (BLAI), 

maximum canopy interception (CANMX), maximum rooting depth (RDMX),  and plant 

evapotranspiration coefficient (EPCO). The sensitivity of each parameter was tested using 

the calibrated model for the reduced evapotranspiration scenario and the pasture with grazing 

land cover. 

The mean annual water yield was not very sensitive to the maximum leaf area index 

(BLAI) parameter (Table 4-6), with a 100% difference in BLAI resulting in less than a 2% 
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difference in mean annual water yield.  Nor was the model very sensitive to the maximum 

canopy interception (CANMX) parameter, with a 400% increase in the parameter resulting in 

less than a 3% difference in mean annual water yield.  Therefore, selection of these 

parameters for the pasture grass does not significantly affect infiltration, runoff and 

evapotranspiration in the calibrated model.   

The model was more sensitive to the maximum rooting depth (RDMX) parameter at a 

depth of less than 1.0 meter.  The model sensitivity below a depth of 1.0 meter was due to the 

predominance of shallow soil types on the catchments.  The A, B, DL, E, F, G and H soil 

profiles all have a thickness of 1.1 meters or less.  The grasses, riparian grasses and pine trees 

all have maximum rooting depths that exceed 1.5 meters.  For perennial grasses and trees, the 

model sets the daily rooting depth throughout the growing season to the maximum rooting 

depth specified.  Due to the shallow soils on the research site, the model of the catchments 

was not very sensitive to the maximum rooting depth parameter above 1.0 meter of depth. 

The model was more sensitive to the plant uptake compensation factor (EPCO) at values 

of 0.1 and 0.01, while less sensitive at values above 0.5.  The model default value is 1.0, 

which represents a root distribution that is more uniform throughout the root depth.  The 

EPCO parameter was used as a calibration parameter and values were selected for the grasses 

and riparian grasses that reflect a denser root structure in the shallower layers.  The default 

value of 1.0 was used for the pine trees and mixed trees in the cliff areas. 

In summary, the calibrated model was not very sensitive to the BLAI, CANMX, RDMX, 

and EPCO parameters for the pasture land cover; therefore, the selection of the parameters 

was not a significant consideration in the assessment of the hydrologic effects of the pine 

afforestation. 



 

  113 

Table 4-6 Mean annual water yield, difference and standard deviation of difference for pasture land 
use for various model parameters for grass vegetation.  

  D1   D2  

Parameter 

Ave. 
Annual 
Flow 
(mm) 

Flow 
Difference 

(mm) 

Standard 
Deviation 
of Flow 

Difference 
(mm) 

Ave. 
Annual 
Flow 
(mm) 

Flow 
Difference 

(mm) 

Standard 
Deviation of 

Flow 
Difference 

(mm) 
BLAI    
2.0 (Calibration) 700 Baseline Baseline 844 Baseline Baseline 

1.0 687 -13 4 834 -11 3 
3.0 713 13 5 855 11 4 
4.0 725 25 12 865 20 10 

CANMX       
2 (Calibration) 700 Baseline Baseline 844 Baseline Baseline 

1 704 4 1 848 4 1 
8 683 -17 5 828 -17 4 

RDMX       
1.5 (Calibration) 700 Baseline Baseline 844 Baseline Baseline 

0.5 744 44 25 886 42 20 
1.0 715 15 9 857 13 10 
2.0 692 -8 2 837 -7 5 

EPCO       
0.5 (Calibration) 700 Baseline Baseline 844 Baseline Baseline 

0.01 729 29 18 868 24 15 
0.10 720 20 12 861 16 10 
1.00 697 -3 3 841 -3 3 

 

4.2.4 Model Simulations Summary 
A summary comparison of the modeling scenarios evaluated in this study is presented in 

Table 4-7 for catchment D1 and Table 4-8 for catchment D2.  Mean monthly water yields are 

summarized in Figure 4-18 for catchment D2. 
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Table 4-7 Summary of flow parameters for catchment D1 for model scenarios.  

Daily Flow at Probability 
of Exceedance (mm) Scenario Land Use 

Treatment 

Mean Annual 
Water Yield 

(mm) 

Difference 
(mm) 

Percent 
Difference

Standard 
Deviation 

(mm) 90% 50% 10% 1% 
Reduced ET Grass 547 -153 -22% 43 0.01 0.10 1.5 34.0 
 Pasture 700 Baseline Baseline Baseline 0.01 0.09 2.2 42.4 
Added GW Grass 527 -162 -23% 45 0.02 0.10 1.4 33.7 
 Pasture 689 Baseline Baseline Baseline 0.01 0.09 2.0 42.2 
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Table 4-8 Summary of flow parameters for catchment D2 for model scenarios. 

Daily Flow at Probability 
of Exceedance (mm) Scenario Land Use 

Treatment 

Mean Annual 
Water Yield 

(mm) 

Difference 
(mm) 

Percent 
Difference

Standard 
Deviation 

(mm) 90% 50% 10% 1% 
Reduced ET Grass 719 -126 -15% 38 0.15 0.52 2.5 33.8 
 Pasture 844 Baseline Baseline Baseline 0.12 0.38 2.8 43.7 

Pine REVAP 0.2 Pine 654 -190 -23% 39 0.09 0.43 2.3 32.0 
Pine REVAP 1.0 Pine 589 -255 -30% 52 0.08 0.29 1.8 31.7 

Added GW Grass 670 -151 -18% 45 0.14 0.49 2.5 32.8 
 Pasture 821 Baseline Baseline Baseline 0.11 0.41 2.7 42.7 

Pine REVAP 0.2 Pine 599 -222 -27% 45 0.09 0.40 2.2 29.9 
Pine REVAP 1.0 Pine 525 -296 -36% 63 0.05 0.24 1.6 29.2 
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Figure 4-15 Predicted mean monthly water yields for catchment D2 under the reduced 
evapotranspiration modeling scenario with selected groundwater revap parameters (1972-2003). 
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5.0 Conclusions 
Two different model scenarios of the pretreatment catchment condition were successfully 

calibrated and validated using the SWAT program on a daily time step.  The scenarios 

attempted to accurately simulate the discrepancy between observed base flows from 

catchment D1 and D2.  The two modeling scenarios had similar total and storm flow 

predictions, as well as base flow prediction for catchment D1, during the pretreatment period.  

The reduced evapotranspiration scenario was slightly more accurate than the added 

groundwater scenario in predicting base flows in catchment D2;  however, the mean absolute 

difference between the scenarios was smaller than the mean absolute error between the 

predicted and observed base flows. Although the model simulations are inconclusive as to 

which scenario provides a better explanation of the hydrologic processes occurring on the 

research catchments, they do provide insight as to which physical characteristics warrant 

further investigation and what the implications of the pine afforestation would be on water 

yield and flow regime.  

Based on the modeling results, it was predicted that the pine afforestation of catchment 

D2 will reduce annual water yield from the landscape.  The model predicted a 23% and 27% 

reduction in mean annual water yield due to the afforestation of catchment D2 for the 

reduced evapotranspiration and added groundwater scenarios, respectively.  The difference in 

flow volumes was predicted to occur primarily during the less frequent storm flows, with a 

slight increase in base flows predicted.  Therefore, at the treatment percentage of catchment 

D2 (approximately 60% pine and 40% grass), the afforestation was predicted to have a small 

beneficial effect on low flows.  The level of effect observed in the field will depend upon the 

pathway of subsurface flow and the access of the tree roots to water in the ground.  
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For the reduced evapotranspiration scenario, approximately 24% of the outflow from 

catchment D2 under pasture conditions was from subsurface flow (shallow lateral and 

groundwater) and 76% was from surface runoff.  The percentage of subsurface and surface 

flow under the pine treatment was 35% and 65%, respectively.  The flow pathway has both 

hydrologic and water quality implications.  

The hydrologic effect of the pine afforestation on annual water yield and base flows was 

less under the scenario with the groundwater entirely from within the catchment (reduced 

ET).  Under this scenario, the water storage capacity of the upper elevation soils in the 

catchments were restricted, which significantly limited the growth and water uptake of the 

trees in these areas.  Tree growth and water uptake were increased under the scenario with a 

groundwater source outside of catchment D2 (added GW), thereby increasing the hydrologic 

effects of the pine afforestation.  

Simulation of grass land cover without livestock grazing resulted in decreased water yield 

as compared to pasture with grazing.  This difference was primarily due to the lower curve 

numbers associated with undisturbed grass as compared to grazed pasture.  The lower curve 

numbers for the ungrazed grass resulted in less runoff, more infiltration and greater 

evapotranspiration. Previous studies have shown that infiltration is reduced and runoff 

increased when grasses are subjected to grazing.  Further investigation is recommended to 

determine if the increase in water yield due to grazing predicted by the model is observed.  

The removal of livestock is an important consideration when quantifying the hydrologic 

effects of afforestation, as the pine treatment of catchment D2 has nearly 40% grass land 

cover in protected riparian areas and between planting areas. 
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When comparing the water yield from individual hydrologic response units, the pine 

vegetation consistently had lower average annual water yield than the grass and pasture land 

uses for the range of soil types on the research site.  The pine trees generally have higher leaf 

area and deeper roots, resulting in increased evapotranspiration as compared to grass 

vegetation.  Therefore, although there was a hydrologic effect predicted by the model for 

conversion of pasture to grass, the hydrologic effect of conversion from pasture to pine trees 

was greater.  

An important consideration in the evaluation of the hydrologic effects of afforestation is 

the ability of deep rooted trees to remove groundwater from lower portions of the soil profile 

and shallow aquifer.  The soil profiles of the map units on the catchments were typically 

shallow, ranging from 10 to 175 centimeters.  The calibrated model had a maximum rooting 

depth of 1.5 meters for the grass vegetation, which is consistent with the literature and 

resulted in accurate prediction of outflows from the catchments.  Due to the deep rooting 

depth relative to the shallow soils, the grass vegetation had access to water throughout the 

soil profile, thereby reducing the effect of introducing deeper rooted trees.  There is the 

potential for the tree roots to extract water from the rocky parent material underlaying the 

soils.  The groundwater revap (GW_REVAP) parameter for the pine trees was set to its 

maximum of 1.0 to simulate this phenomenon.  Incorporating the maximum groundwater 

revap parameter, the mean annual water yield was reduced by 30% and 36% for the reduced 

evapotranspiration and added groundwater model scenarios, respectively, due to the 

conversion from pasture to pine trees.  The additional reduction in water yield came entirely 

from the more frequent low flows. 
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The results of the analysis should be qualified with the possibility that the model may be 

underpredicting evapotranspiration from pine trees, and therefore overpredicting water yield, 

during the winter dormant period.  The model sets the leaf area index at a constant 0.75 

during dormancy for perennial and tree vegetation.  This value is considered low for 

coniferous woody vegetation that does not lose its needles during dormancy; however, the 

potential effect on water yields was considered small relative to overall hydrologic effect of 

the trees and overall model uncertainty. 

The actual effect on water yield of the afforestation is likely to fall somewhere within the 

range predicted by the various scenarios simulated in this study (23% to 36% reduction).  

Based on the results of this analysis, a reasonable estimate of the effect on mean annual water 

yield due to the pine afforestation would be 30% plus or minus 5%. 
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6.0 Recommendations 
This section presents recommendations for future field investigation and model 

improvements.  

6.1 Field Investigation 
• Conduct vegetation surveys to measure and monitor leaf area index and growth 

rate of the grass and pine vegetation. 

• Additional hydrogeologic investigation to improve understanding of the dynamics 

of the subsurface water flow once it infiltrates and percolates to the underlying 

sandstone layer.  The dominant subsurface flow mechanism will have a 

significant impact on the hydrologic effect of the pine afforestation. 

• Perform flow monitoring on the stream tributary originating on the upper plateau 

in catchment D2 in order to quantify the amount of surface runoff emanating from 

the shallow, upper elevation soils and improve understanding of the breakdown 

between surface and subsurface flow. 

6.2 SWAT Model Improvements 
• Allow user input to adjust period of dormancy and leaf area index during 

dormancy by vegetation type.  Model currently determines dormancy by location 

of watershed on the planet and sets leaf area index at 0.75 during dormancy for 

perennial vegetation and trees.  The model tended to overpredict outflows during 

the winter months as compared to the observed data.  It is anticipated that the 

model is also underpredicting the effect of coniferous vegetation on water yield 

during the winter months. 
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• Modify the water uptake and transpiration algorithm to allow for reduced water 

use after vegetation reaches maturity rather than no water use. Further 

investigation may be required to evaluate water consumption rates by natural 

vegetation. Also, allow the leaf area index to slowly decrease from maturity to 

dormancy rather than go to zero as currently occurs.   

• Provide user customization of daily output.  The user could then better track daily 

characteristics, such as biomass and leaf area index, which would allow for the 

calibration of the model to actual observed growth data. 
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Appendix A Selected SWAT Model Input Parameters 
Curve Number 

The curve numbers used for the land uses in the calibrated model are shown in Table A-

1.  The curve number values generally correlated with poor to fair hydrologic condition for 

each hydrologic soil group and land cover.  Values published by the Soil Conservation 

Service (SCS) for soil moisture condition II (average antecedent moisture condition) and land 

slopes of 5% are included for reference (Neitsh et al. 2002).  Somewhat higher curve 

numbers were selected for the mixed forest vegetation to account for the predominant steep 

and rocky cliffs in these areas and sparse cover of the vegetation. 
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Table A-1 Curve numbers for the SWAT model calibrated land uses. 

 Curve Numbera 

Land Cover Soil 
Type Selected SCS Poor SCS Fair SCS Good 

Gravel Roadb All 98 98 98 98 
Mixed Forest A 79 83 79 77 

 B 93 77 73 70 
 C 75 66 60 55 

Riparian Pasture A 80 83 77 73 
 B 77 77 70 65 
 C 66 67 56 48 
 D 58 67 56 48 
 DL 71 77 70 65 
 E 84 83 77 73 
 F 71 77 70 65 
 G 77 83 77 73 
 H 77 83 77 73 

Pasture A 85 89 84 80 
 B 86 86 79 74 
 C 71 79 69 61 
 D 63 79 69 61 
 DL 74 86 79 74 
 E 89 89 84 80 
 F 76 86 79 74 
 G 82 89 84 80 
 H 82 89 84 80 

a: For moisture condition II or average antecedent moisture condition. 
b: Gravel road assumed impervious due to heavy equipment use and compaction. 

 

The curve numbers used for the land uses in the long-term model simulations that were 

not calibrated are shown in Table A-2.  The curve numbers selected for the riparian grass 

land use corresponded with the SCS curve numbers for good hydrologic condition.  For the 

grass land use, the curve numbers were set slightly higher than the SCS curve numbers for 

meadows with haying.  To reflect the contoured planting of the trees, the curve numbers for 

the pine land use corresponded to SCS curve numbers for fair hydrologic condition. 
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Table A-2 Curve numbers for the SWAT model simulated land uses. 

 Curve Numbera 

Land Cover Soil 
Type Selected SCS Poor SCS Fair SCS Good 

Riparian Grass A 73 83 77 73 
 B 73 77 70 65 
 C 48 67 56 48 
 D 48 67 56 48 
 DL 65 77 70 65 
 E 73 83 77 73 
 F 65 77 70 65 
 G 73 83 77 73 
 H 73 83 77 73 

Grass A 80 NA 78 NA 
 B 80 NA 71 NA 
 C 61 NA 58 NA 
 D 61 NA 58 NA 
 DL 74 NA 71 NA 
 E 80 NA 78 NA 
 F 74 NA 71 NA 
 G 80 NA 78 NA 
 H 80 NA 78 NA 

Pine A 82 86 82 79 
 B 82 82 76 72 
 C 65 73 65 58 
 D 65 73 65 58 
 DL 76 82 76 72 
 E 82 86 82 79 
 F 76 82 76 72 
 G 82 86 82 79 
 H 82 86 82 79 

a: For moisture condition II or average antecedent moisture condition. 
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Appendix B Soil Map Unit Descriptions 
The following soil map unit descriptions are taken from the Molfino (2000) soil report. 

Translation by Nicholas von Stackelberg with assistance from Anna Terzaghi, Colonvade 

S.A., and Fernando García Préchac, Universidad de la Republica. 
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Unit A 
 
General characteristics  
Relief and parent material: Plateaus with escarpment - Basalt. 
Position in the landscape and 
forms: 

Flat high zone. 

General slope: 0 to 2.0%. 
Elevation minimum and 
maximum1: 

180 - 220 m. 

 
Soils 
Soil Map identification: • Test pit: C4 (Catchment I) 
 
•  Morphologic description of representative profile (test pit 4, Catchment I) and 

variations: 
Horizon A: 0 to 10 cm; loam with gravel of common basalt; black to very dark 

brown (7.5YR2.5/2); structure in average and strong angular blocks. 
Horizon R: Basalt. 
Variations: 
- Depth of Horizon A, between 5 and 15 cm. 
- Texture of Horizon A: silty clay loam. 
 
•  Physical and chemical determinations: see list with laboratory data. 
 
• Classification:  - Uruguayan taxonomy:  Litosol Eutrico 
 - Soil Taxonomy (USDA): Entisol/Lithic 
 
Comments 
Drainage/Hydrologic Regime 
The soil is well-drained. Excess water infiltrates through the soil profile and runs or flows 
quickly over the basalt after intense rains, which is why the soil has high potential of 
draining (Hydrologic Group D). This Unit occupies the higher parts of the catchments 
(catchment boundaries) and is the reason why the excess rainwater runs off or drains 
toward the low parts of the catchments. However, in flat areas there exist flooded areas 
(small depressional ponds) for periods of 1 to 2 weeks after significant rains. Due to the 
shallow depth of the profile (between 5 and 15 cm), the capacity of water storage in this 
soil is low and the drought risk is high. 
 
Total area: 15.69 ha Catchment I: 2.6 ha Catchment II: 13.09 ha 

                                                 
1 According to the topographic map. 
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  pH %  ppm  meq/100 g of soil  
  

Test Pit/Boring 4  
H2O KCl M.O.  Phosphorus  Ca Mg K Na Al  

                
  I.4.1      0 - 10 5.9 5.0 5.3 2  9.90 5.06 0.25 0.49 -  
                         
              
              
              
    %       
  

Test Pit/Boring 4  
Sand Silt Clay  

Textural Class 
   

                  
  I.4.1      0 - 10 40.3 36.1 23.6  Loam       
                      
              
              
 
Organic Material (M.O.) according to Walkley-Black. 
Phosphorus (P) determined with Bray Number 1. 
Bases intercambiables (Ca, Mg, K, Na) extraídas con Acetato de amonio 1.0 N (pH 7). 
Aluminio intercambiable extraído con KCl 1 N. 
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Unit B 
 
General characteristics  
Relief and parent material: Very steep hills – Colluvium of basalt and sandstone 

of Tacuarembó. 
Position in the landscape and 
forms: 

High zone, inclined, with shrub vegetation. 

General slope: > 20.0 %. 
Elevation minimum and 
maximum2: 

170 - 190 m. 

 
Soils 
Soil Map identification: • Drill observations: - Catchment I: 36 
 • Test pit: C3 (Catchment I) 
 
•  Morphologic description of representative profile (test pit 3, Catchment I) and 

variations: 
Horizon I: 0 to 45/60 cm; sandy loam with gravel inclusions of basalt and 

sandstone in the mass; brown; structure in average, weak 
subangular blocks; undulating limit. 

Horizon II: 45 to 53/70 cm; line of pebbles of basalt and sandstone. 
Horizon III: 53/70 to 62/80 cm; sandy clay loam with heavy sand and some 

gravel and pebbles; structure in average, moderate angular blocks; 
undulating limit. 

Horizon IV: 62/80 cm +; light sandy clay loam; clear brown somewhat yellowish; 
structure in average, moderate to strong angular blocks. 

 
•  Physical and chemical determinations: see list with laboratory data. 
 
• Classification:  
 

These soils present/display a discontinuity in their development 
related to the formation processes (colluvium). In effect, it is 
possible that horizons III and IV are considered a buried soil; then 
there was a deposition by gravity of stones and pebbles (horizon 
II) and horizon I was the result of a more recent sedimentation 
without genetic entailment with the other horizons. According to 
the Uruguayan taxonomy material is Inceptisol (buried soils). 

 
Comments 
Drainage/Hydrologic Regime/Erosion 
Deep well-drained soils with fast external drainage. The water infiltrates without difficulty 
through the profile; they are soils with high capacity of water storage, which allows the 
vegetation of shrubs. Once the profile is saturated and due to the excessive slope, 
erosive processes take place, aggravated partly by burning or cutting of the natural 
vegetation. 
                                                 
2 According to the topographic map. 
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In the cuts where the sandstone arises, it is common to observe the water cascade over 
the rock. This phenomenon results from rain water that quickly infiltrates down to the 
sandstone and drains over the rock, which is favored by the slope. This water contains 
dissolved chemical and biological sediments and elements (organic matter) that are 
deposited in  the lower zones. 
 
Total area: 7.87 ha   Catchment I: 2.0 ha Catchment II: 5.87 ha 
 
  pH %  ppm  meq/100 g of soil  
  

Test Pit/Corte 3 
H2O KCl M.O. Phosphorus Ca Mg K Na Al  

                
  I.3.1      0 - 45 5.4 4.3 1.1 1  2.14 1.01 0.10 0.43 -  
  I.3.3    53 - 62 5.4 4.1 0.9 *  3.84 2.60 0.17 0.45 -  
  I.3.4    62 y + 5.2 3.9 0.8 *  3.00 2.60 0.11 0.42 -  
                         
* P < 1 ppm             
              
              
    %       
  

Test Pit/Corte 3 
Sand Silt Clay  

Textural Class 
   

                  
  I.3.1      0 - 45 76.1 11.5 12.4  Sandy Loam      
  I.3.3    53 - 62 57.6 11.0 31.4  Sandy Clay Loam      
  I.3.4    62 y + 63.2 10.3 26.5  Sandy Clay Loam      
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Unit C 
 
General characteristics  
Relief and parent material: Steep hills – Weathered sandstone of

Tacuarembó. 
Position in the landscape 
and forms: 

Steep slopes and cuts of convex form. 

General slope: 12.0 to 15.0 %. 
Elevation minimum and 
maximum3: 

150 - 180 (190)  m. 

 
Soils 
Soil Map identification: • Drill observations: - Catchment I: 19 and 20 

- Catchment II: 33 - 34 - 35 and 37 
 • Test pit: C4 (Catchment II) 
 
•  Morphologic description of representative profile (test pit 4, Catchment II) and 

variations: 
Horizon A1: 0 to 78 cm; sandy loam, with heavy sand; dark reddish brown 

(5YR3/4); structure in fine, weak subangular blocks. 
Horizon A2: 78 to 99 cm; sandy loam; granular structure; humid, possible 

perched water table; clear transition. 
Horizon Bt: 99 to 133 cm; sandy clay loam; red (2.5YR4/8) to red somewhat

yellowish; with clay films; structure in average, moderate angular 
blocks; diffuse transition. 

Horizon C: 133 cm +; red clay with sand. 
Variations: 
- Thickness and appearance of the second horizon: occasionally it is thinner (10-15 

cm) and can even lack. In these cases, horizon A1 transitions to the Bt. 
 
•  Physical and chemical determinations: see list with laboratory data. 
 
• Classification:  - Uruguayan taxonomy:  Acrisol Typical, sandy, ródico Ocrico 
 - Soil Taxonomy (USDA): Typic Hapludult 
 
Commentaries 
1.- Drainage/Hydrologic Regime 
Soils are well-drained, with a thick Horizon A of sandy texture and red tonalities; the 
runoff is fast due to the topographic position it occupies – strong lateral convex. The top 
horizon of 80 to 100 cm, of light textures, allows for a high capacity of water storage 
favored by the horizon B of finer textures. The water infiltrates quickly in the Horizon A 
to the Horizon B (clay), although the water would be expected toinfiltrate slowly through 
the clay, clear evidence of hydric conditions is not observed. For that reason it is 

                                                 
3 According to the topographic map. 
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inferred that this horizon does not totally prevent the descendent movement of the 
water. According to these considerations the soils are treated with moderate potential of 
draining (Hydrologic Group B). 
 
2.- Chemical characteristics/Fertility 
The soils are very leached, of low natural fertility, with acidic pH and high content of 
exchangeable Al. The presence of organic matter is very low in all the profile as well as 
the level of bases and the capacity of cation exchange. These soils display an 
accumulation of oxidized iron oxide in depth and the clays are of low or average 
chemical activity. 
 
3.- Agronomic aptitude 
These soils have very good rooting depth, which favors, along with its good internal 
drainage, the growth of forest species. In the country, the soils are considered excellent 
sites for forest (fast growth, uniform rodales, etc.). 
The PH is excessively acidic and the high content of Al limits their use for some crops or 
makes encalado necessary for their correction. 
The fertility level is low; it will be necessary to adapt the fertilization to the requirements 
of the crop. 
The workability of these soils is considerably reduced under the low presence of organic 
matter; it is recommended because of the aggregate of organic amendments and/or a 
reduced workability as well as the incorporation of crop residue into the soil.  
 
Total area: 34.7 ha   Catchment I: 9.3 ha Catchment II: 25.4 ha 
 
  pH %  ppm  meq/100 g of soil  
  

Test Pit 4 
H2O KCl M.O.  Phosphorus  Ca Mg K Na Al  

                
  II.4.1   0 - 78 5.2 4.2 0.4 1  0.50 0.11 0.20 0.34 0.6  
  II.4.2  78 - 99 5.0 4.1 0.3 *  0.75 0.24 0.14 0.37 0.6  
  II.4.3  99 -133 4.8 3.7 0.3 *  2.91 1.45 0.29 0.34 2.4  
  II.4.4 133 y + 4.8 3.7 0.2 *  1.87 1.39 0.20 0.40 -  
                         
* P < 1 ppm             
              
              
    %       
  

Test Pit 4 
Sand Silt Clay  

Textural Class 
   

                  
  II.4.1   0 - 78 83.2 8.9 7.9  Sandy Loam     
  II.4.2  78 - 99 80.1 9.5 10.4  Sandy Loam     
  II.4.3  99 -133 58.1 10.8 31.1  Sandy Clay Loam     
  II.4.4 133 y + 61.2 10.5 28.3  Sandy Clay Loam     
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Unit D 
 
General characteristics  
Relief and parent material: Strong hills and hillocks - Sandstone of 

Tacuarembó. 
Position in the landscape 
and forms: 

Average and steep slopes, convex, short. 

General slope: 6.0 to 12.0%. 
Elevation minimum and 
maximum4: 

150 (145) - 165 (160) m. 

 
Soils 
Soil Map identification: • Drill observations: - Catchment I: 31 - 32 - 41 

- Catchment II: 21 - 22 - 23 - 24 - 
25 - 26 - 42 - 43 

 • Test pit: C3 (Catchment II) 
 
•  Morphologic description of representative profile (test pit 3, Catchment II) and 

variations: 
Horizon A: 0 to 48 cm; sandy loam; grayish brown (7.5YR3/2); structure in fine, 

weak subangular blocks; diffuse transition. 
Horizon Bt1: 48 to 80 cm; sandy clay loam with thin clay films; brown; structure in 

average, weak angular blocks; clear transition. 
Horizon Bt2: 80 to 114 cm; sandy clay loam; yellowish brown (10YR5/4) with 

abundant red rust mottles; structure in average, moderate angular 
blocks; some concretions of Fe and Mn; undulating limit. 

Horizon C: 114 cm +; sandy loam; grayish brown with red and yellowish
mottles; structure in average and moderate angular blocks. 

Variations: 
- Depth of appearance of horizon C to the 100 cm. 
- Smaller thickness of horizons B. 
 
•  Physical and chemical determinations: see list with laboratory data. 

                                                 
4 According to the topographic map. 
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• Classification:  According to the analysis, the value of pH in KCl from the second 
horizon is minor to 4.2. This limit indicates the possible existence 
of high values of exchangeable Al, which is confirmed by the data 
from horizons B, with the following particularity: although there is 
more clay accumulation in the BT1, the occurrences of Al are 
higher in the BT2. However, these values do not justify the value 
of pH. It would be necessary to make more detailed analyses 
(capacity of cation exchange, saturation in bases to pH 7 and pH 
8.2) to know the level of acidic exchange due to the Al and to be 
able to define with certainty if one is Acrisoles or Luvisoles. If in 
addition the morphologic description of the profile is taken into 
account, differences exist between this soil and the Acrisol of Unit 
C (for example, texture of the horizon A, color in all the profile, 
etc.). It is probable that in reality there is a soil association, 
according to the Uruguayan Taxonomy they are classified as 
Typical Acrisoles and Luvisoles sandy loam, and according to the 
Soil Taxonomy, like Humic Hapludult. 

 
Comments 
1.- Drainage/Hydrologic Regime  
In relation to these properties, the soils of this Unit display intermediate characteristics 
between those of soils of Unit C (Acrisoles) and those of Units DL and F (Luvisoles). 
They have good internal drainage something prevented by the clay accumulation in 
horizon B; its external drainage is fast, favored by steep slopes. In the observations 
made in the test pit the existence of lateral drainage is not as evident as in other soils 
(for example those of Unit F). 
 
2.- Chemical characteristics/Fertility 
PH is acidic in the superficial horizon and strongly acidic in the second horizon. This 
characteristic, along with the Al data, was already commented upon when classifying 
this soil. 
The presence of organic matter is low as well as the sum of bases which is the reason 
why the level of fertility is low. 
 
3.- Agronomic aptitude 
These soils have a good rooting depth because horizon B, in spite of some signs of 
poor drainage, does not offer impediments to root exploration. 
This Unit displays high risk of erosion which is why the tillage of the soils agrees with 
suitable norms of conservation and trys to avoid the reduction of organic matter. 
 
Total area: 42.7 ha  Catchment I: 20.8 ha Catchment II: 21.9 ha 



 

  140 

 
  pH %  ppm  meq/100 g of soil  
  

Test Pit 3 
H2O KCl M.O. Phosphorus  Ca Mg K Na Al  

                
  II.3.1    0 - 48 5.4 4.4 1.5 2  1.61 0.76 0.33 0.38 0.4  
  II.3.2  48 - 80 4.9 3.8 1.3 1  2.92 1.89 0.66 0.44 3.8  
  II.3.3  80 -114 4.9 3.7 0.7 *  2.85 2.28 0.47 0.42 6.0  
  II.3.4  114 y + 4.9 3.8 0.3 *  3.35 2.90 0.38 0.40 -  
                         
* P < 1 ppm             
              
              
    %       
  

Test Pit 3 
Sand Silt Clay  

Textural Class 
   

                  
  II.3.1    0 - 48 71.7 12.8 15.5  Sandy Loam     
  II.3.2  48 - 80 54.1 11.8 34.1  Sandy Clay Loam     
  II.3.3  80 -114 63.3 11.1 25.6  Sandy Clay Loam     
  II.3.4  114 y + 67.0 10.6 22.4  Sandy Clay Loam     
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Unit DL 
 
General characteristics  
Relief and parent material: Hillocks – weathered sandstone of Tacuarembó. 
Position in the landscape 
and forms: 

Average and steep slopes, convex, long. 

General slope: 3.0 to 8.0%. 
Elevation minimum and 
Maximum5: 

145 - 160 m. 

 
Soils 
Soil Map identification: • Drill observations: - Catchment I: 12 - 30 - 38 
 • Test pit: C2 (Catchment I) 
•  Morphologic description of representative profile (test pit 2, Catchment I) and 

variations: 
Horizon A: 0 to 43 cm; sandy loam; dark grayish brown (10YR3/2); structure in 

subangular, average and weak blocks; diffuse transition. 
Horizon A/B: 43 to 70 cm; sandy clay loam; dark brown; average and weak 

angular blocks; clear and undulating transition. 
Horizon Bt 70 to 104  cm; sandy caly, with some clay films; brown grayish 

brown with abundant yellowish and reddish rust mottles; few 
concretions of Fe and Mn; structure in large and moderate angular 
blocks; abrupt transition. 

Horizon C: 104 cm and +; sandstone of Tacuarembó; beige; fractures with the 
knife. 

Variations: 
- Heavy sand presence in the first horizon. 
- Horizon Bt thicker and appearance of horizon C to 110-115 cm. 
•  Physical and chemical determinations: see list with laboratory data. 
• Classification:  - Uruguayan taxonomy:  Luvisol Typical Ocrico 
 - Soil Taxonomy (USDA): Humic Hapludult 
 
Commentaries 
1.- Drainage/Hydrologic Regime 
The soil is moderately well drained. The water infiltrates quickly in the horizon A of light 
texture. Horizon B displays important clay of iluvial origin with evidence of somewhat 
poor drainage (abundant grayish mottles and concretions of Fe and Mn), which 
indicates that this layer prevents, at least partially, the descendent movement of water. 
According to these considerations, soils have a slow transmission speed of water 
(Hydrologic Group C). In the test pit water was observed over horizon B, slipping by the 
wall; this establishment is still more evident in the test pits of Unit F, as that Unit is 
mentioned below. The horizon A, of sandy loam texture and relatively deep, has high 
capacity of water storage, which is the reason why the drought risk is low. 

                                                 
5 According to the topographic map. 
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2.- Chemical characteristics/Fertility 
They are soils of low fertility, with acidic pH and high content of exchangeable Al. The 
presence of organic matter is under as well as the level of bases and the capacity of 
cation interchange (although this one is somewhat superior to that of Acrisoles of Unit 
C). In horizon B the quotient of Al exchange/sum of bases is smaller to the calculated 
one for Acrisoles of Unit C. 
In these soils the accumulation of Fe oxide is common in horizon B. 
3.- Agronomic aptitude 
These soils also present good rooting depth since the noted drainage problems from the 
B horizon, this soil does not have unfavorable characteristics for the penetration by the 
roots. They have good aptitude for forests and, like Acrisoles, they are considered 
amongst the best sites due to the results observed in forest plantations. 
The Luvisoles display good infiltration but in the topographic position that this Unit 
occupies (slopes of + of 5.0 %), the risk of hydric erosion can be high because of the 
light texture and the weak structure of the surficial horizons. Parts of the eroded 
sediments (laminar erosion) are those that are accumulated in the lowest zones. 
The tillage must be reduced to the minimum to avoid the reduction of organic matter 
and  erosion. 
Depending on the crops, it will be necessary to correct pH and to add fertilizers. 
 
Total area: 21.31 ha Catchment I: 21.31 ha Catchment II: --- 
 
  pH %  ppm  meq/100 g of soil  
  

Test Pit 2 
H2O KCl M.O. Phosphorus Ca Mg K Na Al  

                
  I.2.1      0 - 43 5.1 4.0 1.1 1  1.75 0.71 0.16 0.40 0.9  
  I.2.2    43 - 70 5.0 3.9 1.2 1  3.27 1.31 0.32 0.40 3.6  
  I.2.3    70 - 104 5.3 3.8 0.4 *  7.18 3.59 0.35 0.43 4.9  
  I.2.4  104 y + - - - -  - - - - -  
                         
* P < 1 ppm             
              
              
    %       
  

Test Pit 2 
Sand Silt Clay  

Textural Class 
   

                 
  I.2.1      0 - 43 75.2 12.0 12.8  Sandy Loam     
  I.2.2    43 - 70 63.3 11.2 25.5  Sandy Clay Loam     
  I.2.3    70 - 104 51.6 11.4 37.0  Sandy Clay     
  I.2.4  104 y + - - -   -        
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Unit E 
 
General characteristics  
Relief and parent material: Hills with some outcrops (escarpments) in the 

break of slope – sillaceous sandstone of 
Tacuarembó. 

Position in the landscape 
and forms: 

High zone (catchment divide) broken by 
concavities. 

General slope: 0 to 5.0%. 
Elevation minimum and 
maximum6: 

160 - 180 m. 

 
Soils 
Soil Map identification: • Drill observations: - Catchment I: 1 - 6 - 7 - 30 

- Catchment II: 16 - 17 - 18 - 40 
 • Test pit: C5 (Catchment II) 
 
•  Morphologic description of representative profile (test pit 5, Catchment II) and 

variations: 
Horizon A: 0 to 35 cm; heavy sand and sandy loam with fragments of 

sandstone (stones and pebbles that are broken with the knife); dark 
brown; structure in subangular, average and moderate blocks; clear 
and undulating transition. 

Horizon R: 35 cm +; fractured sandstone with little fine material originating in
horizon A; sandy loam. 

Variations: 
- Depth of the soil up to 50 cm. 
- Existence of line of stones to the 20-30 cm in horizon A. 
- Texture of horizon A: sandy loam. 
- In flattened zones, presence of perched water table to the depth of 40-50 cm, which may 

impede infiltratration through the sandstone. 
 
• Physical and chemical determinations: see list with laboratory data. 
 
• Classification:  - Uruguayan taxonomy:  Inceptisol 
 - Soil Taxonomy (USDA): Inceptisol 
 
Commentaries 
1.- Drainage/Hydrologic Regime 
The water infiltrates quickly in the horizon A and, with exceptions (see Variations), when 
not having textural B and when the sandstone is fragmented the water does not have 
impediments for its descendent movement. Due to this, the soils of this Unit have a high 
speed of water transmission (Hydrologic Group A). 

                                                 
6 According to the topographic map. 
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Because at greater depth more of the generating material (sandstone) is disaggregated 
and fragmented than the Basalt, these soils have less drought risk than the Litosoles of 
Unit A. 
 
2.- Chemical characteristics/Fertility 
The analysis shows a strong acidity, very low content of bases and low percentage of 
organic matter, which indicates the low fertility of these soils. 
Analysis of Al was not made, but the pH in KCl in the second horizon would indicate the 
presence of this element. 
 
3.- Agronomic aptitude 
They are little developed and very leached soils; they do not display clay accumulation 
(absence of horizon B), with sequence of horizons A to C. 
In spite of having a moderate topsoil depth (35-50 cm), the trees can develop their roots 
to the given depth in the light texture of the superior horizon and the fractured 
sandstone of horizon R, which is the reason why the soils have good forest aptitude. 
 
Total area: 24.1 ha  Catchment I: 10.7 ha Catchment II: 13.4 ha 
 
  pH %  ppm  meq/100 g of soil  
  

Test Pit 5 
H2O KCl M.O.  Phosphorus  Ca Mg K Na Al  

                
  II.5.1   0 - 36 5.0 4.0 1.2 2  0.95 0.61 0.37 0.40   
  II.5.2 36 y + 4.7 3.8 0.6 *  0.83 0.30 0.27 0.35   
                         
* P < 1 ppm             
              
              
    %       
  

Test Pit 5 
Sand Silt Clay  

Textural Class 
   

                  
  II.5.1   0 - 36 75.1 11.4 13.5  Sandy Loam     
  II.5.2 36 y + - - -   -        
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Unit F 
 
General characteristics  
Relief and parent material: Smooth hillocks – weathered sandstone of 

Tacuarembó. 
Position in the landscape 
and forms: 

Average and low slopes, slightly convex. 

General slope: < 5.0%. 
Elevation minimum and 
maximum7: 

140 (135) - 150 m. 

 
Soils 
Soil Map identification: • Drill observations: - Catchment I: 3 - 4 - 5 - 8 - 9 - 

11 - 14 - 15 - 39 
- Catchment II: 27 -28 

 • Test pit: C1 (Catchment I) 
                C1 (Catchment II) 

 
•  Morphologic description of representative profile and variations: 
The soil corresponding to test pit 1 of Catchment II is described as the representative 
profile, since when analyzing the drill observations this type of soil occupies a greater 
area. The profile of Catchment I was considered when describing the variations. 
Horizon A: 0 to 38 cm; dark brown somewhat grayish (10YR3/2 - 7.5YR3/2); 

sandy loam; structure in average and weak subangular blocks; clear 
transition. 

Horizon E: 38 to 72 cm; light sandy loam (observed in the analysis the clay 
reduction with respect to the previous horizon); brown ceniciento; 
structure in fine, very weak subangular blocks; some concretions of 
Fe and Mn; humid, possible perched water table; clear transition. 

Horizon Bt: 72 to 104 cm; sandy clay loam with clay films; yellowish brown 
(7.5YR6/6) with abundant red and rust (5YR5/8) mottles; 
concretions of common Fe and Mn. 

Horizon C: 104 cm +; weathered sandstone: fragments of sandstone that are 
broken with the knife, of beige color and gray zones, with red 
mottles. 

Observation: 
At the heart of the test pit, to the 100-110 cm, approximately 20 cm of water in 1 hour 
after opening were accumulated. This water came to a large extent from the drainage 
over horizon Bt. This indicates the existence of lateral subsurface drainage favored by 
impermeable horizon (Bt), that topographically leads to more water loss towards the 
areas (Unit G). The diminution of the sum of the bases of the horizon confirms the 
intense washing of the soil. 
 
 
                                                 
7 According to the topographic map. 
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Variations: 
- Absence of horizon and steep transition of the horizon A to the Bt. 
- Important clay accumulation in horizon Bt (from the 68 cm and mainly after the 102 cm; 

(see analysis of test pit 1 of Catchment I). 
 
• Physical and chemical determinations: see list with laboratory data. 
 
• Classification:  - Uruguayan taxonomy:  Luvisol Albico8 / Acrisol Abrúptico9  
  The results of the analyses of this soil Unit 

deserve commentaries such as the ones 
expressed for soils of Unit D. The soil of test 
pit 1, Catchment II presents/displays data in 
relation to pH and to Al that approximates 
more to a Luvisol than to an Acrisol. In this 
case an iluvial horizon is observed clearly 
(horizon E), which is the reason why it would 
be classified according to the Uruguayan 
Taxonomy as Luvisol Albico. The soil of test 
pit 1, Catchment I presents/displays higher 
levels of Al than those of the previous test 
pits, which is the reason why it comes nearer 
to an Acrisol. In this case it is classified as 
Acrisol Abrúptico by presenting/displaying a 
steep transition between the horizons A and B 
(relation clay B/A = 2.48). 

 - Soil Taxonomy (USDA): Humic Hapludult. 
    

 
Comments 
1.- Drainage/Hydrologic Regime 
The existence of free water on horizon B is the result of the low conductivity of this 
horizon once saturated. Although in the horizon A, of light texture, the water infiltrates 
quickly, with the existence of a B horizon rich in clay evidence of poor drainage that 
prevents the descendent movement of water. These considerations next to the 
existence of an E horizon (with less clay and intense washing of bases) in test pit 1 of 
Catchment II and to the steep textural differentiation (relation clay in B/A = 2.48) in the 
test pit of  Catchment I, shows that these soils have a slow speed of water transmission 
(Hydrologic Group C). 
The lateral subsurface drainage is a characteristic that must be considered when 
evaluating the movement of some elements (Ca, Mg, K...) towards the lowest parts of 
the Catchment.  
 
2.- Chemical characteristics/Fertility 
Considerations similar to the ones for soils of Unit DL. 

                                                 
8 Corresponds to the soils from Catchment 2. 
9 Corresponds to the soils from Catchment 1. 
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These soils are classified as Acrisols due to the purification of the high content of free 
exchangeable Al. In spite of this, they display a content of bases and organic matter 
greater than the Typical Acrisol of Unit C. 
 
3.- Agronomic aptitude 
Same as soils Unit DL. 
 
Total area: 44.05 ha Catchment I: 28.43 ha Catchment II: 15.62 ha 
 
  pH %  ppm  meq/100 g of soil  
  

Test Pit 1 
H2O KCl M.O. Phosphorus  Ca Mg K Na Al  

                
  II.1.1    0 - 38 5.1 4.1 1.0 1  1.24 0.47 0.16 0.35 0.8  
  II.1.2  38 - 72 5.1 4.1 0.8 *  1.02 0.50 0.09 0.35 0.9  
  II.1.3 72 -104 5.1 3.8 0.7 *  2.30 1.96 0.16 0.40 2.8  
                         
              
* P < 1 ppm             
              
    %       
  

Test Pit 1 
Sand Silt Clay  

Textural Class 
   

                  
  II.1.1    0 - 38 74.2 13.1 12.7  Sandy Loam     
  II.1.2  38 - 72 75.9 12.8 11.3  Sandy Loam     
  II.1.3 72 -104 63.1 12.3 24.6  Sandy Clay Loam     
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Unit G 
 
General characteristics  
Relief and parent material: Plain - alluvial sediments. 
Position in the landscape 
and forms: 

Flat low zone. 

General slope: < 2.0%. 
Elevation minimum and 
maximum10: 

140 m. 

 
Soils 
Soil Map identification: • Drill observations: - Catchment I: 44 

- Catchment II: 29 
 • Test pit: C2 (Catchment II) 
 
•  Morphologic description of representative profile (test pit 2, Catchment II) and 

variations: 
Horizon A: 0 to 28 cm; sandy loam with fine sand; brown; structure in 

subangular, average and weak blocks; steep transition. 
Horizon E: 28 to 57 cm; sandy loam; grayish brown and olive (2.5Y4/2-4/3) with 

common yellowish and reddish mottles; some concretions of Fe and
Mn; structure in fine, weak subangular blocks; clear transition. 
This layer was saturated with water and "chorreaba" towards the 
inferior horizon. 

Horizon Bt: 58 to 110 cm; sandy clay; gray with abundant yellow and reddish 
mottles; abundant concretions of Fe and Mn; structure in strong 
angular blocks. 

Horizon C: 110 cm +; sandy loam sediment; gray (5Y6/1). 
Variations: 
- The horizon A can be thicker by sediment contributions of the highest zones of the 

landscape. 
- Thickness of horizon E: 10 to 15 cm. 
 
• Physical and chemical determinations: see list with laboratory data. 
 
• Classification:  - Uruguayan taxonomy:  In the advance report (Draft) this soil 

was classified as Gleysol. After 
additional analyses, reclassified as 
Planosol Hidromór-fico. 

 - Soil Taxonomy (USDA): Typic Argialboll. 
 
 
 
 
                                                 
10 According to the topographic map. 
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Comments 
1.- Drainage/Hydrologic Regime 
Poor drainage. These soils are usually flooded for long periods of time after intense 
rains. They have hydrophilic vegetation. Nearly permanent discharge in the phreatic 
zone (in the second horizon) and horizon B has enough clay to restrain the speed of 
infiltration. The speed of transmission of the water is very slow throughout the profile. 
 
2.- Chemical characteristics/Fertility 
In the analyses a strong washing (leaching) of clay and bases in the horizon E is 
observed due to the existence of permanent groundwater discharge to that depth in the 
profile. 
 
3.- Agronomic aptitude 
The poor drainage prevents a farming use except for pastoral. In forest plantations, this 
Unit must be left undisturbed so that it serves as water-drainage for the high zones. 
 
Total area: 11.59 ha Catchment I: 8.89 ha Catchment II: 2.7 ha 
 
  pH %  ppm  meq/100 g of soil  
  

Test Pit 2 
H2O KCl M.O. Phosphorus Ca Mg K Na Al  

                
  II.2.1     0 - 28 4.9 3.9 2.2 1  1.22 0.55 0.10 0.39 -  
  II.2.2.  28 - 57 5.4 4.3 0.7 *  0.34 0.21 0.07 0.32 -  
  II.2.3   57 -110  5.5 4.2 0.6 *  3.25 2.20 0.32 0.39 -  
                         
* P < 1 ppm             
              
              
    %       
  

Test Pit 2 
Sand Silt Clay  

Textural Class 
   

                  
  II.2.1     0 - 28 61.2 19.5 19.3  Sandy Loam     
  II.2.2.  28 - 57 82.6 8.5 8.9  Sandy Loam     
  II.2.3   57 -110  52.4 10.3 37.3  Sandy Clay     
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Unit H 
 
General characteristics  
Relief and parent material: Concavities located between Units of hills (C, D) 

and hillocks (F) – Weathered sandstone of 
Tacuarembó. 

Position in the landscape 
and forms: 

Average and high; concavities with short convex 
slopes. 

General slope: Cross-sectional: 8.0 to 15.0%. 
Longitudinal: 4.0 to 8.0%. 

Elevation minimum and 
maximum11: 

140 - 150 m. 

 
Soils 
Soil Map identification: • Drill observations: - Catchment I: 2 - 10 
•  Morphologic description 
In slopes the soils are Inceptisoles with colluvial characteristics similar to those of Unit B. 
At heart of the concavities a representative profile (drill observation) presents/displays the 
following horizons: 
Horizon A: 0 to 40 cm; sandy loam; grayish brown; water on surface. 
Horizon A/B: 40 to 60 cm; sandy loam with clay; grayish with abundant 

concretions of Fe and Mn; groundwater. 
Horizon Btg: 60 to 90-110 cm; sandy clay; gray with abundant yellow and rust

mottles and concretions of Fe and Mn; very wet. 
Horizon C: 90-110 cm +; argillaceous with heavy sand; gray and beige colors. 
•  Physical and chemical determinations: samples were not taken from this Unit. 
• Classification:  - Uruguayan taxonomy:  Slopes: Inceptisol 

Bottom valley: Gleysol 
 - Soil Taxonomy (USDA): Slopes: Inceptisol 

Bottom valley: Typic Argiaquoll 
 
Commentaries 
Drainage /Hydrologic Regime  
This Unit collects the water that runs off adjacent hills and hillocks. In slopes, erosion 
problems can exist. 
At heart of the concavities the drainage is very poor and given the strong longitudinal slope, 
once the soil is saturated, the flowing water causes erosion, carrying sediments towards Unit 
G.  
 
Total area: 10.6 ha  Catchment I: 5.7 ha Catchment II: 4.9 ha 

                                                 
11 According to the topographic map. 
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Appendix C 
Long-Term Weather Data Set Assembly 
Weather Parameters 

Historical weather data was compiled from several sources for use in the long term 

continuous simulations.  Daily weather parameters obtained from stations operated by INIA 

in Tacuarembó, Salto and Las Estanzuelas were used for the period January 1, 1971 to June 

30, 2000 (Figure C-1).  The weather parameters collected at the stations and made available 

to the public include rainfall, minimum and maximum air temperature, relative humidity, 

wind speed, hours of sunshine and pan evaporation (Table C-1).   

 
Figure C-1 Location of INIA weather stations. (Source: INIA) 
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Table C-1 Data sources for weather parameters used in long term simulation. 

Parameter La Corona Tacuarembó Salto Las Estanzuela 

Rainfall 7/1/2000 – 
6/30/2004 

2/1/1978 – 
6/30/2000 

1/1/1971 – 
1/31/1978 --- 

PET 7/1/2000 – 
6/30/2004 

11/30/1986 – 
6/30/2000 

1/1/1971 – 
11/29/1986 --- 

Temperature 7/1/2000 – 
6/30/2004 

10/1/1986 – 
6/30/2000 

1/1/1971 – 
9/30/1986 --- 

Relative 
Humidity 

7/1/2000 – 
6/30/2004 

10/1/1986 – 
6/30/2000 

1/1/1971 – 
9/30/1986 --- 

Wind Speed 7/1/2000 – 
6/30/2004 

11/30/1986 – 
6/30/2000 

1/1/1971 – 
11/29/1986 --- 

Hours of 
Sunshine 

7/1/2000 – 
6/30/2004 

10/1/1986 – 
6/30/2000 

7/1/1980 – 
9/30/1986 

1/1/1971 – 
6/30/1980 

 
Data from the Salto weather station was used for those periods where data was not 

available from the Tacuarembó weather station or the research site (see above).  The rainfall, 

air temperature, relative humidity and hours of sunshine were correlated between the stations 

using the ratio of the average annual values at those locations (Table C-2).  The average 

annual values were obtained from maps published by the Dirección Nacional de 

Meteorología (2004), which were based on records from 1961 -1990. 

 

Table C-2 Correlation factors between Salto and Tacuarembó for weather parameters. 

Weather Parameter Correlation Factor 

Rainfall 1.08 
Air Temperature 0.97 
Relative Humidity 1.02 
Wind Speed 1.13 
Hours of Sunshine 0.95 
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Solar hours data from the Las Estanzuela weather station was also used to fill in gaps. 

The daily solar radiation for this period was estimated based on the daily hours of sunshine 

using the equation developed by Doorenbos and Pruitt, as presented in Jensen (1989).   

Potential Evapotranspiration 
Many methods have been developed to estimate potential evapotranspiration (PET), 

defined as the maximum rate at which water could be removed from soil and plant surfaces if 

unlimited water were available. This section provides a detailed description of how the daily 

potential evapotranspiration was calculated for use in the hydrologic modeling.   

For the period of record of the weather station on the research site (July 2000 to July 

2004), the PET was estimated using the Penman-Monteith method (Chescheir et. al. 2004).  

The Penman-Monteith method is considered the most accurate of the available methods; 

however, it also requires the most weather parameters to calculate, including solar radiation, 

net radiation, air temperature, relative humidity and wind speed.  The PET was calculated for 

a short grass reference crop. 

For the long term simulation, the pan evaporation data recorded at the INIA Tacuarembó 

and Salto weather stations was used to estimate PET.  Pan evaporation tends to overestimate 

PET, since it measures evaporation from an open water surface and does not consider the 

effects of surface and aerodynamic resistance. The pan evaporation data was corrected by 

correlating it to the Penman-Monteith PET from the research site for the calibration period.   

The following methods were used to determine the correction factor for the pan 

evaporation data.  Days in which Penman-Monteith PET exceeded pan evaporation were 

excluded from the correlation, as well as outliers in which pan evaporation exceeded 

Penman-Monteith PET by greater than 2.5 times. A linear regression was fitted to the 
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reduced daily Penman-Monteith PET and pan evaporation data set for each month.  Table 

A3-3 shows the monthly correction factor and average annual correction factor resulting 

from the analysis. 

 

Table C-3 Monthly pan correction factors for INIA Tacuarembó weather station. 

Month Pan Correction Factor

January 0.79 
February 0.77 
March 0.73 
April 0.76 
May 0.74 
June 0.68 
July 0.74 
August 0.75 
September 0.76 
October 0.78 
November 0.77 
December 0.76 
Average Annual 0.75 

 

Due to the relatively uniform monthly pan evaporation correction factors, the average 

annual pan correction factor of 0.75 was selected for the hydrologic model.  This value 

correlates well with previously published pan evaporation correction factors for Uruguay 

(Genta et. al. 1999).   

Daily PET for the period November 30, 1986 to June 30, 2000 was estimated by 

multiplying the Tacuarembó pan evaporation data by the 0.75 correction factor.  Daily pan 

evaporation measurements exceeding 12 mm were considered outliers and a correction factor 

of 0.5 was used for those days.  
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Daily PET for the period January 1, 1971 to November 29, 1986 was estimated by 

multiplying the Salto pan evaporation data by a 0.6375 correction factor.  This factor was 

determined by correlating the Salto pan evaporation data to the Tacuarembó pan evaporation 

data for the period July 1, 2000 to June 30, 2004.  Days where the Salto pan evaporation data 

was less than half and greater than twice the Tacuarembó pan evaporation were excluded 

from the analysis.  A linear regression model was used with the y-intercept fixed at 0.0.  The 

slope of the line was determined to be 0.85 with a coefficient of determination (R2) of 0.70 

(Figure C-2).  The 0.85 correlation to the Tacuarembó pan evaporation, combined with the 

0.75 correction factor for the Tacuarembó gauge, resulted in a correction factor of 0.6375. As 

for the Tacuarembó pan evaporation, daily pan evaporation measurements exceeding 12 mm 

were considered outliers and a correction factor of 0.5 was used for those days. 
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Figure C-2 Salto and Tacuarembó pan evaporation linear regression. 

 


