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Abstract 

 

 Land-use in the tropics has changed dramatically with increased conversion of forests to 

subsistence farms and cattle pastures. Land-use change alters soil properties that drive the 

hydrological processes of infiltration and surface runoff generation. We compared surface runoff 

generation between two steep, humid, tropical lowland catchments in Panama: a mature forest 

and an actively grazed cattle pasture. Soil hydrologic properties, soil moisture and surface runoff 

were measured along hillslopes of each land-use type. We parameterized the numerical model 

HYDRUS-1D with soil characteristics and rain event data to simulate surface runoff, which was 

then compared to that observed at the forest and pasture. Runoff ratios were generally higher at 

the pasture site, though we did not observe any overall trends between rainfall characteristics and 

runoff ratios across different land-uses. We did observe significant differences in saturated 

hydraulic conductivity (Ks), bulk density and porosity between the forest and pasture (p < 0.05). 

Surface runoff simulated in HYDRUS-1D produced outputs similar to observed surface runoff at 

the pasture, but little to no surface runoff was predicted at the forest. Results from our study 

suggest the combination of a leaf-litter layer and the activation of shallow preferential flow paths 

are the main drivers for surface-runoff generation at the forest site, while Hortonion overland 

flow is the main driver for surface runoff at the pasture site. Results from this study contribute to 

the broader understanding of the delivery of stormwater to streams, both in terms of timing and 

quantity, which will become increasingly important in the tropics in light of freshwater resource 

scarcity.
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1. Introduction  

 

Since the onset of development in the tropics, land-use has changed dramatically with 

conversion of forests to subsistence farms and cattle pastures [ACP, 2006, 2010; Bonell, 1993; 

Achard et al., 2002; Wohl et al., 2012; Albrecht et al., 2017]. Land-use change alters soil 

properties that drive the hydrological processes of infiltration and surface runoff (i.e. overland 

flow) [Zimmermann et al., 2006; Biggs et al., 2006; Chaves et al., 2008; Costa, 2005; de Moraes 

et al., 2006]. Surface runoff (SR) is an important hydrological pathway in many landscapes, as it 

affects several ecosystem processes including nutrient and carbon fluxes [Stallard and Murphy, 

2012; Chaves et al., 2008; Eddy et al., 1999; Johnson et al., 2006; Williams et al., 1997], 

sediment transport [Jansson and Strombert, 2004; Sidle et al., 2006; Zimmermann et al., 2012], 

soil moisture [Grayson et al., 1997] and flow path connectivity across hillslopes [Zimmermann et 

al., 2014]. While the occurrence and relevance of SR in the humid tropics has been well 

documented [Bonell and Gilmour, 1978; Bruijnzeel et al., 2004; Germer et al., 2010; Godsey et 

al., 2004; Zimmermann et al., 2006; Elsenbeer and Lack, 1996; Zimmermann and Elsenbeer, 

2008], our current understanding of the major factors controlling the magnitude and spatial 

organization of SR limits our ability to accurately model and predict SR generation, particularly 

in tropical forests.  

Surface runoff is generated by two main processes: infiltration-excess, or Hortonian 

overland flow (HOF) [Horton, 1933], occurs when intense rainfall rates exceed the infiltration 

capacity of the soil surface, whereas saturation-excess overland flow (SOF) occurs when soil 

becomes saturated or the water table intersects the soil surface. It is generally accepted that HOF 

occurs rarely on vegetated surfaces in humid regions because the infiltration capacity of soils is 

higher than observed rainfall intensities in most cases [Chow et al., 1988; Dingman, 2002]. In 
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contrast, SOF in tropical forests is more common [Bonell and Gilmour, 1978; Elsenbeer and 

Lack, 1996; Elsenbeer, 2001; Godsey et al., 2004; Johnson et al., 2006]. In a tropical rainforest 

catchment in Queensland, Bonell and Gilmour [1978] found that intense storms combined with 

the shallow depth of an impeding soil layer led to the formation of a perched water table, causing 

SOF. The formation of perched water tables resulting in SOF has also been observed in 

Panamanian forests [Godsey et al., 2004, Hassler et al., 2011] and in both forests and pastures in 

Amazonia [de Moraes et al., 2006; Germer et al. 2009]. On the other hand, some studies of 

tropical forest catchments observed no or only negligible amounts of SR, or only observed SOF 

near stream channels where soil water content is high and/or groundwater level is shallow 

[Lesack, 1993; Litt, 2016; Ogden et al., 2013; Roose et al., 1977; Wierda et al., 1989].  

Compared to tropical forest catchments, the factors governing the occurrence of SR in 

pastures are less complex. While reported magnitude of change in soil physical and hydraulic 

properties varies, studies consistently demonstrate that soil compaction caused by forest-to-

pasture conversion generally increases soil bulk density thus reducing macroporosity, infiltration 

capacity and hydraulic conductivities [de Moraes et al., 1996; de Moraes et al., 2006; Hassler et 

al., 2011; Lal, 1996; Martinez and Zinck, 2004; McDowell et al., 2003; Zimmermann et al., 

2006]. These changes in soil properties imply that HOF is the dominant driver of SR generation 

in pasture landscapes, though SOF has also been reported [de Moraes et al., 2006; Germer et al., 

2009].  

Prior research on SR in the humid tropics has been conducted across a range of scales. 

Studies in Panama [Godsey et al., 2004; Zimmermann et al., 2014; Hassler, 2013] and in the 

Amazon [Germer et al., 2009] have measured SR at the point scale (<1 m2) using overland flow 

detectors (OFDs) [Kirkby et al., 1976]. Although OFDs provide a binary measure of SR, OFDs 
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do not characterize the timing and amount of SR generated following a specific rain event. 

Studies of SR in the tropics have also been conducted at the hillslope scale (10 - 100 m2) [de 

Moraes et al., 2006; Ogden et al., 2013; Zimmermann et al., 2013; Larsen et al., 2012]. de 

Moraes et al. [2006] used 2 m troughs to measure SR draining from a 12 m long hillslope in the 

Amazon, for example. Measurements of SR at the plot scale (>1 m2) combined with point to plot 

scale measurements of soil-hydraulic properties and soil-moisture conditions provide insight into 

how SR generation processes change with increasing scale of observation [Moody and Ebel, 

2012].  

While numerous studies have reported SR in the tropics, the spatial variability of its 

occurrence has resulted in differing reports in SR frequency, amounts and interpretations of SR 

generation processes, particularly in tropical forests [Elsenbeer and Vertessy, 2000; Germer et 

al., 2010; Godsey et al., 2004]. Further complicating the prediction of SR, certain interactions of 

rainfall intensity, duration or amount and soil characteristics are more conducive than others to 

SR generation [Dunne and Leopold, 1978; Elsenbeer and Vertessy, 2000] suggesting complex 

feedbacks among land-use, soil structure, infiltration, storage and SR. Yet, few studies have 

documented the impact of land-use on the frequency, timing and amount of SR in the tropics, 

and many of these studies are based on saturated soil conditions. We studied the impact of land-

use on SR generation between two hillslopes within the headwaters of the Panama Canal 

Watershed (PCW): a mature, tropical forest and an actively-grazed cattle pasture. We 

instrumented each hillslope with difference infiltrometers [Moody and Ebel, 2012] and soil 

moisture sensors, and measured saturated hydraulic conductivity (Ks) to quantify SR and 

characterize soil properties at the plot scale. Our plot scale measurements of SR and soil-

hydraulic properties shed light on SR generation in the tropics and differences in observations of 
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SR at different scales. The goal of our research was to quantify the impact of land-use practices 

on SR generation processes. Specifically, we investigated: 

1. What is the impact of rainfall intensity, duration and amount on SR generation 

processes and how does this differ with land-use? 

2. How do the interactions between different rainfall regimes and soil physical and 

hydraulic characteristics determine SR generation across different land-uses? 

3. Can we recreate observed plot-scale SR dependencies on rainfall characteristics 

and soil-hydraulic properties using physically-based hydrologic modeling 

incorporating field measurements and observations from different land-uses? 

2. Methods 

 

2.1. Study area 

We instrumented hillslopes in two catchments with contrasting land use and vegetation: a 

mature forest and an actively-grazed cattle pasture. The two catchments are located in the 

Panama Canal Watershed within the headwaters of the Agua Salud River (Figure 1a). Land-uses 

within the Agua Salud headwaters are typical of the greater Panama Canal Watershed and 

include mature and young secondary forests, native-species forests, teak plantations and pastures 

[Ogden et al., 2013, Stallard et al., 2010, Weber and Hall, 2009]. The area is characterized by a 

strongly dissected pre-tertiary basalt plateau with narrow interfluves, steep linear slopes 

averaging 42% and narrow or absent valley floors [Hassler et al., 2011, Ogden et al., 2013].  

The climate is seasonal-tropical with strong wet and dry seasons [Callaghan and Bonell, 

2005]. During the wet season, convective thunderstorms that produce high intensity, short 

duration rain events dominate [Bonell, 1993; Ogden et al., 2013]. The wet season extends from 

early to mid-May through mid-December. Total annual rainfall at our field site averages 2300 
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mm [Neumann-Cosel et al., 2010]. Mean daily temperature on nearby Barro Colorado Island is 

27°C and only varies slightly throughout the year [Windsor, 1990]. 

 

Figure 1. Map of the Agua Salud Watershed within the Panama Canal Watershed (a) and 

instrumented pasture (b) and forest (c) hillslopes [GIS data obtained from Robert F. Stallard 

(unpublished)]. 

 

2.2. Paired hillslopes 

We used a paired hillslope approach to evaluate the magnitude of hydrologic changes 

resulting from shifts in land-use from forest to pasture [Brown et al., 2005]. We selected one 

hillslope in each land-use type (forest and pasture) with relatively similar characteristics 

including slope, geology, soil composition and catchment morphology and area. We 

instrumented portions of forest and pasture hillslopes with slopes of approximately 30%. Both 

catchments are underlain by deeply weathered basaltic and andesitic parent rocks, resulting in 
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largely homogenous Oxisol soils ranging in texture from silty clay to clay [Ogden et al., 2013; 

PMCC, 1999; Turner and Engelbrecht, 2010]. 

The forest catchment area covers approximately 50 ha. and forest at this site is at least 80 

years old. The pasture catchment covers 40 ha and has been maintained as a pasture with a one-

month-on, one-month-off rotation for at least 20 years. Cattle grazing occurs at a relatively low 

intensity, with a grazing density of about 1.3 head of cattle per ha [Ogden et al., 2013]. Active 

grazing is ongoing at the pasture, and successional tree and shrub growth are manually cleared.  

2.3. Soil moisture 

To characterize soil moisture response to rain events, we installed soil-moisture sensors 

(GS1 Ruggedized Soil Moisture Sensor, Decagon Devices, Pullman, WA) along a depth profile 

of 10 cm, 30 cm, 50 cm and 100 cm. Soil moisture sensor clusters were installed at three 

locations, approximately 10 m apart in the downslope direction along the planar hillslopes. We 

avoided ridge crest and riparian zones by installing sensor clusters approximately 15 m below the 

crest of the hillslope ridge and 15 m above the stream channel at the pasture, and approximately 

10 m below the crest of the hillslope and 15 m above the stream channel at the forest. (Figure 1b 

and 1c). An installation trench was excavated, sensors were emplaced in the trench headwall at 

the selected depths, and then the trench was backfilled with soil. Soil moisture sensors recorded 

volumetric water content (VWCsensor) every 15 minutes. Sensors were not calibrated for site-

specific soil and therefore have accuracy of approximately ± 3% VWC (Decagon Devices, 

2015). Data for time periods when soil-moisture sensors malfunctioned were not included in our 

analysis. 

2.4. Soil hydrologic properties 
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To characterize differences in soil hydrologic properties between the forest and the 

pasture hillslopes, we collected soil samples weekly near the soil moisture sensor clusters at each 

field site. We collected four soil samples and alternated sampling between a surface spatial 

profile (generally upslope, downslope, left and right relative to each soil moisture sensor cluster) 

and along a depth profile (0 cm, 10 cm, 30 cm and 50 cm depths) every other week. Samples 

were collected from different areas near each soil moisture sensor cluster each week to prevent 

oversampling. We collected samples using 6 cm long soil cores (4.7 cm diameter, 104.1 cm3), 

and pushed soil from the core into double-bagged ziplock bags before transporting them to the 

lab to prevent evaporation. Soils were weighed before and after drying at 105°C for 24 hours. 

Wet and dry weights were then used to calculate dry bulk density (g cm-3) and VWCmanual. 

Porosity (Φ) was calculated from dry bulk density using the equation:  

𝛷 = [1 − (
𝜌𝑏

𝜌𝑑
)  ×  100]    Eq. 1 

where ρb is dry bulk density and ρd is solid particle density, using a solid particle density of 2.65 

g cm-3. 

We evaluated Ks along the hillslopes of each field site using two different methods: 

single-ring, ponded falling head infiltration tests (referred to as falling head tests) were used to 

measure matrix and macropore Ks while minidisk infiltrometers (Decagon Minidisk Portable 

Tension, Decagon Devices, Pullman, WA) were used to measure matrix Ks. Because we applied 

a suction of 2 cm, our minidisk measurements are closer to a field-saturated hydraulic 

conductivity measurement [Decagon Devices, 2012]; however, these are referred to throughout 

this manuscript as Ks for simplicity. We conducted falling head tests adjacent to each soil 

moisture sensor plot at each field site following the protocol detailed in Nimmo et al. [2009]. 

Using a 22.9 cm diameter ring, we recorded time in seconds for 1 L of water to infiltrate into the 
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soil completely. We used these values to calculate a geometric mean Ks for each hillslope 

[Nimmo et al., 2009; Eq. 12). Minidisk infiltrometer measurements were conducted on soil cores 

(6 cm length, 4.7 cm diameter) alternating weekly between spatial and depth profile cores. 

Collection of these samples coincided spatially and temporally with soil samples collected for 

evaluating volumetric water content, dry bulk density and porosity. Minidisk soil core samples 

were capped and sealed with electrical tape to prevent evaporation. Samples were taken back to 

the laboratory and placed in a stand where the minidisk infiltrometer could be applied to the soil 

surface. Coupling between the minidisk and the core edges was accomplished by using a 

waterproof, flexible plastic sleeve. Contact sand was placed between the soil surface and the 

minidisk base to ensure hydraulic connection. The volume of water in the minidisk reservoir was 

recorded every 30 seconds for 15 minutes or until the reservoir was emptied. Hydraulic 

conductivity was estimated using the cumulative infiltration method described in Vandervaere et 

al. [2000] for each soil core collected from each field site.  

2.5. Rainfall and throughfall measurements 

One tipping bucket rain gage (TR-525M, Texas Electronics, Dallas, TX ) was installed in 

a central location along the hillslope of each field site to measure rainfall. The rain gage installed 

at the forest site was equipped with troughs to increase the spatial extent of sampling similar to 

Keim et al. [2005]. The troughs consisted of two PVC pipes with a slot cut in each measuring 

2.54 cm wide and 93 cm long to equal the catch area of the tipping bucket rain gage. To 

characterize the spatial variability of rainfall at the forest site, we installed 12 throughfall 

collectors during the following field season in Summer 2017. Although these throughfall data 

were not collected concurrently with our 2016 rainfall data, they allow us to characterize the 

spatial variability of rainfall at our forest site. Throughfall collectors were installed in two rows 
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of six on either side of the soil moisture sensor and difference infiltrometer plots along the forest 

hillslope. Each row was separated by 8 m and each collector within a row was 5 m apart. Each 

throughfall collector consisted of a 10 cm diameter funnel installed on top of a 1-L bottle. 

Volumes of stored rainfall from the throughfall collectors were recorded, and tipping bucket rain 

gage data were downloaded twice per week. 

2.6. Surface runoff measurements 

To evaluate the impact of land-use on the generation of SR, we designed and installed 

difference infiltrometers [Moody and Ebel, 2012] on the pasture and forested hillslopes. 

Difference infiltrometers were installed at both the forest and pasture site adjacent to soil 

moisture sensor clusters (10 m apart) (Figure 1b, c). The system consists of one tipping bucket 

rain gage to measure rainfall (described in the previous section) and both a tipping bucket rain 

gage and a water level logger to measure SR from an enclosed plot of known area. At the plot 

scale, surface runoff routing can be neglected because surface travel times across such small 

plots are negligible [Moody and Ebel, 2012]. Differencing rainfall and plot-area-corrected runoff 

allows direct measurement of temporally variable infiltration.  

To account for potentially large differences in SR between the forest and pasture sites, we 

designed the difference infiltrometer so that SR generated during lower intensity rain events 

could be captured by the tipping bucket runoff gage while higher intensity events could be 

captured by the level loggers. The runoff plot was sized so that lower intensity rainfall events 

with a peak rainfall intensity of 20 mm hr-1 and a runoff coefficient of 0.3 could be accurately 

measured with the tipping bucket runoff gage. Surface runoff from the difference infiltrometer 

(~0.44 m diameter and an area of 0.15 m2) was directed downhill through a PVC pipe into the 

tipping bucket runoff gage, the orifice of which was equipped with a plastic cap to prevent 
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rainfall from entering the tipping bucket runoff gage. A nylon mesh screen was secured to both 

ends of the pipe to prevent debris from clogging the tipping bucket runoff gage. Each rain gage 

was checked and cleaned twice per week, ensuring the delivery pipe was free of debris. The 

tipping bucket rain gage used to measure SR (TR525I - metric, Texas Electronics, Dallas, TX) 

was housed within an 18.9 L (i.e. 5-gallon) bucket equipped with a level logger (Odyssey 

Capacitance Water Level Logger, Dataflow Systems Limited, Christchurch, NZ) with a 

customized 35 cm probe length.  

2.7. Rainfall - runoff events   

Runoff ratios for each rain event were calculated as the ratio of SR values recorded either 

by the tipping bucket runoff gages or the level loggers. Raw values reported by tipping bucket 

runoff gages were adjusted for the measurement area of the SR plot. Odyssey Water Level 

Capacitance level loggers record changes in height of water in millimeters. To convert height 

changes to a volume of SR, we determined a calibration curve using data from in-lab calibration 

tests. These tests consisted of sequentially adding increments of 0.5 L of water into an 18.9 L 

(i.e. 5-gallon) bucket and correlating these known volumes of water to the water level heights 

recorded by the level loggers. Through this calibration, we discovered the level loggers 

inaccurately reported water level when the bucket had less than approximately 5.1 cm of water 

height (values varied slightly for each individual level logger). Surface runoff that occurred when 

the water table in the bucket was below 5.1 cm was not included in our analysis of rainfall-runoff 

relationships. We used a linear regression model for the calibration curves above approximately 

5.1 cm of water height (mean R2 = 0.99 for all calibrations). We converted raw SR values to 

calibrated volumes of SR using our linear regression model, and then to calibrated millimeters of 

SR adjusted to the area of our runoff plot. Only water level height changes greater than 0.5 mm 
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were considered to represent a change in SR volume due to the resolution of the level logger 

sensors. 

Because we recorded SR using two methods (i.e. tipping bucket gage and level logger), 

there were several events that had both tipping bucket runoff gage and level logger data. In order 

to simplify SR analysis, either the tipping bucket runoff gage or the level logger values were 

used for SR data for each rainfall event. Three criteria guided our selection of either tipping 

bucket runoff gage or level-logger SR data: 1- if tipping bucket runoff gages were overwhelmed 

by the rate of SR (i.e. during larger intensity events with rainfall intensities greater than 20 mm 

hr-1), only level logger values were used; 2- if level-logger SR values overestimated SR, (i.e- 

level loggers recorded SR values much higher than those recorded by the tipping bucket runoff 

gages and produced greater runoff ratios than typical of events of a similar magnitude), only 

tipping bucket SR values were used. This scenario is explained by movement of the water 

surface (greater than the 0.5 mm height change tolerance) within the bucket during SR events, 

causing noisy time series that posed issues when examining the cumulative SR record; 3- if the 

level-logger and the tipping bucket runoff gages produced widely different SR values, the rain 

event was not used in our analysis. This occurrence was rare but was observed when either the 

tipping bucket runoff gage recorded SR but the level logger did not record any SR or vice versa. 

The first scenario occurred when the buckets housing the level loggers were completely full of 

water, but the tipping bucket runoff gage was not. The second scenario occurred when there was 

not enough water in the bucket at the start of a rain event for the level logger to record SR 

accurately. Surface runoff values given when there was not enough water in the bucket were set 

to zero in our data analysis, resulting in no SR recorded for the level logger.  



12 

 

For a subset of rain events, both tipping bucket and level logger SR data passed the 

criteria detailed above. For these cases, we defaulted to using the level logger SR data, because 

the tipping bucket runoff gage accuracy could be variable with increasing runoff ratio. For 

example, because we designed the runoff plot to accommodate a rain event of 20 mm hr-1 with a 

runoff coefficient of 0.3, the accuracy of our measurements could decrease if the runoff ratio for 

a rain event was 0.4. On the other hand, the level loggers measured height changes within the 

bucket, and runoff ratios and rainfall intensities did not directly impact measurement accuracy.  

Individual rain events were defined by a two-hour dry period between rain events 

[Zimmermann et al., 2014]. Rain events with greater than 3 mm of total rainfall were considered 

hydrologically significant [Ogden et al., 2013], resulting in 169 rain events: 67 from the forest 

and 102 from the pasture. After removing events based on SR measurement issues described 

previously, 58 rain events remained: 23 from the forest and 35 from the pasture (Table 1). 

Rainfall events starting within one hour between the forest and pasture sites were evaluated 

separately as paired events (16 of total paired rainfall events) (Table 2).  
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Table 1. Rainfall duration, peak intensity, mean intensity and total with rainfall-runoff ratios for 

all events occurring at the forest and pasture. 

 

Measure 
Duration 

(min) 

Peak Intensity 

(mm hr-1) 

Mean Intensity 

(mm hr-1) 

Rainfall 

Total (mm) 

Runoff 

Ratio 

Forest      

Minimum 40 5 1 3 0.01 

1st Quartile 100 11 2 4 0.07 

Mean 166 24 5 14 0.14 

Median 160 19 4 7 0.12 

3rd Quartile 183 23 5 11 0.15 

Maximum 310 73 12 47 0.38 

      

Pasture      

Minimum 30 2 1 3 0.04 

1st Quartile 55 13 2 5 0.12 

Mean 176 33 6 16 0.23 

Median 200 25 5 9 0.19 

3rd Quartile 210 32 6 12 0.22 

Maximum 410 95 24 83 0.60 

 

 

Table 2. Rainfall duration, peak intensity, mean intensity and total with rainfall-runoff ratios for 

events occurring simultaneously (paired events) at the forest and pasture. 

 

Measure 
Duration 

(min) 

Peak 

Intensity 

(mm hr-1) 

Mean 

Intensity 

(mm hr-1) 

Rainfall Total 

(mm) 

Runoff 

Ratio 

Forest      

Minimum 50 9 1 3 0.04 

1st Quartile 91 12 2 5 0.06 

Mean 173 27 6 15 0.13 

Median 155 23 4 9 0.11 

3rd Quartile 212 26 5 14 0.13 

Maximum 310 73 12 47 0.38 

      

Pasture      

Minimum 50 10 1 4 0.05 

1st Quartile 94 17 3 7 0.10 

Mean 208 46 8 25 0.20 

Median 205 35 5 17 0.15 

3rd Quartile 250 60 6 23 0.19 

Maximum 370 95 24 83 0.47 
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2.8. Modeling surface runoff with HYDRUS-1D 

To address our final research question, we used the HYDRUS-1D modeling software 

[Šimùnek et al., 2008] to simulate surface runoff for the 16 paired events from the forest and 

pasture. This numerical model solves the one-dimensional (i.e. vertical) form of Richards 

equation and accounts for multiple soil layers and complex rainfall time series more easily than 

the Green-Ampt or Smith Parlange infiltration approaches [Šimùnek et al., 2008]. We used a 

two-layer soil system within the HYDRUS-1D model. This was based off of the soil layers 

defined by Hassler et al. [2011] who evaluated soils at a pasture and a 100-year-old secondary 

forest near our study sites. Hassler et al. [2011] defined an upper layer from 0- 6 cm and a lower 

layer from 6-12 cm. We used 0- 6 cm for our upper layer, which was also the length of the soil 

cores we used for manual soil sampling and calculations of volumetric water content, dry bulk 

density and porosity. We used a depth of 6 – 100 cm for our lower layer to coincide with 

Hassler’s lower layer as well as our soil moisture sensor data.  

We used the van Genuchten-Mualem analytical single porosity model [van Genuchten, 

1980] option within HYDRUS-1D, which requires five independent parameters for each soil 

layer: the residual soil water content (SWC), θr; the saturated SWC, θs; two van Genuchten 

fitting parameters (α, related to the inverse of the air entry pressure and n, related to the pore size 

distribution; Cherrey et al., 2003] and the pore connectivity parameter I. Parameters θr, θs, α and 

n were estimated using the program RETC [van Genuchten et al., 1991] fit to sand, silt and clay 

soil composition and dry bulk density data (Table 3). Sand, silt and clay soil composition data for 

the upper and lower soil layers were taken from values reported from 0 to 6 cm and 6 to 12 cm, 

respectively, in Hassler et al. [2011] (Table 4). For both the upper and lower soil layers, we used 

mean dry bulk density values obtained from our manual soil samples (Table 5, 6). I was set to 
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0.5 for both soil layers [Mualem, 1976]. The remaining soil parameter used by HYDRUS-1D to 

simulate surface runoff is Ks. While the majority of the other modeling parameters remain 

relatively static, Ks varied both spatially and temporally in both catchments. Therefore, to 

recreate observed field observations within the HYDRUS-1D modeling environment, we 

performed a calibration to determine a suitable value of Ks. Results from previous studies 

indicate that the land-use influence on Ks is limited to only the uppermost soil layer; in the 

Amazon, land-use was considered irrelevant for Ks values below 20 cm [Godsey and Elsenbeer, 

2002; Zimmermann et al., 2006]. Because of this, we only calibrated Ks values for our upper soil 

layer and used Ks values similar to those reported from 6-12 cm in forest and pasture catchment 

from Hassler et al. [2011] for our lower soil layer for all rain events (Table 3).  

 

Table 3. The Van-Genuchten-Mualem [1980] parameters for HYDRUS 1-D for forest and 

pasture. Surface values of Ks were obtained from mean calibration Ks values.  

 

Site Depth  

(cm) 
Qr Qs 

α 
(mm-1) 

N 
Ks  

(mm hr-1) 
I 

Bulk Density 

(g cm-3) 

Forest 0-6 0.129 0.752 0.005 1.231 256 0.5 0.60 

 6-100 0.119 0.674 0.003 1.257 120 0.5 0.82 

Pasture 0-6 0.118 0.683 0.003 1.267 30 0.5 0.78 

 6-100 0.117 0.669 0.003 1.272 60 0.5 0.82 

 

 

        

Table 4. Sand, silt, clay content (SSC) input for the forest and pasture sites in HYDRUS-1D 

taken from Hassler et al. (2011). 

 

 

 

To determine Ks values for our simulated upper soil layer for each of the 16 paired rain 

events, we calibrated Ks to a subset of rain events. Calibration rain events were selected to cover 

SSC (%) Forest Pasture 

Sand 9.6 12.3 

Silt 33.4 34.0 

Clay 57.0 53.6 
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a range of peak rainfall intensities from each field site; 5 events were chosen for the forest and 5 

for the pasture. Calibration Ks values were limited to the range of values measured from our 

minidisk and falling head tests and those reported in Hassler et al. [2011] for forest and pasture. 

For each rain event, the Ks value that was ultimately selected optimized the fit (i.e. percent 

difference between observed and simulated data was < 20%) between observed surface runoff 

(runoff) and that simulated in HYDRUS-1D when considering peak runoff timing, peak runoff 

rate and/or runoff total. For one pasture event, the fit for these variables could not be optimized 

below 20% with a reasonable Ks value, and surface Ks was optimized for SR start time instead. 

For the mature forest none of the variables could be optimized below 20%, so SR total was 

optimized to the lowest possible percent difference at 51%. Similarly to the pasture, one event 

could not be optimized to the standard variables so it was optimized for SR start time instead. 

When SR could not be simulated in HYDRUS-1D, our geometric mean for surface Ks from in-

field Ks measurements taken at the forest was input for the upper layer. This occurred for 3 of the 

5 calibration rain events at the forest site. Ks values were averaged for the 5 calibration rainfall 

events from each site and applied to the remaining 16 paired rainfall events for the forest and 

pasture.  

Initial soil-water content values were input into the HYDRUS soil profile by zoning each 

soil-moisture observation point: 0 to 6 cm for surface soil moisture values collected with soil 

cores (VWCmanual), 6 to 20 cm for 10 cm soil-moisture sensor values, 20 to 40 cm for the 30 cm 

sensor, 40 to 75 cm for the 50 cm sensor and 75 to 100 cm for the 100 cm sensor. Volumetric 

water content values obtained manually were only used when we collected soil samples on the 

same day, prior to a rainfall event (this occurred for 6 events from each site). We used 10 cm 

VWCsensor when manual measurements were not available. Rainfall data from each event was 
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applied using the “atmospheric boundary condition” in HYDRUS-1D (i.e. a specified flux at the 

soil surface) and SR outputs were simulated for each site assuming zero depression storage.  

2.9. Statistical Analyses 

Due to the non-normality of our runoff ratio data that could not be alleviated with 

common transformations, we used nonparametric statistical tests to determine significance of 

difference between forest and pasture sites. To keep statistics consistent across all analyses, the 

two-sample Kolmogorov- Smirnov (KS) Test [Kolmogorov, 1933; Smirnov, 1948] was used for 

all statistical inference. Due to the small sample size in a number of our analyses, differences 

were taken to be significant with α < 0.1. In order to objectively bin the rainfall events for forest 

and pasture sites in Figures 2 and 3, we analyzed historical rainfall data from within the Agua 

Salud Watershed. We grouped the historical data into quantiles and applied the resulting bin 

edges to our rainfall-runoff event analysis. All data processing and statistical analyses were 

performed using the computer programming language and numerical computing environment 

MATLAB (Version 9.2, The MathWorks Inc., Natick, MA).  

3. Results 

3.1. Soil moisture 

Soil moisture responded to rainfall similarly between the forest and the pasture. We 

observed the largest soil moisture responses at 10 cm (mean response time of 12 minutes at the 

forest, 43 minutes at the pasture) and 30 cm depths (mean response time of 36 minutes at the 

forest and 50 minutes at the pasture), while the deeper sensors at 50 and 100 cm showed little to 

no immediate response to rain events.  

One notable difference between the two sites was the soil moisture response at a depth of 

30 cm. We observed a greater response from this layer at the pasture site than the forest site, and 
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occasionally this layer became more saturated than the 10-cm layer. The 30-cm layer was 

consistently the most saturated of all the soil moisture layers at the forest site, whereas VWCsensor 

increased with depth at the pasture site (Figure 2). The minimum rainfall intensity required to 

initiate soil moisture response was slightly lower at the forest at 9 mm hr-1, compared to 15 mm 

hr-1 at the pasture. The difference between measurements of VWC obtained manually using soil 

cores (from depth 0-6 cm) and the VWC reported by soil moisture sensors were also slightly 

different between the forest and the pasture, with manual measurements consistently 

approximately 3% drier at the forest, but approximately 3% wetter at the pasture. 
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Figure 2. Rainfall, surface runoff and soil moisture response to an event occurring on May 31, 

2016 at the forest and pasture. Each surface runoff bar represents response by instrumentation 

installed nearest to the stream channel (lower), nearest the hillslope ridge (upper) and between 

the two (middle). Mean porosity (which is approximately equal to saturated soil water content) 

measured at the surface was 77% at the forest and 71% at the pasture (Table 5), and 69% at both 

sites between 10 cm and 50 cm depths (Table 6). Thus, soil does not become saturated during 

this rain event at either site.  

 

Pasture  

 

Forest 
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3.2. Soil hydrologic properties 

Soil hydrologic properties of dry bulk density, porosity, and saturated hydraulic 

conductivity were significantly different between forest and pasture at the surface, though were 

only slightly different between 10 cm and 50 cm. Surface dry bulk density calculated from our 0-

6 cm soil cores ranged from 0.31 to 0.82 g cm-3 (mean = 0.60 g cm-3) at the forest site. Surface 

dry bulk density was higher at the pasture site, with values ranging from 0.60 g cm-3 to 0.97 g 

cm-3 (mean = 0.78 g cm-3). Porosity was higher at the forest site with values ranging from 69% to 

88% and a mean of 77%. Porosity at the pasture site ranged from 64% to 78% with a mean of 

71% (Table 5). Surface dry bulk density and porosity values were significantly different between 

forest and pasture sites (p < 0.05 for all comparisons). Bulk density and, correspondingly, 

porosity were also evaluated along a depth profile of 10 cm, 30 cm, and 50 cm. Given the small 

sample size for these data (n = 6 and 7 for forest and pasture, respectively) we did not evaluate 

significance among these data, and instead analyzed summary statistics for all depth 

measurements obtained from 10-50 cm (Table 6). However, we observed a general increase in 

bulk density with depth (ranging from 0.62 g cm-3 at the surface to 0.88 g cm-3 at a depth of 50 

cm) and a coinciding decrease in porosity (77% at the surface to 67% at 50 cm depth) at the 

forest site. Conversely, a general decrease in bulk density (0.86 g cm-3 at the surface to 0.79 g 

cm-3 at 50 cm depth) and a coinciding increase in porosity (67% at the surface to 70% at 50 cm 

depth) was observed at the pasture site. The large differences in bulk density and porosity 

observed between the two sites above 30 cm depth did not extend below this depth. Porosity was 

only slightly higher at the pasture site at depths of 30 and 50 cm (both at 70%) than at the forest 

(68% and 67%) and bulk density was only slightly higher at the forest site at depths of 30 and 50 

cm (0.85 g cm-3 and 0.88 g cm-3) compared to the pasture (0.82 g cm-3 and 0.79 g cm-3).  
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Surface Ks measured using the minidisk tension infiltrometers ranged from 27 mm hr-1 to 

15,615 mm hr-1 at the forest site and from 1 mm hr-1 to 1,666 mm hr-1 at the pasture with a 

geometric mean of 390 mm hr-1 at the forest and 99 mm hr-1 at the pasture. Minidisk hydraulic 

conductivity was also evaluated at depths of 10 cm, 30 cm and 50 cm. We observed a decrease in 

hydraulic conductivity with depth at both the forest and the pasture, although sample size was 

too small to test for significance (n<3 for all depths from both sites) (Table 7). Mean Ks values 

ranged from 40 mm hr-1 at the surface to 162 mm hr-1 at a depth of 50 cm at the pasture, whereas 

mean forest Ks values ranged from 287 mm hr-1 at the surface to 140 mm hr-1 at 50 cm depth.  

Surface hydraulic conductivity measured using falling head infiltration tests ranged from 

16 mm hr-1 to 2,746 mm hr-1 at the forest site with a geometric mean of 650 mm/hr. Within the 

pasture values ranged from 7 mm hr-1 to 526 mm hr-1 with a geometric mean of 82 mm hr-1 

(Table 5). 

Table 5. Soil physical characteristics measured spatially at the surface with 6 cm soil cores for 

forest and pasture.  

 

Measure 

(surface) 

Dry Bulk Density 

(g cm-3) 

Volumetric Water Content 

(cm3 cm-3) 

Porosity 

(%)  

Forest    

Minimum 0.31 18 69 

1st Quartile 0.52 32 74 

Mean 0.60 37 77 

Median 0.62 37 77 

3rd Quartile 0.64 38 78 

Maximum 0.82 47 88 
    

Pasture    

Minimum 0.60 30 64 

1st Quartile 0.70 37 68 

Mean 0.78 41 71 

Median 0.78 41 71 

3rd Quartile 0.80 43 71 

Maximum 0.97 53 78 
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Table 6. Soil physical characteristics measured at depths 10-50 cm at the forest and  

pasture.  

 

Measure 

(depth) 

Dry Bulk Density 

(g cm-3) 

Volumetric Water Content 

(cm3 cm-3) 

Porosity 

(%)  

Forest    

Minimum 0.53 30 60 

1st Quartile 0.73 32 66 

Mean 0.82 36 69 

Median 0.81 35 69 

3rd Quartile 0.83 37 70 

Maximum 1.06 46 80 
    

Pasture    

Minimum 0.62 27 63 

1st Quartile 0.73 32 65 

Mean 0.82 37 69 

Median 0.82 38 69 

3rd Quartile 0.84 39 71 

Maximum 0.97 45 77 

 

Table 7. Hydraulic conductivity (Ks) measured using ponded falling head tests and minidisk 

infiltrometers at the surface, and minidisk infiltrometers measured at depth from 10 - 50 cm at 

the forest and pasture. 

 

Measure  

(mm hr-1) 

Falling Head Ks 

(surface) 

Minidisk Ks  

(surface) 

Mini- Disk Ks  

(depth) 

Forest    

Minimum 16 27 81 

1st Quartile 359 127 90 

Mean 992 892 136 

Geometric Mean 650 390 131 

Median 797 485 157 

3rd Quartile 1,061 607 158 

Maximum 2,746 15,616 162 
    

Pasture    

Minimum 7 1 1 

1st Quartile 30 33 21 

Mean 132 269 82 

Geometric Mean 82 99 30 

Median 108 108 83 

3rd Quartile 138 128 95 

Maximum 526 1,666 162 
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3.3. Rainfall and throughfall 

We recorded a total of 58 rainfall events: 23 from the forest and 35 from the pasture. 

Although rainfall was recorded at the pasture site and throughfall was measured at the forest site, 

both are referred to as rainfall throughout in the following text for simplicity of comparison 

between field sites. Rainfall duration was similar between the forest and the pasture for all 

rainfall events, ranging from 40 to 310 minutes with a mean of 166 minutes at the forest and 

from 30 to 410 minutes with a mean of 176 minutes at the pasture. Peak rainfall intensity was 

greater at the pasture site ranging from 2 to 95 mm hr-1 with a mean of 33 mm hr-1 compared to 

the forest peak rainfall intensity ranging from 5 to 73 mm hr-1 with a mean of 24 mm hr-1. Mean 

rainfall intensity was slightly higher at the pasture with values ranging from 1 to 24 mm hr-1 with 

a mean of 6 mm hr-1 compared to a range of 1 to 12 mm hr-1 with a mean of 5 mm hr-1 at the 

forest. Rainfall totals were slightly greater at the pasture ranging from 3 to 83 mm and a mean of 

16 mm compared to a range of 3 to 47 mm and a mean of 14 mm at the forest (Table 1); 

presumably, this reflects canopy interception at the forest site. Data collected during Summer 

2017 indicate that throughfall at the forest site is highly variable. For example, during a rain 

event with a rainfall total of 18 mm, throughfall ranged from 21% to 74% of total incident 

rainfall at the collectors nearest the difference infiltrometers. This is consistent with results of 

other throughfall studies conducted near our field site [Niedzialek and Ogden, 2012; 

Zimmermann et al., 2009]. Throughfall values have also been observed to range from 0 – 200% 

of incident rainfall in tropical rainforests in Amazonia [Lloyd and Marques, 1988] and in Puerto 

Rico [Holwerda et al., 2006]. 



24 

 

Rainfall duration, peak intensity, mean intensity and rainfall totals for paired events were 

each slightly greater than those for all events at both the forest and the pasture. Rainfall durations 

for paired events were slightly longer on average than that of all events between the forest and 

the pasture, ranging from 50 to 310 minutes with a mean of 173 minutes at the forest site and 

from 50 to 370 minutes with a mean of 208 minutes at the pasture site. Peak rainfall intensity 

was greater for paired events ranging from 10 to 95 mm hr-1 with a mean of 46 mm hr-1 at the 

pasture and 9 to 73 mm hr-1 with a mean of 27 mm hr-1 at the forest. Mean rainfall intensity was 

similar for paired events with pasture values ranging from 1 to 24 mm hr-1 with a mean of 8 mm 

hr-1 compared to a range of 1 to 12 mm hr-1 with a mean of 6 mm hr-1 at the forest. Rainfall totals 

were greater for paired events with pasture site totals ranging from 4 to 83 mm and a mean of 25 

mm and forest rainfall totals ranging from 3 to 47 mm with a mean of 15 mm (Table 2).  

3.4. Surface runoff 

Runoff ratios for all events ranged from 0.01 to 0.38 at the forest and from 0.04 to 0.60 at 

the pasture. The mean and standard error of the runoff ratios for the forest and pasture sites were 

0.14 ± 0.02 and 0.23 ± 0.03, respectively (p = 0.04) (Table 1). This is consistent with our 

qualitative observations. On several occasions, the buckets housing the level loggers at the 

pasture site were half full. After two large rain events, both the buckets and the tipping bucket 

runoff gages overflowed with SR for two of the three difference infiltrometers installed on the 

pasture hillslope. The buckets were covered, indicating the water present in the buckets could not 

be from rainfall. In contrast, the five-gallon bucket installed at the forest site was rarely more 

than a quarter of the way filled with SR. 

Runoff ratio as a function of rainfall event duration, rainfall total, peak rainfall intensity 

and average rainfall intensity were compared between the forest and pasture hillslopes (Figure 
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3). We observed a general decrease in runoff ratios for longer duration events, and events with 

greater rainfall totals. Runoff ratios for pasture events increased with mean rainfall intensity up 

to 11 mm hr-1, with relatively lower runoff ratios recorded for events with mean rainfall 

intensities between 11 and 25 mm hr-1. Forest runoff ratios increased with mean rainfall intensity 

up to 7 mm hr-1, and decreased for events with mean rainfall intensities between 7 and 25 mm hr-

1. A general trend was not observed between runoff ratio and peak rainfall intensity for either the 

forest or the pasture, though runoff ratios increased with increasing peak intensities up to 30 mm 

hr-1 for both the forest and pasture. Runoff ratios were generally greater at the pasture site with 

comparisons of each rainfall characteristic quantile. Runoff ratios differed between the pasture 

and forest when rain event duration was between 60 and 110 minutes (p = 0.04) and between 180 

and 140 minutes (p = 0.08). Additionally, runoff ratios differed when rainfall totals ranged from 

0 to 4 mm (p = 0.08) and from 10 to 84 mm (p = 0.02), when mean rainfall intensities were 

between 11 mm hr-1 and 25 mm hr-1 (p = 0.04) and when peak rainfall intensities ranged between 

30 mm hr-1 and 42 mm hr-1 (p = 0.05) (Figure 3).  
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Figure 3. Runoff ratio as a function of rainfall duration (a), rainfall total (b), mean rainfall 

intensity (c) and peak rainfall intensity (d) for all rain events. Bin edges were determined using 

historical Agua Salud rainfall data. Points represent mean runoff ratio values and bars represent 

the standard error of the mean. Large standard error bars are attributed to natural variability and 

the small sample size within each bin. Asterisks indicate significant differences between forest 

and pasture. 

 

 

(a) 

(c) 

(b) 

(d) 

* * * * 

* * 
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Of the 58 rainfall events, 16 occurred simultaneously at the forest and pasture and were 

analyzed separately as paired events. Runoff ratios for paired events ranged from 0.04 to 0.38 at 

the forest and from 0.05 to 0.47 at the pasture. The mean and standard error of the runoff ratios 

for paired events were 0.13 ± 0.02 and 0.20 ± 0.03 for forest and pasture, respectively (Table 2). 

Mean runoff ratios were 50% higher at the pasture site than the forest site, though we did not 

observe statistically significant differences between paired events (p = 0.3). The comparison of 

SR between the forest and pasture in Figure 2 exemplifies the typically lower SR response 

observed during a paired event at the forest (Figure 2a), compared to the pasture (Figure 2b). 

Runoff ratio as a function of rainfall event duration, rainfall total, mean rainfall intensity and 

peak rainfall intensity were also compared between the forest and pasture catchments for the 16 

paired events. Trends in each of these variables were similar to those seen when analyzing all 

events. Significant differences were observed for runoff ratios of rain events with durations 

between 180 and 410 minutes (p = 0.06), rainfall totals between 10 and 84 mm (p = 0.03), mean 

rainfall intensities between 11 mm hr-1 and 25 mm hr-1 (p = 0.04) and peak rainfall intensities 

between 30 mm hr-1 and 42 mm hr-1 (p = 0.03) (Figure 4). Rain events with durations greater 

than 180 minutes, rainfall totals between 10 and 84 mm, mean rainfall intensities between 11 and 

25 mm hr-1 and peak rainfall intensities between 30 mm hr-1 and 42 mm hr-1 resulted in 

significantly higher runoff ratios in the pasture than the forest (Figure 3, 4) in both the analyses 

of all the events and the paired events.  
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Figure 4. Runoff ratio as a function of rainfall duration (a), rainfall total (b), mean rainfall 

intensity (c) and peak rainfall intensity (d) for paired rain events. Bin edges were determined 

using historical Guabo Camp rainfall data. Points represent mean runoff ratio values and bars 

represent the standard error of the mean. Large standard error bars are attributed to natural 

variability and the small sample size within each bin. Asterisks indicate significant differences 

between forest and pasture. 

 

 

 

3.5. HYDRUS-1D 
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Surface Ks values obtained while calibrating HYDRUS-1D simulated SR to observed SR 

varied widely between the forest and pasture sites. Calibrated surface Ks values for the forest 

(256 mm hr-1) and pasture (30 mm hr-1) sites were both lower than the geometric mean we 

calculated using falling head tests for each site: 390 mm hr-1 and 82 mm hr-1 for the forest and 

pasture, respectively (Table 7). Calibrated Ks values for forest were more similar to our 

geometric mean Ks values because surface runoff could not be accurately simulated for 3 of the 5 

calibration events (i.e. simulated surface runoff was ~ 0 for these rain events), and the geometric 

mean value of 390 mm hr-1 was substituted as Ks for these events. Calibration Ks values for both 

sites fell between and the mean and median Ks values reported for depths 0-6 cm by Hassler et 

al. [2011].  

Peak runoff rate, peak runoff time, runoff ratio and total runoff amounts simulated in 

HYDRUS-1D were compared to that of observed SR data for each of the 16 paired events 

(Figure 5). The visual and numerical analyses suggest different conclusions about the 

effectiveness of HYDRUS-1D in modeling SR in the forest and the pasture. Peak SR rates were 

better simulated in forest relative to pature (Root Mean Square Error (RMSE) = 11 mm hr-1 and 

18 mm hr-1, respectively). However, visual comparison suggests that the pasture produced a 

better fit between observed and modeled data (i.e. has more points with non-zero simulated peak 

SR) than the forest (Figure 5a). The low RMSE for the forest may be attributed to the lower 

observed peak SR values, which results in small contributions to the RMSE even when no 

simulated SR is produced. Simulated peak SR timing in the forest also produced a lower RMSE 

(47 minutes) than the pasture (92 minutes). However, the pasture site had two large outliers with 

errors over 100 minutes (Figure 5b); when these two outliers are removed, we report a RMSE of 

38 minutes at the pasture site, which better agrees with our visual comparison. Runoff ratio 
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between observed and simulated data was similar for both forest and pasture (RMSE= 0.15 and 

0.19, respectively) (Figure 5c). Both sites had large outliers (error > 0.3) which when removed 

produced a RMSE of 0.12 at the forest and 0.15 at the pasture. Surface runoff total also produced 

a better fit for the forest than the pasture (RMSE = 3 and 6 mm, respectively) (Figure 5d). 

However, removal of large outliers (error > 100 mm) resulted in a RMSE of 2 mm at the pasture. 

For each SR characteristic, the fit between observed and simulated data was better (i.e. lower 

RMSE) at the forest site than the pasture, but removal of large outliers resulted in lower RMSE 

at the pasture with the exception of runoff ratio. This agrees with the visual comparison, which  

typically shows that more pasture events are present near the 1:1 line in each scenario.  

 

Figure 5. Simulated versus observed peak runoff (a), peak runoff time (b), runoff ratio (c) and 

runoff total (d). Dashed lines represent a 1:1 relationship between observed and simulated data 
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HYDRUS-1D tended to underestimate peak runoff rate and total runoff values at both the 

forest and the pasture. Simulated total runoff was only greater than observed total runoff in 3 

pasture events and 0 forest events. Similarly, simulated peak runoff rate only exceeded observed 

peak SR rate in 2 pasture events and 0 forest events. Little to no runoff could be simulated for the 

majority of rain events at the forest site. Additionally, when simulated peak runoff timing was 

not close to that of observed (within 20%), simulated peak runoff tended to occur later than that  

of observed peak SR. This was particularly true at the forest site: all forest events that produced 

surface runoff recorded a peak in runoff at the start of the rain event, which could not be 

simulated in HYDRUS-1D (Figure 6).  

In addition to comparing observed and simulated SR characteristics, we used HYDRUS-

1D outputs of soil water content to characterize soil saturation at each site during a rain event 

(Figure 7). These plots characterize soil saturation during rainfall events with high rainfall totals 

(24 mm at the forest and 23 mm at the pasture). Each plot contains saturation for five different 

times: one at the beginning of the event (initial conditions), two output times before and two 

output times after simulated peak SR. During the high rainfall total event at the forest, we 

observe that soil does not become saturated, indicating no simulated surface runoff during this 

rain event (Figure 7a). However, for the corresponding pasture site, we observe soil saturation 

moving from the surface to depth, indicating HOF is driving simulated surface runoff generation 

during this rain event, rather than SOF (Figure 7b). However, we observed SR for each rain 

event in Figure 7, and were able to simulate SR for the pasture event.   
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Figure 6.  Observed and HYDRUS-1D simulated surface runoff for a paired rain event occurring 

on May 31, 2016 at approximately 2:30pm for the forest and pasture. The immediate surface 

runoff response observed at the forest could not be simulated in HYDRUS-1D as parameterized, 

while the peak surface runoff rate, peak surface runoff timing, runoff ratio and surface runoff 

totals matched well between observed and simulated runoff at the pasture. 

 

 

Figure 7. Simulated soil saturation plotted against depth below the soil surface for a high rainfall 

total event at the forest (24 mm total) and pasture (23 mm total). Time stamps are taken from 

before and after simulated peak surface runoff. The event from the forest occurred on June 16, 

2016 at 12:45pm while the event from the pasture occurred on July 19, 2016 at 2pm. Peak 

rainfall intensity occurred 8 minutes before simulated peak runoff for the forest rain event (30 

minutes after the start of the rain event), and 76 minutes before simulated peak runoff at the 

pasture (10 minutes after the start of the rain event). 

Forest  Pasture  

Forest  Pasture 
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4. Discussion  

Land-use change has important consequences to surface runoff generation. We observed 

greater mean runoff ratios at the pasture site compared to the forest site. This is in line with 

previous studies on the impact of land-use change on the occurrence of SR in the tropics, where 

SR occurs twice as frequently at a pasture site compared to a forest [Germer et al., 2009; de 

Moraes et al., 2006]. Although we did not observe consistent differences in SR response to 

different rainfall characteristics, differences in runoff ratios can be explained in part by observed 

differences in soil physical and hydraulic properties between forest and pasture. Simulated 

outputs of SR and soil saturation using HYDRUS-1D can be used to augment our conceptual 

model of SR generation between the forest and pasture sites.  

4.1. Impact of rainfall intensity, duration and amount on surface runoff  

While it is generally known that different rainfall characteristics impact SR generation 

processes [Dunne et al., 1970; Hassler et al., 2013; Elsenbeer and Vertessy, 2000; Ziegler et al., 

2004; Bonell and Gilmour, 1978], we analyzed observed SR data as a function of rainfall 

characteristics at our field sites to determine whether different land-use types result in differing 

SR responses to a given rainfall characteristic. Elsenbeer and Vertessy [2000] present a 

conceptual model for hydrological flowpaths in tropical hillslopes wherein combinations of soil 

and rainfall characteristics can be used to determine exactly which flowpaths (i.e. vertical or 

lateral) are activated in response to a given rain event. For example, compacted soil surfaces 

have the propensity to generate HOF during high intensity rain events even with low rainfall 

totals [Ziegler et al., 2004], resulting in generally higher runoff ratios. On the other hand, longer 

duration events with higher rainfall totals may allow a relatively undisturbed soil surface to 

become saturated, resulting in SOF or return flow [Elsenbeer and Vertessy, 2000; Ziegler et al., 
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2004] and in some cases lower runoff ratios. Therefore, we could expect to see a surface runoff 

response to rainfall intensity for the majority of events in the pasture but a response at the forest 

during long-duration events and events with high rainfall totals. 

However, our comparison of runoff ratio to rainfall duration, rainfall total, mean rainfall 

intensity and peak rainfall intensity did not yield any overall trends that differentiate forest 

versus pasture land-uses. In general, mean runoff ratio was higher at the pasture than in the forest 

for every comparison with the exception of short duration rainfall events. Two potential concerns 

for this lack of trends could be equipment failures in measuring SR as previously discussed, and 

the higher number of observed events in the pasture. We address these concerns by performing 

the same analysis on paired events, which only use valid SR data and the same number of events 

for forest and pasture. This analysis of paired events produces similar trends in runoff ratio to 

rainfall characteristics for both land covers, thereby negating these concerns. Furthermore, events 

in this paired data set should have exposure to similar rainfall characteristics, meaning that 

differences in surface runoff response are primarily a function of land-use.   

4.2.  Impact of soil physical and hydraulic characteristics on surface runoff 

We hypothesized that patterns in SR were driven either by rainfall characteristics or by 

changes in soil properties related to land-use change. While rainfall characteristics did not inform 

differences in SR generation, measurements of physical soil properties suggest that the observed 

disparity in SR is driven mainly by altered soil structure. Conversion of undisturbed tropical 

forest to pasture has been known to alter soil properties, among them bulk density and Ks, that 

strongly influence the generation of surface runoff [Alegre and Cassel, 1996; Hassler et al., 

2011; Martinez and Zinck, 2004; McDowell et al., 2003; de Moraes et al., 2006; Ziegler et al., 

2004; Zimmermann et al., 2006; Zimmermann and Elsenbeer, 2008]. Land-use change alters 
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both Ks and bulk density [Ahuja et al., 1984], which is inversely related to macroporosity. We 

observed a significantly higher bulk density and lower Ks at the pasture site, consistent with 

previous studies on the impact of soil compaction by trampling in pasture landscapes [Alegre and 

Cassel, 1996; Giertz and Diekkrueger, 2003; Martinez and Zinck, 2004; McDowell et al., 2003; 

Hassler et al., 2011]. Our measured values of Ks were within the range of values reported for 100 

year old secondary forest (0 to 1,229 mm hr-1 at 0-6 cm, 0 to 1,033 mm hr-1 from 6-12 cm) and 

pasture (0 to 588 mm hr-1 at 0-6 cm, 0 to 535 mm hr-1 from 6-12 cm) landscapes [Hassler et al., 

2011]. 

We also observed a distinct difference in Ks with depth at both sites, a trend that has 

important implications for the generation of SR [Bonnell et al., 1978; Elsenbeer et al., 1992; 

Malmer, 1996; Godsey et al., 2004; Ziegler et al., 2004]. In landscapes where Ks decreases 

sharply with soil depth, lateral surface and near surface flowpaths will likely dominate, while a 

less marked decrease in Ks with depth results in vertical flowpaths to be more prevalent [de 

Moraes et al., 2006; Godsey et al., 2004; Germer et al., 2009]. In some cases, this strong vertical 

decline in Ks has resulted in the formation of a perched water table, causing widespread SOF in 

both forested and pasture landscapes. Hassler et al. [2011] has observed SR at their old forest 

catchments with mean 0-6 cm Ks values of 349 mm hr-1 and 6-12 cm Ks values of 127 mm hr-1, 

which they speculate causes the formation of a perched table during high intensity rainfall. This 

difference in surface and shallow surface Ks values is similar to our observed values from 390 

mm hr-1 from 0-6 cm and 135 mm hr-1 taken at 10 cm depth using minidisk infiltrometers.  

However, VWCsensor at our sites do not indicate the presence of a perched water table deeper than 

10 cm depth because soil moisture sensor data did not report VWC at (or near) saturation during 

rain events producing surface runoff at either the forest or the pasture. Therefore, the only way 
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there could have been a perched water table leading to SOF is if it occurred between the surface 

and our 10 cm soil moisture sensor. Another study conducted within the Upper Rio Chagres 

basin in the PCW found reduced permeability of the B horizon between 0 and 10 cm [Hendrickx 

et al., 2005], and speculated that the formation of a shallow perched water table at this depth 

causes SOF throughout the wet season. However, Litt [2016] performed a study within the Agua 

Salud Watershed wherein 480 mm of simulated rainfall was applied to a 30 year old forest over 

the course of 3 hours, and simulated rainfall infiltrated to a depth of 1.5- 2 m with no detected 

surface ponding, surface runoff or lateral preferential flow path (PFP) flow. Because these two 

studies within similar regions of our study yielded different results in terms of the existence of an 

impeding soil layer, we cannot speculate as to whether or not a perched water table formed at our 

catchment between 0 and 10 cm.  

4.3. Comparisons of observed and simulated surface runoff 

We rely on the simulation of SR in HYDRUS-1D to augment our conceptual model of 

the impact of land-use on surface runoff generation processes. Although we were able to 

simulate peak SR, peak SR timing, SR ratio and SR totals in the pasture, we could not do this for 

the majority of forest rain events. Despite the forest having lower RMSE values than the pasture 

in our comparison of observed versus simulated SR characteristics, simulated SR in the forest 

substantially underestimated our observed forest SR. On the other hand, the pasture often 

produced a better qualitative comparison between simulated and observed data. We speculate 

that this could be a result of our inability to parameterize the upper layer of the forest within 

HYDRUS-1D. The upper layer is critical to the occurrence of surface runoff; land-use impacts 

on soil-hydraulic properties, such as Ks, are commonly confined to the uppermost soil layer (tens 

of cm in thickness). In the Amazon, land-use was considered irrelevant to SR generation for Ks 
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values below 20 cm [Godsey and Elsenbeer, 2002; Zimmermann et al., 2006] and Ks differences 

between forest, secondary forest and pasture were insignificant below 50 cm depths in Ecuador 

[Zimmermann and Elsenbeer, 2008].  

We identify two characteristics within the upper layer that may both be inadequately 

represented within HYDRUS-1D. First, the assumption in HYDRUS-1D of minimal understory 

or litter interception is valid for our pasture site but not for our forest site. Vegetation at the 

pasture consisted of discontinuous grasses, while the forest had a persistent layer of leaf litter and 

other organic material in various stages of decay. In the field, we did not clear our forest plots of 

large leaves in order to most accurately capture natural infiltration-runoff processes. These large, 

waxy leaves might provide a hydrophobic layer at the soil surface at the start of a rain event, 

causing a small, brief amount of SR to form atop this leaf litter layer in the forest. The leaf litter 

layer could not be characterized in HYDRUS-1D and without this layer, observed SR in the 

forest site could not be adequately simulated. Second, the presence of shallow (i.e. within the 

upper layer) preferential flowpaths have been known to play a considerable role in soil 

infiltration characteristics in tropical forests [Chappell, 2010; Litt, 2016; Putty and Prasad, 

2000] including within the Agua Salud Watershed [Cheng et al., 2017]. Studies conducted within 

old forests within Soberania and Chagres National Parks in Panama by Niedzialek [2007] and 

Hendrickx et al. [2005] respectively, observed well-developed PFPs in the form of soil pipes. 

These soil pipes were formed from live and decayed tree roots and animal burrows and exhibited 

high infiltration rates [Bonell, 1993; Noguchi et al., 1999; Niedzialek, 2007]. In those studies, 

surface runoff was observed as return flow from large diameter soil pipes [Niedzialek, 2007; 

Hendrickx et al., 2005]. Return flow from soil pipes has been documented as a source of SR in 

Amazonia and Panama [Elsenbeer and Lack, 1996; Ogden et al., 2014, respectively]. A study in 
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French Guiana also observed SR generation at mid- and upper- slope locations and reported 

evidence of pipe flow. In Puerto Rico, Larsen et al. [2012] found that the exclusion of the PFPs 

created by earthworms nearly doubled surface runoff observations. Stallard and Murphy (2014) 

noted that shallow soil flowpaths helped explain the biogeochemical response of rivers on 

similar geology in Puerto Rico. Finally, Gardner et al. [2017] observed geochemical evidence of 

the rapid activation of shallow (< 15 cm) flow paths during rain events within an old forest and a 

“mosaic” catchment (i.e. possessing a combination of different land-use types) in Agua Salud. 

Surface runoff in the form of return or pipe flow as a result of these PFPs cannot be simulated in 

HYDRUS-1D as parameterized in this work. This may contribute to the inability of HYDRUS-

1D to accurately model SR in the forest. The fact that we observe surface runoff in the forest 

during small rainfall amounts and relatively low rainfall intensities gives credibility to the idea 

that SR occurring atop the leaf litter layer and the activation of shallow PFPs are the main drivers 

of SR generation at the forest. 

Another consideration for the discrepancy in simulated and observed SR is throughfall 

variability observed at the forest site. We know from our throughfall data and results from other 

studies that throughfall amounts and intensities vary spatially in tropical rainforests [Niedzialek 

and Ogden, 2012; Park et al., 2008; Dykes, 1997; Zimmermann et al., 2008]. Only throughfall 

data collected from the centrally located rain gage equipped with troughs was input into the 

HYDRUS-1D model. While our throughfall troughs were approximately 2 m long, we found 

from our throughfall collection during the following field season that the rainfall measured at our 

rain gage could have varied widely from throughfall falling directly on our runoff plots. Despite 

this observation in throughfall variability, surface runoff among the three plots at the forest site 

was relatively similar both in magnitude and frequency of response. For the majority of rain 



39 

 

events, either two or three of the level loggers recorded similar runoff response, and no single 

hillslope position consistently recorded more or less surface runoff compared to other hillslope 

positions. Thus, throughfall variability is not likely a large contributer to the mismatch between 

our simulated data to our observed data for the forest site. 

4.4. Simulated soil moisture  

Analyzing simulated soil moisture saturation with depth helps inform our interpretation 

of which SR generation processes may occur at forest and pasture sites. Figure 7b indicates HOF 

occurs at the pasture site, similar to previous studies [de Moraes et al., 2006; Germer et al., 

2009]. This is consistent with our observation of reduced Ks values near the surface resulting 

from cattle trampling. Soil saturation with depth at the forest, however, does not definitively 

suggest HOF or SOF (Figure 7a). A possible explanation for the observed SR at the forest could 

be the formation of an impeding soil layer, resulting in shallow subsurface flow. The slope of the 

plot could result in the “pinching out” of subsurface flow lower along the hillslope. HYDRUS-

1D solves the vertical form of Richard’s equation, so if convergence in lateral subsurface flow is 

driving a perched water table to the near surface, acting as the main driver for SOF generation in 

this landscape, then the HYDRUS-1D simulations in this work will not provide insight into that 

process. Despite this limitation, the simulated soil moisture data agrees with our observed 

VWCsensor data in that deeper soil layers do not become saturated during a rain event. This 

suggests that SOF is not occurring at our forest site. Another line of evidence suggesting that 

SOF is not occurring at our forest site as a result of the presence of an impeding layer is the 

timing of SR: we observe a peak of SR occurring promptly at the start of the rain event with little 

to none recorded thereafter. We speculate that a portion of our observed forest SR may result 

from the leaf litter layer present on the forest floor. Shallow PFPs (i.e. from 0-10 cm) could also 
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be activated at the immediate start of rainfall [Gardner et al., 2017], becoming connected in 

saturated flow lines similar to that observed in Zimmermann et al. [2014]. It is known that water 

flow through PFPs in tropical soils cannot be modeled using soil texture properties alone 

[Hendrickx and Flury, 2001] and neither the leaf litter layer nor the shallow PFPs are 

characterized in HYDRUS-1D as parameterized. In a modeling study on the impact of PFPs on 

SR generation in Agua Salud, Cheng et al. [2017] found that of four differing model structures, 

the one that explicitly simulated PFPs performed best in matching simulated and observed 

hydrograph outputs. Therefore, HYDRUS-1D as used in this study is useful for exploring SR 

generation processes at the pasture, but results for the forest have limitations 

4.5. Comparison of observed SR with observations based on stream discharge 

In Agua Salud, runoff response to rainfall at the watershed scale, described by Ogden et al. 

[2013], differs from what we see at the plot scale described here. A key parameter to compare 

with ‘runoff ratio’ of the present paper is ‘runoff efficiency’ in Figure 7 and Table 9 of Ogden et 

al. [2013]. Runoff efficiency is defined as the ratio of direct runoff for a rain event to the rainfall 

of that event. Direct runoff is calculated by integrating the runoff associated with the rapid rise 

and fall of the hydrograph following a storm, and is assumed to be water that rapidly gets into 

the channel. This would include macropore and pipe flow as well as SR. Accordingly, runoff 

efficiency should be greater than the runoff ratio. For smaller events in Ogden et al. [2013], 

runoff efficiency is considerably less than runoff ratio. For the largest rain events in Ogden et al. 

[2013] (rainfall totals from 100-316 mm) runoff efficiency is similar to the runoff ratio in forests 

or exceeds runoff ratio in pasture. This suggests that water associated with SR in smaller events 

(< 100 mm), and perhaps most events, does not travel down entire hillslopes into the flowing 

stream network where it would affect the hydrograph. Moreover, this smaller-event SR water 
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must not enter macropore or pipeflow to be fed into the stream network, otherwise the runoff 

efficiencies would be greater. 

5. Conclusions 

Our study illustrates fundamental differences in the timing, frequency and amount of 

surface runoff generation between a Panamanian forest and cattle pasture at scale on the order of 

a meter. The mean ratio of surface runoff to rainfall (runoff ratios) were significantly higher at 

the pasture than the forest for all rain events occurring during our field season in Summer 2016. 

Although we did not observe distinct trends in surface runoff response to rainfall characteristics, 

soil physical and hydraulic properties were significantly different between forest and pasture. 

Forest landscapes are generally more complex, characterized by the presence of a leaf-litter 

layer, a shallow bioturbation layer, and macropores of variable size, all of which influence 

infiltration capacity. Compared to pasture, forest soils are associated with higher rates of 

infiltration and greater hydraulic conductivities [de Moraes et al., 2006; Zimmermann et al., 

2006; Martinez and Zincke, 2004]. Consequently, an increase in the frequency and volume of SR 

is observed at pasture catchments while lower rates of SR are observed at forested catchments 

[Germer et al., 2009; de Moraes et al., 2006; Ziegler et al., 2004; Zimmermann et al., 2006].  

Differences in observed and simulated SR help inform differences in SR generation 

processes between our forest and pasture sites. Surface runoff varies with land-use [Germer et 

al., 2009; Zimmermann et al., 2006] and is typically characterized as SOF in forested landscapes, 

while a combination of SOF and/or HOF have been observed in pasture landscapes [de Moraes 

et al., 2006; Germer et al., 2009; Zimmermann et al., 2006]. Observed and simulated SR suggest 

HOF is the dominant driver of SR generation at the pasture. However, the process of SR 

generation at our forest site remains unclear. While it is possible that the sharp decline in Ks 
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values could cause the formation of a shallow perched water table, we observe an immediate SR 

response to rainfall at the forest site, indicating SOF is not the driver of SR at the forest. Rather, 

this suggests that the combination of a leaf litter layer that allows for rapid SR response, 

combined with the activation of shallow PFPs is the cause of SR generation at our forest site.  

Although our results indicate greater SR at the pasture over the forest, these 

measurements were collected at 3 plots along two hillslopes. Hillslope SR generation in both 

tropical and temperate climates is highly spatially and temporally variable [Wood et al., 1986; 

Sidle et al., 2000; Godsey et al., 2004]. Controls on surface runoff like surface topography 

[McDonnell et al., 1998], throughfall amounts and intensities [Dykes, 1997; Zimmermann et al., 

2008], surface roughness [Martin et al., 2008] and return flow from pipe openings [Elsenbeer 

and Lack, 1996; Chappell and Sherlock, 2005] are all highly spatially variable, particularly in 

tropical rainforests. The occurrence and transfer of SR is spatially variable and the order of 

magnitude of infiltration and SR in small plots is not always the same as in hillslopes or 

catchments [Gomi et al., 2008; Sivapalan and Wood, 1986; Parsons et al., 2004]. Therefore, 

plot-scale measurements of SR and soil hydraulic properties may result in shortcomings when 

scaling up to hillslope and catchment processes, and vice versa, because of plot-scale infiltration 

rate variability across a hillslope [Brooks et al., 2004]. An example of the complexity involved in 

generalizing these measurements lies within our own dataset: Ks is highly spatially variable, and 

Ks  measured with small diameter minidisks does not accurately capture this variability when 

averaged across the area of the difference infiltrometer plot. This is particularly important when 

accurately characterizing HOF at the pasture site. With reduced Ks, one might expect that 

increased rainfall intensity would correspond to increased HOF surface runoff response. 

However, this is not the trend we observe at our pasture site: runoff ratios did not increase with 
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increased rainfall intensity, indicating that increasing rainfall rates do not generate much 

additionall runoff. This can be explained by possible run-on phenomena wherein patches of soil 

with high Ks infiltrate excess rainfall, effectively cancelling out runoff produced by patches of 

soil with low Ks, preventing large amounts of HOF even during high rainfall intensities. Thus, it 

is questionable as to how these plot-scale measurements of SR translate to catchment scale 

differences between these different land-use types, particularly in terms of impacts to 

streamflow. However, our results support a growing body of evidence that suggests that land-use 

is a significant driver of SR generation, and thus has the potential to have catchment-scale 

implications for freshwater provisioning.  

The observation that high runoff ratios at the plot scale, described here, are not reflected 

by high runoff efficiencies at the watershed scale by Ogden et al. [2013] suggests that much SR 

fails to make it to the stream channel. McDonnell [2013] suggests a number of mechanisms by 

which this would happen. It is likely that surface runoff measured at the plot scale is infiltrating 

in areas of greater permeability, whether it be due to higher Ks or denser areas of macropores and 

pipe flow, and not becoming connected at the hillslope or watershed scale. 

Understanding the delivery of freshwater to streams, both in terms of timing and quantity, 

requires precise modeling to fully capture the effects of land-use change on SR generation. As 

this work demonstrates, these models must account for a variety of SR generation mechanisms 

including ground cover or vegetation characteristics (i.e. leaf litter variability in forests), the 

activation of PFPs and subsurface flow to accurately capture these complex processes. The 

ability to model freshwater delivery is of growing importance. The Panama Canal lock system 

requires an average of 52 million gallons of freshwater per transit, all of which is sourced from 

within the PCW [Knight, 2008; Salin, 2010]. In the PCW and the tropics in general, growing 
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water scarcity will exacerbate demands on freshwater resources. Enhancing our understanding of 

SR in the tropics will be of vital importance in mitigating these challenges. 
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