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Abstract Forested catchments in Central Panama can produce more base flow during the dry season
compared to pasture catchments—the so-called “forest sponge effect.” During rainfall events, peak storm
runoff rates and storm runoff coefficients can be lower for forested catchments than pasture catchments,
even when they have similar topographic characteristics, underlying geology, and soil texture. The internal
mechanism of these differences in hydrological response due to land use is yet to be fully understood. A
distributed model explicitly simulating preferential flow paths (PFPs), which is referred to as “PFPMod,” is
used to explain the hydrological response caused by land use using data from three catchments with distinct
land covers in Central Panama. Input parameters of forest and pasture land covers were identified using field
observations and literature values. Multiple satisfactory objective criteria demonstrate that the two
end-member land cover parameter sets are adequate to explain the observed difference in dry-season base
flow and storm runoff coefficients. Field measurements of matrix infiltrability using soil cores and plot-scale
infiltration capacity enabled estimating the number of vertical macropores that fully penetrate the root zone.
Model simulation results demonstrate that fast drainage through lateral PFPs in the early wet season and
high flow in vertical PFPs to recharge deep groundwater in the late wet season contribute to the observed
differences in peak storm runoff and the “forest sponge effect” during the dry season. This study provided
insights to the mechanism by which reforestation may help to restore ecosystem services and water security
in tropical settings.

1. Introduction

Tropical water supplies are often affected by streamflow seasonality, droughts, land degradation (Bai et al.,
2008), old or nonexistent infrastructures, and increasing water demand due to rapid population growth
(Bonell & Bruijnzeel, 2005). Water shortages are most acute in the 80% of the tropics with an extended dry
season (Peel et al., 2007). Due to climate change, longer dry periods and more frequent severe droughts
are expected (Bernstein et al., 2008). These factors taken together indicate the vulnerability of water supplies
in the seasonal tropics.

Land management aiming at improving hydrological ecosystem services represents one potential way to
mitigate drought effects. However, hydrological processes and functioning of tropical forests are
complicated (Bonell & Bruijnzeel, 2005; Chappell, 2010) and relatively little is known about the dominant
water flow paths and characteristics of quick flow and base flow in the humid tropics (Chappell et al,
2007). In particular, the influence of land use/cover changes (LUCCs) on the hydrological behavior of tropical
catchments is complicated by multiple interrelated processes as LUCC can directly or indirectly influence
such as cloud cover, albedo, evapotranspiration, soil moisture, vegetation water use, and streamflow (Ray
et al, 2006; Wu et al., 2007). Studies of LUCC in tropical ecosystems are also relatively scant in contrast to
more comprehensively studied temperate catchments (Birkel et al, 2012). For example, the
“infiltration-evapotranspiration trade-off hypothesis” (Bruijnzeel, 1989, 2004) that examines the extent to
which reforestation can enhance the dry-season base flow under seasonal tropical conditions is yet to be
adequately studied (Krishnaswamy et al,, 2012, 2013). This creates a management need for predictive
understanding of the effects of LUCC on hydrological responses in tropical settings.

While direct field observations can assess the hydrological impact of LUCC (Bruijnzeel, 1989; Ghimire et al.,
2014; Ogden et al., 2013), modeling studies can provide additional insights and flexibility in addressing the
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underlying mechanism of watershed hydrological response due to LUCC (Bruijnzeel, 2004; Li et al., 2007).
Relatively simple models (Beck et al.,, 2013; Chappell et al., 2007; Lacombe et al., 2016) have been applied
more frequently than fully physically based models to understand runoff generation in tropical forests
(Cheng et al., 2017; Schellekens, 2000; Vertessy & Elsenbeer, 1999) and changes therein after LUCC (Birkel
et al,, 2012; Li et al., 2007). The work of Lacombe et al. (2016) in Laos and Vietnam showed that a simple
two-parameter model can be adequate when predicting changes in water yield during vegetation succession
or plantation growth by taking annual variability in rainfall into account. However, physically based,
distributed models can allow a greater understanding of specific internal mechanisms of hydrological
processes associated with LUCC (Bonell & Bruijnzeel, 2005) The physically based model proposed in Sarkar
et al. (2012) gave a quantitative indication of hydrologically active lateral macroporosity of the hillslope
and the dependency of effective lateral macroporosity, soil matrix, and macropore flow rates on recharge rate
in Northeast India. The hillslope model developed in Sarkar and Dutta (2014) examined the effect and
sensitivity of landscape physiography, rainfall intensity, infiltration rates, and soil macropore structures on
overland flow and subsurface flow responses on a nested hillslope in Northeast India. The physically based
model advanced in Cheng et al. (2017) included four different optional model structures without and with
explicit simulation of preferential flow paths (PFPs). The model was used to test hypotheses and identify
plausible hydrological processes in a steep, saprolitic, and tropical lowland catchment in the Panama Canal
Watershed. This model allowed exploration of the effects of both lateral and vertical PFPs on the hydrological
response. Results by Cheng et al. (2017) showed the role of lateral PFPs in contributing to quick flow and the
role of vertical PFPs in controlling groundwater recharge. These findings were supported by geochemical
tracer studies (Litt et al.,, 2015) and shallow subsurface flow path activation identified using Ge/Si as a tracer
(Gardner et al., 2017).

Accurate measurement of infiltration parameters in macropore-dominated catchments is critical for
physically based hydrological modeling. Mallants et al. (1997) evaluated the spatial variability of saturated
hydraulic conductivity (Ks5y) in soils with macropores using different column sizes and discovered the
geometric mean of K, decreased with increasing column size. By comparing model- and core-derived
block permeability estimations, Chappell et al. (1998) concluded that there was a nonlinearity between
the watershed hydrological response and the block or whole-hillslope permeabilities obtained from
core-scale observations. Hassler et al. (2011) reported a median soil matrix infiltrability of approximately
2 cm/hr at a depth of 6-12 cm in pasture and secondary forest land covers ranging in age from 5 to
100 years using permeability measurements from 9-cm diameter soil cores in the same Agua Salud project
catchments in Central Panama used in this study. However, plot-scale field tests conducted at the same
study sites using simulated rainfall on a 12-m? plot, which accounts for the effect of PFPs (Ogden et al,,
2014), measured much higher infiltration rates than the infiltrability reported by Hassler et al. (2011) in all
land covers. Sarkar et al. (2008) measured local-scale infiltration using double-ring infiltrometers and
plot-scale infiltration using a sheet flow generation system in a macropore-dominated hillslope. Their results
clearly indicated that the point-scale measurements led to erroneous results that were not reliable for use in
hydrological modeling, while results from plot-scale experiments more accurately described infiltration
processes. Davis et al. (1999) highlighted the effect of using differently derived hydraulic conductivities
(small cores, large cores, and well permeametry) in hydrological modeling and demonstrated that the K,
estimated from large cores captured catchment hydrological response. Therefore, physically based
hydrological model studies in macropore-abundant regions should take field measurements at both small
local-scale and large plot scale into account.

In addition, biological activity on/in soils is affected by LUCC, which subsequently affects the formation of
PFPs, and should be considered in physically based hydrological modeling (Colloff et al, 2010;
Shougrakpam et al., 2010). Many studies reported the impact of land use conversion and succession on
the creation/destruction of PFPs through root growth, root decay, earthworms (Colloff et al., 2010; Meng
et al,, 2016; Tobdn et al., 2010; Zou & Gonzalez, 1997), soil shrink/swell, and many other effects of land use
(Beven & Germann, 2013). Strategies are required to incorporate catchment characteristics such as soil
physical properties (Davis et al., 1999; Noguchi et al.,, 1997, 1999; Sarkar & Dutta, 2014; Sarkar et al., 2015;
Zimmermann et al., 2006; Zwartendijk et al, 2017) into hydrological models, especially the parameters
related to PFPs (Guo & Lin, 2017; Shougrakpam et al. 2010; Meng et al, 2016) as a function of land
use/land cover.
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Figure 1. (a) Elevation, (b) slope, and (c) land cover of the three study catchments: (1) forest catchment (FOR), (2) mosaic
catchment (MOS), and (3) pasture catchment (PAS).

The overall objective of this study was to better understand the underlying physical mechanisms behind the
forest sponge effect-increased dry-season base flow in forested catchments, and the reasons for differences
in peak runoff rates and runoff ratios in catchments with different land uses/land covers that were observed
in Ogden et al. (2013) in Central Panama. We proposed two hypotheses: First, the dominant impact of land
use/land cover on hydrological response in seasonal humid tropical catchments with saprolitic soils is
through its effects on the formation of PFPs formed by plants, animals, and soil shrink/swell. Second, soil
infiltrability measurements using small cores combined with infiltration measurements on plot scale allow
estimation of the number of vertical macropores that fully penetrate the root zone.

We applied a physically based distributed model that we call “PFPMod” (Cheng et al., 2017) to predict and simu-
late runoff generation and flow paths in three steep, saprolitic, and tropical lowland catchments with distinct
land covers within the Panama Canal Watershed. Different from other studies on the hydrological effect of
LUCG, this study explicitly took into account the effect of LUCC on the formation of PFPs informed by the results
of field measurements at core and plot scales and the literature. We evaluated the model performance in terms
of event-scale runoff, base flows, and the annual water balance. Examination of multiple simulated water bud-
get components, temporal dynamics of transient perched groundwater table depth in the upper soil layer, and
flow through the fully penetrated vertical PFPs in both dry and wet seasons allowed us to gain better under-
standing of the effects of land use-dependent PFPs on hydrological responses.

2. Methods
2.1. Study Area

Most of the observed data used in this study were from the Smithsonian Tropical Research Institute (STRI)
Agua Salud project study catchments in Central Panama. The Agua Salud project instrumented catchments
with a variety of land uses: old (>100-years) primary forest, secondary forest of various ages, native tree
plantations, and silvopastoral and traditional swidden pasture catchments. The baseline hydrological
investigation by Ogden et al. (2013) examined three Agua Salud control catchments with similar distributions
of slope and topographic index (Figures 1a and 1b), similar underlying bedrock geology but distinct land
uses/land covers (Figure 1c). These three catchments also have similar soil textures as the silty texture of
the soils is determined by the saprolite from which the soil is derived. These catchments include the
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Table 1
Catchment Characteristics

following: (1) 143 ha covered by old (>100-years) regrowth forest (FOR
catchment), (2) 183 ha covered by a mosaic of secondary succession and

Catchment name

FOR MOS PAS pasture (MOS catchment), and (3) 42 ha active pasture (PAS catchment),

Contributing area (ha)
Stream gauge latitude (°)
Stream gauge longitude (°)
Elevation range (m)

Slope range (°)

Mean topographic index
Soil taxonomy

Annual rainfall (mm)
Annual streamflow (mm)
Annual base flow as percent
of annual streamflow (%)
Base flow as percent of
streamflow during the dry
season (%)

Base flow as percent of
streamflow during the wet
season (%)

Annual quick flow as percent
of annual streamflow (%)
Quick flow as percent of
streamflow during the dry
season (%)

Quick flow as percent of
streamflow during the wet
season (%)

143

183 2 which is a subwatershed of the mosaic catchment (Figure 1), managed

9.20893°N  9.21860°N  9.22611°N with rotational grazing and manual shrub removal once per year. Note that
79.77950°W  79.77047°W  79.76166°W  the areas of these catchments differed slightly from those reported in
53-166 88-195 120-188 Ogden et al. (2013), as a result of improved Digital Elevation Model

6-37 6-32 6-29

(DEM) data availability (Robert F. Stallard, personal communication,

Oi'é;ls Oi}jgls Oi.iizls 2017). The characteristics of the three study catchments are summarized

3,600 3,600 3,600 in Table 1.

LA 2,018 2,355 The three catchments experienced highly correlated rainfalls owing to
78 70 >7 their close proximity and small size, and therefore, rainfall data from the
98 98 % same station was used (Figure 1). Rainfall data for a period of one entire

water year (11 May 2011 to 19 May 2012) covering both wet and dry

seasons with a 15-min temporal resolution were used to drive the model
72 65 55 simulations for the three study catchments. The cumulative rainfall was

3,600 mm during this study period (Table 1). The average rainfall
2 30 43 intensities for the early wet season from May to early October, the late

wet season from late October to December, and the dry season from
2 2 4 January to April were 7.6, 6.7, and 3.0 mm/hr, respectively.

Flows from these three catchments were measured using two stage weirs
28 35 45 as described in Ogden et al. (2017). Ogden et al. (2013) reported distinct

differences in the hydrological response of these three catchments in
terms of annual water balance, peak runoff rate, and runoff ratio during

Note. The FOR represents for forest, MOS represents for mosaic, and the

PAS represents for pasture.

heavy rainfall events, and dry season base flow. This latter observation
supported the “forest sponge effect hypothesis” because the forested
catchment produced more base flow during the dry season than both
the mosaic and pasture catchments.

2.2. Hydrological Model

This study applied PFPMod (Cheng et al. 2017), which was developed to simulate the hydrological response
of steep, saprolitic, and tropical catchments by explicitly simulating the influence of both lateral and vertical
PFPs in a two-layered soil system. The model tested four different model structures in a near-surface layer
where most abundant PFPs occur, called the “preferential flow layer.” The model computed 2-D overland flow
based on a DEM-based grid cell network and simulated 1-D channel flow using a DEM-based channel
element network. Percolation based on the matrix hydraulic conductivity linked the preferential flow layer
and deep groundwater. Deep groundwater discharge to streams was simulated using a simple linear
reservoir. This study applied the best performing model structure identified by Cheng et al. (2017), which
is shown schematically in Figure 2a. This model structure divided the preferential flow layer into two layers,
a top layer and a sublayer. In the top layer, a simple rapid infiltration scheme assumed that all the througfall
bypasses the soil matrix and immediately reaches the bottom of the top layer. The sublayer was further
divided into two domains, a matrix infiltration domain and a vertical PFP domain. In the matrix infiltration
domain, downward water movement was simulated using the Green-Ampt infiltration with redistribution
(GAR) model with features from the Talbot-Ogden (T-O) infiltration and redistribution method (Lai et al.,
2015), which is a simplified version of the finite moisture content solution of the Soil Moisture Velocity
Equation (Ogden et al.,, 2015, 2017). Macropores in the vertical PFP domain were assumed to fully penetrate
the preferential flow layer and were referred to as “effective percolating vertical PFPs.” Water movement
through these effective percolating vertical macropores was explicitly simulated using a laminar pipe flow
equation. The best performing model structure contained about 20 parameters, but most of its input para-
meters can be estimated from field data or literature to minimize calibration. The best performing model
structure was applied to the FOR, MOS, and PAS catchments as discussed above (Figure 1). The model initi-
alization involved a spin-up period of one full water year for all three study catchments.

Evapotranspiration (ET) in the seasonal Panama Canal Watershed exhibits considerable intra-annual
variability. ET variability is largely driven by seasonal variability of transpiration in response to seasonal
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Figure 2. (a) Flow chart of the overall model computation process and (b) schematic representation of two distinct land use
classes in estimating vertical PFP numbers: (1) forest land use and (2) pasture land use and water balance components used
in equation (2).

differences in energy (radiation) and water (soil moisture) availability (Wolf et al., 2011). During the wet
season, frequent cloud cover and low vapor pressure deficit limit transpiration despite sufficient plant-
available soil moisture (Graham et al., 2003), whereas during the dry season, radiation and vapor pressure
deficit increase while infrequent, reduced precipitation limits plant-available soil moisture for grasses and
understory vegetation. The resulting seasonal differences in ET can be expressed as a dry-to-wet season ET
ratio, with generally larger ratios in forests than in pastures (von Randow et al., 2004; Wolf et al., 2011). The
typically higher dry-to-wet season ET ratio in forests is caused by elevated dry-season transpiration in
forests due to increased available energy (radiation) and access to deep soil water through deeper root
systems (Schwendenmann et al,, 2015), whereas the low soil water content in the upper soil layer during
the dry season limits transpiration of pasture vegetation with shallower root systems (Wolf et al., 2011). To
estimate the dry-to-wet season ET ratio for the mature and young secondary forest, we calculated the
seasonal averages of daily transpiration based on sap flow measurements from 25 and 30 trees in mature
and young forest, respectively. Sap flow data were collected using the Heat-Ratio method (Burgess et al.,
2001) from 1 August 2015 to 10 September 2017. Measured temperature ratios were converted to sap
velocities according Burgess et al. (2001) and Marshall (1958). Sapwood areas per tree were estimated
based on a diameter at breast height-to-sapwood area relationship derived from 107 trees representing 24
species in Panama (Meinzer et al.,, 2001). The sapwood area and sap velocities together determined the
transpiration rate per tree (Bretfeld et al.,, 2018). The dry-to-wet season ET ratio of forest is the ratio between
the average daily transpiration rates in dry and wet seasons, respectively. The dry-to-wet season ET ratio for
the pasture catchment was based on ET data from a 5-m eddy flux tower located in the PAS catchment from
October 2015 to May 2017. The dry-to-wet season ET ratio of pasture is the ratio between the average daily
evapotranspiration rates during dry and wet season periods. In this study, the dry-to-wet season ET ratios
were calculated as 1.9, 1.26, and 1.01 for mature forest (stand age > 80 years), young secondary forest (stand
age 8-10 years), and pasture, respectively.

While there are multiple land cover categories in the three catchments, we used only two end-members of
mature forest and pasture to reduce the number of land cover-related parameters and minimize calibration.
Hydrologically, we treated a major land cover type of young secondary forest as pasture given that its
dry-to-wet-season ET ratio is closer to pasture, as discussed earlier. In doing so, we generated the land cover
maps for the three study catchments (Figure 1c¢) to assign land cover type to each 25 m x 25-m model grid
cell. In the FOR catchment, 99% of its total area was covered by mature forest, while pasture covered 73% of
the entire catchment area in the PAS catchment. In the case of the MOS catchment, both forest and pasture
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Table 2
(a) Common Parameters Used in the Overall Model Framework and (b) Land Cover Specific Parameters Related to Forest and Pasture Land Covers
(@) Common parameters Descriptions Values References
n, Manning roughness coefficient for 0.07 Arcement and Schneider (1989)
overland flow routing (—)
ny Manning roughness coefficient 0.03 Arcement and Schneider (1989)
for channel routing (—)
(%) Total porosity (—) 0.6  Bruce Harrison, personal
communication (2017)
Ksat Vertical matrix saturated hydraulic 20 Hassler et al. (2011)
conductivity (mm/hr)
(e Maximum percolation rate (mm/hr) 20 Cheng et al. (2017)
(b) Land cover parameters Descriptions Forest Pasture References
| Interception (%) 17 5 Zimmermann et al. (2013) and Niedzialek
and Ogden (2012)
d Top-layer thickness (cm) 20 12 Hassler et al. (2011) and Cheng et al. (2017)
ATay Ratio of actual transpiration (AT), 1.9 1.01 Mario Bretfeld, personal communication (2017)
ATvet dry over wet seasons (—)
D Preferential flow layer thickness (m) 2.0 1.0 Jan Hendrickx and Bruce Harrison,
personal communication (2017)
i Infiltration capacity (mm/hr) 330 140 Ogden et al. (2014)
N Lateral PFP number per grid cell 180 90 Shougrakpam et al. (2010) and Sarkar
et al. (2012)
W Average lateral PFP diameter (mm) 3.0 1.5 Shougrakpam et al. (2010) and Sarkar
etal. (2012)
Ny Effective percolating vertical PFP 18 6 This study
number per grid cell
Ky Average vertical PFP diameter (mm) 3.0 1.5 Cheng et al. (2017)

Note. PFP: preferential flow path.

were present (42% of forest and 58% of pasture). Note that these land cover percentages were slightly
different from Ogden et al. (2013) due to a new land use interpretation.

The model input parameter values common to both land covers and their sources are listed in Table 2a. The
specific parameter values for forest and pasture land covers are given in Table 2b. The model parameters that
differed according to land covers are interception, ET, preferential flow layer thickness, top layer thickness,
and lateral and vertical PFP characteristics.

Both the parameters for overall formulation and two land use types were quantitatively or semiquantitatively
derived from field measurements or from literature. The actual annual ET depth for each study catchment was
estimated based on a simple annual water budget calculation. According to Zimmermann et al. (2013) and
Niedzialek & Ogden (2012), rainfall interception in forest and pasture land covers were 17% and 5%, respec-
tively. The preferential flow layer thicknesses for forest and pasture were given as 2 and 1 m according to the
root mass distribution in the study site (Jan Hendrickx & Bruce Harrison, personal communication, 2017) and
time-lapse electrical resistivity tomography measurements during simulated rainfall experiments (Ogden
et al,, 2014). PFP parameters were derived from tropical data sources to the extent possible (Shougrakpam
et al, 2010; Sarkar et al.,, 2012). The mean diameters of lateral and vertical macropores were assumed to be
3.0 mm for forest land cover (Sarkar et al., 2012; Shougrakpam et al., 2010). For pasture land cover, the mean
diameters of lateral and vertical macropores were estimated as 1.5 mm (Sarkar et al., 2012; Shougrakpam et al.,
2010). Given the importance of lateral macropores in partitioning between lateral drainage and vertical
recharge to deep groundwater and in estimating the number of vertical PFPs, we performed a sensitivity ana-
lysis on the number and diameter of lateral macropores to evaluate effects of uncertainty in this parameter on
the overall model performance. We varied the number of lateral PFPs in forest and pasture land covers from
10 to 200 and the diameter from 1 to 5 mm, (Sarkar et al., 2012; Shougrakpam et al.,, 2010).

A simple single linear reservoir model was used to simulate discharge of deep groundwater to streamflow by
using equation (1).
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g=KS (1)

where g is the specific discharge to all the channel elements from the deep groundwater reservoir (L/T), K is
the linear reservoir recession constant (T~ '), and S is the current groundwater reservoir storage (L). The linear
reservoir recession constants were estimated by calibration from the observed runoff data (0.0012 h™",
0.0014 h™', and 0.0017 h™' for the FOR, MOS, and PAS catchments, respectively).

2.3. Determination of Vertical PFP-Related Parameter From Field Data

The number of effective percolating vertical PFPs is the most difficult parameter to estimate. Cheng et al.
(2017) concluded that these flow paths are almost entirely responsible for groundwater recharge. Cheng
et al. (2017) calibrated a connectivity parameter to calculate this number. In this present study, however,
instead of estimating another connectivity parameter, we used infiltration measurements at different scales
to estimate the number of effective percolating vertical PFPs. Available multiscale infiltration measurements
in different land covers included soil matrix infiltrability tests conducted using 9-cm diameter soil cores
(Hassler et al., 2011) and infiltration measurements taken over 12-m? areas using rainfall simulator experi-
ments (Ogden et al,, 2014). Differences between these measurements, made at different scales, were used
to estimate the vertical PFP number parameter for different land use types with the goal of minimizing the
number of parameters calibrated. The rainfall rates during the rainfall simulator experiments involved three
or four 750-L tanks of water applied on 12 m? of land surface over about 1 hr, yielding applied rainfall rates in
the range of 200 to 400 mm/hr. Because these very high intensities of rainfall were applied during the rainfall
simulator measurements and little overland flow was observed, we assumed that the soils were saturated
and both lateral and vertical PFPs were activated under steady state conditions. Note that these assumptions
allowed the use of the following simple water balance relationship for the irrigated plot (Figure 2b):

Qinput =Qn+Q +0Q )

where Q. is the input volume flow rate from the rainfall simulator (L3/T), Q, is the discharge through soil
matrix (L3/T), Q, is the discharge through effective percolating vertical PFPs (L3/T), and Q; is the discharge
through lateral macropores (L3/T) in the top layer due to a perched groundwater table on the bottom of
the top layer as shown in Figure 2b.

The input volume flow rate was calculated using the measured infiltration capacity from rainfall simulator
experiments. The water flow in the soil matrix was computed using the Darcy’s law. The volumetric flow rates
in lateral and vertical macropores were calculated by applying Poiseuille’s law in pipes (Sutera & Skalak, 1993).
Equation (2) can then be rewritten as

. Ny Ah pgm Ny Ah pgr N Ahy
A=Kl A=—7m > RL2 ).V 2Ty R4 )Y 2P0y R A ) =L 3
i sat ( T k§1 vk > T (8/1 k§1 3 v 84 k§1 k)AL 3)

where i¢is the infiltration capacity measured from rainfall simulator experiments (L/T), A is the catchment area
(L%, and AE"V is the hydraulic gradient in vertical direction, which is generated from the perched groundwater
table that forms at the bottom of the top layer in the preferential flow layer and the gravity. The vertical
hydraulic gradient is AE"V > 1 because the depth of the perched groundwater table is small compared to the
preferential flow layer thickness. The hydraulic gradient in the lateral directionAA—'Z’is assumed to equal the land
surface slope. In equation (3), K4 is the soil matrix vertical saturated hydraulic conductivity (L/T), R, is the
vertical macropore radius (L), R, is the lateral macropore radius (L), N, is the number of effective percolating
vertical PFPs that fully extend below the preferential flow layer and have the ability to move water downward
quickly to recharge the deep groundwater reservoir, N, is the number of lateral macropores in the top layer of
the preferential flow layer, p is the water density (M/L3), g is the gravitational acceleration (L/T?), and y is the
water dynamic viscosity (M- L - T).

The soil matrix saturated hydraulic conductivity K, was set to be the median soil matrix infiltrability derived
from the soil cores, that is, 2 cm/hr (Hassler et al,, 2011). The diameter of lateral and vertical macropores and
the number of lateral macropores were estimated from relevant literature for tropical settings (Sarkar et al.,
2012; Shougrakpam et al., 2010) as discussed above and given in Table 2b. The infiltration capacity for forest
land cover was estimated as 330 mm/hr (Table 2b) by averaging rainfall simulator experiment measurements
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conducted on two different days. The infiltration capacity of pasture land cover was 140 mm/hr (Table 2b) by
averaging measurements conducted on five different days. With these values inserted, the number of
effective percolating vertical PFPs, N,, was the only unknown parameter in equation (3). The calculated results
of N,, for both forest and pasture land covers, are listed in Table 2b.

2.4. Base Flow Separation

The digital filter developed by Eckhardt (2005) separated base flow from total runoff. Eckhardt’s filter has two
parameters, the filter parameter a and the maximum value of the base flow index BFl,ax. The parameter a is
determined from base flow recession analysis, while BFl,.x is @ nonmeasurable parameter estimated
according to hydrogeological conditions. In this study, we adopted the approach proposed in Collischonn
& Fan (2013) to estimate BFl, 44 using a backward filtering operation using observed streamflow data.

2.5. Water Budget Computations

The runoff efficiencies for various ranges of storm-total rainfall were calculated as the ratio of average direct
runoff over average rainfall for the respective range during the simulated water year (Ogden et al,, 2013). The
depths for surface water storage, soil moisture storage, and deep groundwater storage for each study
catchment were calculated by summing up the water volumes in the surface, preferential flow layer, and
deep groundwater reservoir and dividing by the respective catchment area, respectively.

A dynamic perched groundwater table forms at the bottom of top layer in the preferential flow layer. The
average transient groundwater table depth for each study catchment was calculated by summing up water
volume perched at the bottom of the top layer in all grid cells and dividing by the respective catchment area.
The flow capacity in the effective percolating vertical PFPs in the preferential flow layer was calculated by
summing up the flow rates in all PFPs and dividing by the respective catchment area.

2.6. Model Assessment

Multiple objective criteria allowed evaluation of model performance against 15-min resolution hydrographs.
These criteria included runoff Volume Error (VE), root-mean-square error (RMSE), and Nash-Sutcliffe efficiency
calculated on two different variables: (1) the nontransformed modeled and observed discharge series (NSE),
which emphasized the total runoff and the peak flows, and (2) the Nash-Sutcliffe efficiency calculated using
the logarithm of the simulated and observed discharge series (NSE,og), which emphasized low flows (Samuel
et al, 2012; Cheng et al., 2017). These four objective measures provided a range of indictors of model
performance in terms of overall water balance, high flow, and low flow.

3. Results and Discussion

3.1. Model Performance Evaluation

Figure 3 shows measured and simulated hydrographs over the simulated period from 11 May 2011 to 19 May
2012 for the study catchments. The plots of observed and simulated cumulative runoff and scatterplots of
both the observed and simulated runoffs together with the performance measures of VE, RMSE, and NSEs
for the three study catchments are given in Figure 4. The distributions of runoff rate for both the observed
and simulated daily hydrographs in the three study catchments are plotted in Figure 5.

Quantitatively, the absolute runoff Volume Errors (VEs) were below 3% for all three catchments: —0.04%,
2.25%, and —1.2% for the FOR, MOS, and PAS catchments, respectively (Figures 4a—4c). All the RMSEs were
less than 0.05 mm/d (Figures 4a—4c). The overall streamflow patterns for all three study catchments were well
simulated based on the NSE values of 0.7, 0.86, and 0.82 calculated from the nontransformed FOR, MOS, and
PAS catchment hydrographs, respectively (Figures 4d-4f). The base flow characteristics of the three
hydrographs were also simulated well, which was evident by the satisfactory performance NSE,.q values of
0.7, 0.81, and 0.82 for the three catchments, respectively (Figures 4d-4f). The peak runoff rates agreed well
with observations as can be seen from the 95th percentile in Figures 5a-5c for all three catchments.

Moreover, the simulation results that the PAS catchment produced higher peak runoff rates (Figure 5), more
direct runoff (Table 3a), and higher storm runoff efficiencies (Table 3b) than the other two more forested
catchments were consistent with the observations in small tropical catchments (e.g., Scott et al.,, 2005;
Waterloo et al., 2007; Germer et al., 2010; Rodriguez et al., 2010). Using two sets of land use parameters
informed by infiltration measures at different scales to estimate the number of effective percolating
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Figure 3. Comparison between the observed and simulated stream discharge for the period 11 May 2011 to 19 May 2012
for the three study catchments: (a) forest catchment (FOR), (b) mosaic catchment (MOS), and (c) pasture catchment (PAS).

vertical PFPs, the physically based model PFPMod demonstrated satisfactory skill at simulating both base
flow and runoff peaks in the three catchments with distinct land covers.

The corresponding NSE values for the sensitivity analysis of the number and diameter of lateral PFPs ranged
from 0.5 to 0.86, and NSE,qq results varied from 0.52 to 0.82 for the three study catchments. The results
demonstrated that as long as the parameters of lateral macropores were within the typical ranges presented
in literature, satisfactory model performance could be achieved in terms of both total runoff and base flow.

3.2. Annual Base Flow

The recession parameter a of Eckhardt’s filter was estimated as 0.96 using daily discharge data for all three
study catchments, and the maximum values of the base flow index BFl.x were estimated as 0.83, 0.80,
and 0.70 for the FOR, MOS, and PAS catchments, respectively. The model applications showed good
agreements between simulations and observations in terms of annual base flow for each study catchment
(Table 3a). Note that in our model conceptualization, the source of base flow was from the deep groundwater
reservoir, which was recharged through vertical PFPs that allowed water to bypass the root zone soil matrix in
the preferential flow layer and quickly move downward. While the total number of percolating vertical PFPs
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Figure 4. Cumulative runoff and scatterplots of the simulated and observed discharges and performance statistics (runoff
Volume Error VE, root-mean-square error RMSE, Nash-Sutcliffe efficiency of nontransformed discharge values NSE, and the
Nash-Sutcliffe efficiency for the logarithms of discharge data NSE o) during the simulation period 11 May 2011 to 19 May
2012 for the three study catchments: (a and d) forest catchment (FOR), (b and e) mosaic catchment (MOS), and (c and f)
pasture catchment (PAS). Notes: The equations used to calculate the performance statistics are as follows with the total
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Figure 5. Runoff rates for observed and simulated discharge series for the three study catchments: (a) forest catchment
(FOR), (b) mosaic catchment (MOS), and (c) pasture catchment (PAS) during the simulation period 11 May 2011 to 19
May 2012. The central bar is the median, the upper and lower limits of the box represent the 25th and 75th quantiles, while
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percentile. The number of total data points is 375.
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Table 3

(a) Annual Base Flow (Rp) and Annual Base Flow as a Percent of Annual Runoff (Ry/Rg) for the Three Study Catchments Over the Simulated Water Year From Both
Observation and Simulation Results, (b) Runoff Efficiency for Various Rainfall Ranges Over the Simulated Water Year From Both Observation and Simulated Results,
and (c) Annual Water Budget Components (Annual Runoff R,, Actual Evapotranspiration AET, Interception I, Soil Moisture Storage Changes ASs.j;, Deep Groundwater
Storage Changes A4S, and Surface Water Storage Changes 4Sg,) for the Three Study Catchments Over the Simulated Water Year From Model Simulation Results

(a) Annual base flow

FOR catchment MOS catchment PAS catchment

Observed (%) Simulated (%) Observed (%) Simulated (%) Observed (%) Simulated (%)

Rp (mm)
Rb/Rq (%)

(b) Runoff efficiency

1,155 1,159 1,518 1,477 1,413 1,402
80% 80% 72% 72% 60% 60%
PAS catchment

FOR catchment MOS catchment

Storm rainfall range (mm)

Observed (%) Simulated (%) Observed (%) Simulated (%) Observed (%) Simulated (%)

>1.00-3.16 (N = 4)
>3.16-10.0 (N = 58)
>10.0-31.6 (N = 53)
>31.6-100 (N = 33)
>100-316 (N = 4)
3.05-182 (N =152)

(c) Simulated annual water budget components

6.4 52 6.4 7.1 11.4 11.0
8.1 55 6.9 7.3 10.8 10.1
59 5.6 9.7 8.1 14.8 14.1
9.1 55 17.8 15.5 283 27.7
153 173 325 379 59.9 61.7
8.9 7.1 14.7 16.1 25.0 26.1

FOR catchment MOS catchment PAS catchment

Rq (mm)
AET (mm)

I (mm)
ASsoil (mm)
ASgW (mm)
ASsyr (mm)

to the respective catchment area. The equation for runoff efficiency calculation is £, =

1,442 2,056 2,319
1,507 1,118 950
616 402 310
27 20 17
3.1 0.7 25
0.8 2 —0.1
Note. The FOR represents for forest, the MOS represents for mosaic, and the PAS represents for pasture. All the water budget component depth values are relative
N Ry
@, where E, is the runoff efficiency, N is the number of storm that fall
Z,«:1 i

into each rainfall range, and Ry; and P; are the direct runoff and rainfall of each storm, respectively.

ranged from less than 10 per model grid cell for the PAS catchment to only about 20 for the FOR catchment
per model cell (Table 2b), their existence was essential to capture the observed base flow patterns.

The model results indicated that the contribution of base flow to annual runoff was 80%, 72%, and 60% in the
FOR, MOS, and PAS catchments, respectively (Table 3a). These percentages were similar to the high base flow
index results reported in Birkel et al. (2012) based on studies in Costa Rica and Beck et al. (2013) who studied
12 catchments in Puerto Rico.

3.3. Discussion of Annual and Seasonal Water Balances

The components of the simulated annual water balance are listed in Table 3c. Cumulative runoff, cumulative
ET, surface water storage, soil moisture storage, and deep groundwater storage over the entire simulation
period are shown in Figure 6. The results highlight the differences for the early wet season from May to early
October, the late wet season from late October to December, and the dry season from January to April.

The FOR catchment generated the least annual runoff, especially during the late wet season (Figure 6a)
because this catchment had the highest simulated interception and uptake of soil water for ET (Table 3c).
The PAS catchment consistently produced the highest runoff during rainfall events compared to the other
two catchments (Figure 6a).

In terms of simulated surface water storage, the variations in surface water in the PAS catchment were largest
over the entire period (Figure 6¢). The fractions of the catchments that produced overland flow during the
early wet season were 0.1%, 3%, and 5% for the FOR, MOS, and PAS catchments, respectively. During the
wet season, the simulated catchment area fractions with overland flow were 4%, 11%, and 21% in the three
study catchments, respectively. The overland flow-generating fractions were less than 1% in all three study
catchments during the dry season. The simulated results revealed that the PAS catchment with substantial
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Figure 6. Water budget components (a) cumulative runoff, (b) cumulative evapotranspiration, (c) surface water storage,
(d) soil moisture storage, and (e) deep groundwater storage during the simulation period 11 May 2011 to 19 May 2012
for the three study catchments from model simulation results.

pasture land cover had the highest possibility to produce overland flow, as also suggested by Hassler et al.
(2011) and Ogden et al. (2013). These results further supported that overland flow was less likely to be a
dominant contributor to runoff in the FOR catchment other than that through saturation-excess
mechanism near streams during large rainfall events (Ogden et al., 2013).

The higher simulated water storage as soil moisture in the FOR catchment in the wet season (Figure 6d) is the
main reason that it can satisfy more of the ET demand during the following dry season as seen in Figure 6b,
which was consistent with the conclusion from von Randow et al. (2004) that the rate of moisture storage
change in the forest was more rapid than that in the pasture at the start of the dry season. The FOR catchment
had the largest deep groundwater storage at the end of the wet season (Figure 6e) and was thus able to con-
sistently produce more base flow during the dry season compared to both the MOS and PAS catchments.

3.4. Discussion of Land Use Effects on Water Balance Dynamics

The average saturated thickness of a transient perched groundwater table above the bottom of the upper
preferential flow layer together with the flow capacity of the effective percolating vertical PFPs in the prefer-
ential flow layer is shown in Figure 7. The simulation results provide insight into possible reasons for the
observed catchment behaviors such as the forest sponge effect in the FOR catchment.

The simulated deep groundwater storage in the early wet season from May to early October suggested that
the FOR catchment actually stored less water in the deep groundwater reservoir than the PAS and MOS
catchments (Figure 6e). This was attributable to the fact that the FOR catchment had higher ET and more
and larger lateral PFPs (Table 2b) as a result of abundant larger tree roots, which conducted throughflow
downslope more quickly and resulted in a shallower average depth of simulated transient perched ground-
water table than the other two catchments (Figure 7). Although the FOR catchment contained more vertical
PFPs that can move more water downward to become deep groundwater recharge, these vertical PFPs did
not reach their capacity in the early wet season with shallower simulated perched groundwater table depth
(Figure 7a) due to the relatively lower rainfall intensity compared to late wet season. In addition, the shallower
the perched water table, the fewer macropores were activated as demonstrated in Sarkar et al. (2012).
Therefore, the flow capacity of lateral PFPs controlled the depth of the simulated transient perched ground-
water table on the bottom of top layer, which in turn determined the amount of water available to deep
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Figure 7. Depth of the transient groundwater table perched above the bottom of the top layer and flow capacity of the
vertical preferential flow paths (PFPs) in the preferential flow layer during the simulation period 11 May 2011 to 19 May
2012 for the three study catchments from model simulation results: (a) forest catchment (FOR), (b) mosaic catchment
(MOS), and (c) pasture catchment (PAS).

groundwater recharge during the early wet season. These transient, perched groundwater tables and their
interplay with rapid preferential flow paths were also previously reported by Mulholland (1993), Scanlon
et al. (2000), and Sarkar & Dutta (2014). These simulation results clearly illustrated that the lateral PFPs
drain most water during the early wet season and highlighted the need to better quantify lateral
macropore initiation and flow capacity.

However, during the late wet season from late October to December, due to the increased rainfall intensity,
there were more occasions when the depth of the simulated transient perched groundwater table exceeded
the vertical PFP flow capacity in all three catchments (Figure 7). In these occasions, all vertical PFPs may
contribute to move water downward to deep groundwater recharge (Figure 7), leading to greater simulated
groundwater recharge in the FOR catchment because of the greater total flow capacity of the vertical PFPs in
forest land cover. During the late wet season, it was the vertical PFP flow capacity that dominated simulated
deep groundwater recharge. Changing from the lateral PFP flow capacity-dominant mechanism to the
vertical PFP flow capacity-dominant mechanism for simulated deep groundwater recharge highlighted the
interplay between the vertical and lateral macropores under different land uses/land covers. The interplay
played a significant role in regulating rainfall partition between quick flow through shallow lateral PFPs
and deep groundwater recharge through vertical PFPs, which respectively manifested as peak flows during
the wet season and sustained base flow during the dry season in tropical ecosystems.

Ogden et al. (2013) showed that the stored water was released to streams more slowly from the FOR
catchment and resulted in higher dry-season base flow. However, it was difficult to quantitatively explain
the reason behind this phenomenon due to the limited observed data without individual water balance
components. The model structure and results in this study made it possible to analyze how individual water
balance components interact in regulating water partition through different flow paths, especially in the
subsurface. The model simulation results from the three study catchments with distinct land covers clearly
demonstrated that the enhanced ability of forest land cover to recharge deep groundwater through more
abundant vertical PFPs in the late wet season (Figure 6e and 7a) was responsible for the observed higher
dry-season base flow in forested catchment. In addition to the fact that the simulated runoff rate (Figure 6)
and surface water storage (Figure 6c) results corroborated the conclusion of higher runoff peak rates and
runoff efficiencies in the PAS catchment reported by Ogden et al. (2013), the simulated results of soil moisture
and deep groundwater storage further demonstrated that the greater ability of the forest land to store water
as soil moisture and deep groundwater resulted in enhanced lateral drainage through more abundant plant
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roots (Sarkar & Dutta, 2014) and produced less overland flow (Figure 6¢) and direct runoff. In summary,
through different biological effects that altered the characteristics of both lateral and vertical PFPs
(Table 2b), forest and pasture land covers altered the hydrological behaviors differently, which could explain
the observed forest sponge effect and the difference in storm runoff peaks and efficiencies.

4. Conclusions

This study applied a distributed and physically based model (Cheng et al., 2017) that we call PFPMod that
explicitly accounts for lateral and vertical preferential flow paths (PFPs) to three adjacent catchments with
distinctly different land use within the Panama Canal Watershed. The overarching objective was to better
understand the mechanism by which land use/land cover affects the hydrological response of steep, lowland
catchments in the seasonal tropics.

Model parameters were estimated using field measurements from the study catchments where possible. In
the absence of observations, parameters were estimated from the literature. Multiple objective criteria were
applied to evaluate the model performance in capturing peak and base flows in addition to satisfactorily
simulating the annual water balance. Model runoff volume errors were less than 3% for all three catchments.
Nash-Sutcliffe efficiency values for Q log (Q) were all greater than 0.7 for the three study catchments and in
most cases were greater than 0.8. The satisfactory performance of the model compared with the observed
data supported the two hypotheses that land use/land cover affects hydrological responses through its
effects on the formation of PFPs and that core-scale measurements of matrix infiltrability and infiltration
capacity measurements at the plot scale allow estimation of the number of vertical macropores that fully
extend below the root zone.

Modeled changes in water balance components from early to late wet seasons at the three catchments with
different land covers suggested that land use-dependent PFPs regulate runoff in tropical catchments. We
found lateral downslope drainage through lateral PFPs due to the perched shallow groundwater table
dominated during the early wet season. The higher rainfall in the late wet season and greater shallow
groundwater depth in the upper soil layer satisfied the high flow capacity in vertical PFPs in forests, which
recharged deep groundwater. These results together with the ET difference between forest and pasture land
covers led us to conclude that the difference in peak runoff and the internal mechanism of the forest sponge
effect, which means that forested tropical catchments can produce more base flow during the dry season
than catchments with pastures, are attributable to land use/land cover-dependent PFPs.

The study increased predictive understanding of the role of land use/land cover in altering PFP characteristics
and the effect of land use/land cover-dependent PFPs in regulating runoff generation in steep, lowland, and
seasonal tropical catchments with saprolitic soils. The study also demonstrated the potential of a physically
based distributed hydrological model with explicit consideration of PFPs related to different land use classes
to simulate the hydrology of humid tropical catchments. The PFPMod provided insights and allowed us to
examine the mechanism by which reforestation may help to restore ecosystem services and water security
in similar tropical systems with distinct dry and wet seasons.
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