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SUMMARY

Forest structure can both reduce and intensify precipitation inputs to the ground surface at fine spatial
scales. Areas of localized input at the soil surface may have large effects on deep drainage because of
the strongly nonlinear relationship between soil water content (SWC) and unsaturated hydraulic conduc-
tivity. We therefore explored the following questions: Does forest structure that creates high spatial het-
erogeneity in canopy throughfall also create associated deep percolation pathways capable of quickly
moving water beyond the rooting zone? Or alternatively, do soil properties resulting from biological
activity (e.g. root networks) reduce SWC heterogeneity created by the focused inputs from the canopy
and eliminate the potential for these deep percolation pathways? We explored these questions by mea-
suring spatial variation in both throughfall and SWC within 8 forested plots of the Sarapiqui region, Costa
Rica where soil texture is relatively homogeneous within deep, clay-rich soils. A novel method that com-
bined soil augering and frequency domain reflectometry was used to assess SWC profiles below the most
extreme wet and dry throughfall locations within each plot. Findings revealed relatively homogeneous
soil moisture within the surface root zone (0-90 cm depth) with SWC values of roughly 45%. Below
the root zone, SWC heterogeneity increased, with the wettest throughfall sites having significantly
(0r=0.05) higher SWC than their paired driest throughfall end-members (by 2-15%). Below approxi-
mately 130 cm depth, SWC homogeneity was observed again. Physically-based modeling in HYDRUS-
3D supports these findings and suggests processes that may explain these changes in SWC patterns
observed with increasing depth, such as redistribution through macropores, focused deep-percolation,
and lateral downslope flow, respectively. This is the first field-based study that explores the linkage
between throughfall heterogeneity and focused deep-percolation, and therefore advances the integrated
understanding of how the structure, diversity, and spatial heterogeneity of forests influence their hydro-
logic outputs.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

change dramatically. Previous work has found that forest patches
increase infiltration relative to adjacent non-forested areas

Landscape conversion is occurring at unprecedented rates
worldwide, with many forest systems being replaced by alternate
land uses such as pasture or fields. As a consequence, landscape
processes that are driven by the amount and type of vegetation
cover, such as canopy interception and surface infiltration, can also
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(Ludwig et al., 2005; Niemeyer et al., 2014). This may be due to
several factors, including compaction and loss of macropore net-
works in non-forest soils (Trimble and Mendel, 1995). At a finer
scale, another process linked to infiltration dynamics is throughfall,
whereby plant canopies redistribute, reduce, and in some cases,
locally increase precipitation at the ground (Levia and Frost,
2006). The focusing of throughfall has been found to be temporally
consistent at time scales relevant to hillslope and watershed pro-
cesses (Raat et al., 2002; Keim et al., 2005; Zimmermann et al.,
2009). Theoretically, increased precipitation at specific locations
under a vegetation canopy should create focused pathways for
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deep percolation due to the strongly nonlinear relationship
between soil water content (SWC) and hydraulic conductivity
(e.g. Van Genuchten, 1980). Modeling investigations have begun
to incorporate this nonlinear relationship into throughfall and deep
percolation processes at plot and hillslope scales relevant to
streamflow generation, with previous results suggesting a large
increase in downward deep percolation rate due to focused
throughfall, ranging from 129% (Guswa and Spence, 2011) to
300% (Keim et al., 2008) relative to homogenously distributed
throughfall. Despite the strong theoretical basis and simulated
examples, direct field measurements of combined throughfall
and SWC patterns are lacking, and are therefore needed to assess
the reality of this process’s existence in forested landscapes.

In this study, we assess the role of heterogeneous throughfall in
creating focused deep percolation pathways capable of facilitating
the movement of water rapidly beyond the root zone using a com-
bination of observational and simulated data. We explore two
main questions: (1) Does forest structure that creates high spatial
heterogeneity in canopy throughfall also create rapid deep percola-
tion pathways? Or, alternatively, (2) do soil properties resulting
from biological activity in the shallow soil, such as root develop-
ment, homogenize these soil water inputs created by the focused
canopy throughfall and eliminate the potential for focused deep
percolation pathways below the surficial root zone? Beyond these
questions, this study seeks to aid an interdisciplinary objective of
understanding how biodiversity, and in particular structural diver-
sity of forest canopies, impacts the movement and transfer of
water through tropical forest systems. A companion study
(Chain-Guadarrama et al., in preparation) addresses related ques-
tions regarding canopy structural and functional properties and
their relationship to throughfall patterns across both old-growth
and secondary tropical forests. In combination, these studies seek
to understand the impacts of alternative forms of forest cover on
the provisioning of water as an ecosystem service.

2. Materials and methods
2.1. Site description and throughfall collection

The study was located within the Sarapiqui region of Costa Rica,
a lowland plain within a humid tropical climate on the windward
side of the central Mesoamerican volcanic range. Soils in the region
are uniform, deep (>5 m), clay-rich Ultisols, which are character-
ized by spatially uniform soil textures. Fluvial processes have cre-
ated a hummocky topography with small high-relief hillsides up to
30° in slope. Additional detailed descriptions of the landscapes
characteristics can be found in McDade et al. (1994) and Finegan
and Camacho (1999).

Fieldwork was conducted over an 8-week period during the
rainy season from July to September of 2011. Mean rainfall rates
within the region during the study period were ~10 mm/day
(Chain-Guadarrama et al., in preparation), produced by high-inten-
sity convective storms that developed nearly every afternoon.
Additional rainfall and throughfall metrics can be found in
Section 3.2.

Fourteen 1-hectare forested plots (Fig. 1) were selected to mea-
sure throughfall spatial heterogeneity. Plots corresponded both to
old- and secondary-growth forests encompassing a range of taxo-
nomic and functional composition (Finegan et al., 1999; Chazdon
et al., 2010). The secondary-growth forest ranged in age from
roughly 20 to 50 years since abandonment. These 14 forest plots
are characterized by high stem density and high species richness,
with an average of 563 individuals >10 cm dbh per hectare, corre-
sponding to an average basal area of 29 m? per hectare, with 98
tree and palm species represented. Heterogeneous stand structure
and varying height classes of vegetation exist in these wet tropical

forests, particularly within the oldest forests where both taller
stature and a greater rate of mortality and windfall of adult trees
creates larger heterogeneity within the canopy (Guariguata and
Ostertag 2001; Montgomery and Chazdon 2001). Secondary-
growth forests in this region rapidly reach structural characteris-
tics (basal area and stem density) of old-growth forests, with
higher density of adult canopy palms (Guariguata et al. 1997). Leaf
area index (LAI) values of secondary- and old-growth forest in this
region have been estimated between 5.20 and 5.62 m? m~2 (Tang
et al. 2012), with canopy trees, lianas and palms accounting for
89% of total LAI (Clark et al. 2008).

Within each plot, 25 throughfall collectors were systematically
placed 20 m apart in a gridded pattern to cover the entire spatial
extent of the plot (Fig. 1); an additional reference collector was
placed outside the plot in the nearest unobstructed clearing. Col-
lectors were constructed as cylindrical low-density polyethylene
(A =182 cm?) containers similar to the traditional funnel-type col-
lectors common for distributed throughfall sampling
(Zimmermann and Zimmermann, 2014). Collectors were installed
~1m above the ground surface so as to accurately measure
throughfall variations created by the largest-order canopy size
class and thus minimizing highly localized variations due to small
(sub-meter) herbaceous understory vegetation. Throughfall was
measured manually on a weekly basis during the experiment.

The methods and results for the throughfall work are further
expanded in Chain-Guadarrama et al. (in preparation). This
throughfall sampling scheme, combined with the complexity of
the forest stands sampled, allowed for accurate measurement of
total plot-level weekly throughfall within 5-15% relative error
(Zimmermann and Zimmermann, 2014); had a relative error of
under 5% been desired, approximately 100-200 collectors per
one-hectare plot would have been needed.

2.2. Measurement of volumetric water content in soils

We measured SWC profiles within 8 of the 14 forest plots (not all
14 were measured due to equipment failure). Half of the 8 measured
plots occurred within secondary-growth forests, while half occurred
within old-growth forests. Within each plot, SWC profiles were
measured adjacent to the throughfall collectors with wettest and
driest throughfall measurements, as determined after at least one
week of throughfall data collection. Vertical profiles of soil moisture
were measured in situ by manual augering to access sequentially
subjacent soil layers. Augered holes were 8 cm in diameter. At each
location, the soil was tested for SWC, texture (Thien, 1979), and
presence or absence of roots at 20 cm increments, starting at the
surface and continuing down to either 60 cm below the deepest
observed roots, or to the maximum depth capable with the auger
(~280 cm). The SWC at each undisturbed soil depth layer was mea-
sured in situ with a portable frequency domain reflectometry (FDR)
probe (Stevens Hydra Probe) over an integrated volume surrounding
the 5 cm long sensing tines (Seyfried et al., 2005) prior to disturbing
the layer in order to access the subjacent layers. Measurements
occurred between rainfall events, usually in the mornings because
the augered holes filled with rainfall during events. Each plot was
only sampled once, with both the wettest and driest throughfall
sites sampled on the same day for each plot to account for anteced-
ent rainfall conditions specific to each plot. This novel method for
in situ SWC measurement was implored because installing long-
term SWC probes would have disturbed the sites, potentially creat-
ing artificial deep percolation pathways.

2.3. Physically-based modeling

To test the conceptual validity of the findings, HYDRUS-2D/3D
was used in 2D mode to simulate water transport in the vadose
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Fig. 1. Location of old-growth (circles) and second-growth (squares) forest study plots in the Sarapiqui Region of northeastern Costa Rica. Throughfall collectors (n = 25)
where located within each 1 hectare plot following a gridded design; all collectors were 20 m apart, with a 10 m buffer from the plot border.

Table 1
HYRDUS-3D input parameters, all additional parameters were derived from HYDRUS default values unless mentioned below.
Surface conditions Upper root zone (0-0.9 m) Lower soil (0.9-20 m)
Model Run Gap size (m)  Precipitation (mm/h)  Time step (h) Ks¢(mm/h) SWGC,  Particle size  Kg (mm/h) SWC,,  Particle size
Clay-rich soil 43° 0.45°¢ 1 2000 0.55¢ Sand® 2.0 0.58 Clay
Clay-rich soil, 20° slope 15 0.45¢ 1 2000° 0.55 ¢ Sand® 2.0 0.58 Clay
Sandy soil 43P 0.45¢ 1 2000° 0559  Sand® 297 0.43 Sand

2 Alaoui et al. (2011).

b Loescher et al. (2002).

¢ Coarse particle size to simulate macropore distribution by roots.
4 Maximum observed in field data.

e

Estimate of mean maximum daily throughfall during days with precipitation (see Table 2, equivalent to 101% throughfall).

zone under a series of cases to test variations in SWC patterns
under different soil textures, precipitation regimes, and slope cases
(Table 1). HYDRUS-3D was chosen since it uses Richards’ Equation
to simulate subsurface flow within variably saturated porous
media (created by PC Progress S.R.0.). The default Genuchten-Mua-
lem soil hydraulic model was used. The modeling domain was 200
horizontal meters by 30 vertical meters, additionally 50 m buffer
zones of spatially invariant porous media extended the domain’s
parameters laterally beyond the zone of interest. There were no
interactions with boundary conditions except at the air-soil inter-
face and edges of the buffer zones. In all simulation domains, a
high-hydraulic-conductivity shallow rooting zone layer simulated
preferential flow by root pathways. K, for this upper high-hydrau-
lic-conductivity rooting zone layer was determined from published
work by Alaoui et al. (2011) who empirically found rates of Ks,¢ in
shallow forest soils dominated by preferential flow pathways, sim-
ilar to the dense macropore networks observed within the near-
surface soils of the sites within this study. The boundary between
this upper high-hydraulic-conductivity rooting zone and the lower

soil, (i.e.: the root-zone/soil interface), was modeled as a discrete
boundary. In reality, this boundary is likely not as discrete and is
probably influenced by the presence or absence of unique macrop-
ores that facilitate the flow of water downwards, making the over-
all boundary continuous laterally, but somewhat variable in terms
of its vertical depth and physical properties. To understand how
extremes in canopy heterogeneity influence the creation of deep-
percolation pathways, throughfall was modeled at the surface as
sections of either mean maximum throughfall (101%) or no water
input at the soil-air interface under a simplified canopy with a
gap spacing of 43 m; this is the spacing of the largest overstory
trees in the region (Loescher et al., 2002). To estimate the rate of
maximum throughfall at the forest floor, the mean maximum daily
throughfall rate was used to constrain the hydrologic inputs for the
model (Table 1). The mean maximum daily throughfall rate was
calculated by finding the collector with the highest maximum
throughfall within each of the 14 forest plots for each week, and
averaging those collector-level maximum throughfall values from
all plots for all weeks of the study. This weekly mean maximum
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throughfall rate (101%, Section 3.1) was then scaled to a daily rate
by adjusting for the number of days (57, Section 3.1) out of the
entire study (64, Section 3.1) when precipitation occurred. Using
the total rainfall for the 64-day study period (612 mm, Section 3.1),
the mean maximum daily throughfall rate for days when precipita-
tion occurred was then applied to calculate the maximum daily
rate of input at the forest floor (10.85 mm/day). Throughfall input
was modeled for the duration of a 3-month wet season to isolate
the effect of physical structure alone, with the influence of evapo-
ration and transpiration not evaluated; their influence during the
rainfall events that dominate the rainy season is assumed to be
negligible because relative humidity approaches 100% such that
there is a negligible vapor pressure deficit during events. The rate
of input at the hourly scale to the forest floor was unknown, so
both a continuous (24 h at 0.45 mm/hr, Table 1) and a concen-
trated on-off (3 h at 3.6 mm/h, then 21 h at 0 mm/h) application
of water was modeled; the latter to more realistically simulate
general temporal patterns resulting from convective storms com-
mon to the region.

Simplifications for forest cover and soil properties were used to
simulate heterogeneous, focused input through two distinct soil
types of highly differing hydraulic conductivity (clay and sand,
Table 1). Also, the effect of slope (20°) was tested to explore the
influence on flow and SWC at depth (Table 1). Additionally, the
influence of smaller gap spacing at 15 m was evaluated because
the secondary, regenerating forests in the region are unlikely to
reach this larger ~43 m spacing until the trees mature. Initial
SWC for all three modeled domains were evaluated at both field
capacity and wilting-point (Table 1).

3. Results
3.1. Throughfall summary

Total rainfall over the region during the 64-day study period
was 612.4 mm; 57 days had rain events resulting in a mean daily
rainfall for event days of 10.74 mm/day. Mean throughfall (69%),
mean maximum throughfall (101%), mean minimum throughfall
(43%), and throughfall heterogeneity (coefficient of variation
(CV): 0.32) were measured within the tropical forest sites (Table 2).
Throughfall was heterogeneous over all study sites and no over-
land flow was observed within these forested sites during rainfall
events.

3.2. Volumetric water content of soils

Volumetric SWC ranged from ~25-55% across all sites (Fig. 2).
The deepest SWC measurement occurred at 280 cm below ground
and bedrock was never encountered at any of the 8 plots where soil
properties were measured. All plots had roots present to 40 cm
depth. Roots generally occurred higher in the soil profile, except
for one forest plot (Tirimbina 8) where they were observed at
280 cm. The lower boundary of the rooting zone, defined by a
50% presence versus absence threshold, occurred at ~90 cm depth
(Fig. 2). Clay content was consistently above 75% for all samples

Table 2

Summary of throughfall (%) data collected across 14 forested-plots in the Sarapiqui
region of Costa Rica during an 8-week period (Chain-Guadarrama et al, in
preparation). Mean values (bold) followed by standard error with minimum and
maximum values underneath.

Mean throughfall (%)
Throughfall heterogenity (CV)
Mean maximum throughfall (%)
Mean minimum throughfall (%)

68.56 + 1.34 (3.39, 153.14)
0.32 +0.01 (0.02, 1.49)
100.69 + 2.16 (5.65, 232.92)
43.03 £ 1.15 (0.68, 109.48)

Soil water content (%)
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Fig. 2. Absolute SWC measurements from 16 augered sites within 8 tropical
forested plots. Differences between presence (red circles) and absence of roots
(white circles) are shown. Roots were observed in a majority of the samples to a
depth of ~90 cm, from below which, root presence was in the minority and quickly
declined. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

except at one augering site where a large portion of silt and sand
was encountered at depths >140cm, corresponding to lower
SWC values (~24-35%, points excluded from Fig. 2).

Normalized SWC (Fig. 3, Table 3) was determined by taking the
difference between the mean of the wettest and driest throughfall

Plot-normalized soil water content (%)

0 ———o0—a
-20
-40
E -60 - ¥ Driest throughfall sites
% ©Wettest throughfall sites
K BMean driest
3 -80 T|©Mean wettest
-100 b b
-120
-140
-160 -

Fig. 3. Plot-normalized SWC from 8 tropical forested plots. Values normalized by
the mean SWC between the wettest (blue) and driest (red) throughfall sites
evaluated within each plot and at each depth individually. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Table 3

Mean difference between the plot-normalized wettest and driest throughfall sites at
each depth interval. No significant difference in normalized SWC was observed with
the root zone from 0 to 80 cm depth. Immediately below this zone, there is a
significant difference in the normalized SWC between throughfall extremes, with the
wettest throughfall sites being uniformly wetter at 100 and 120 cm depth than the
driest throughfall sites. This pattern disappears at 140 cm and below. P values
calculated using a Student’s t-test for paired data with a two-tailed distribution
(o0 =0.05).

Depth (cm) Mean difference P value
(wettest—driest, SWC in %)

0 2.5 0.27
20 -3.64 0.22
40 2.18 0.33
60 0.08 0.92
80 0.1 0.94

100 5.6 0.02
120 3.02 0.02
140 0.12 0.95
160 -0.7 0.79

site within each plot at each depth. For example, in Fig. 3 at 100 cm
depth, paired wettest and driest samples ranged in SWC by a dif-
ference of 1-15%, with a mean difference of 6% between samples
for the wettest throughfall sites versus the driest throughfall sites.
Using a Student’s t-test paired two-tailed distribution, p-values at
each depth were calculated to evaluate the probability that the dri-
est sites were similar in SWC to the wettest throughfall sites at
each depth interval (Table 3). Clear patterns of SWC zonation
occurred at different depths within the soil. There was no signifi-
cant difference (o = 0.05) in plot-normalized SWC within the root-
ing zone existing from 0 cm to 80 cm depth. Immediately below
the rooting zone, at 100 cm depth, the wettest and driest through-
fall sites were significantly different in SWC, with the wettest
throughfall sites consistently having significantly higher SWC than
the driest throughfall sites (5.6% mean relative difference in SWC).
This trend continued to 120 cm depth across all sites, but disap-
peared at 140cm and 160 cm, where no significant difference
(oe=0.05) between the wettest and driest throughfall sites could
be detected (Fig. 3, Table 3).

2m
10m

3.3. Physically-based modeling

Here we present HYDRUS-3D simulations of SWC within (1)
clay-rich soils, (2) sandy soils, and (3) clay-rich soils (20° slope) fol-
lowing the details highlighted in Table 1. Additional simulations
that tested sensitivity to antecedent soil moisture conditions and
hydraulic conductivity decrease with depth were completed, but
revealed no distinct differences relative to the modeled results
below and hence were omitted for brevity. Modeling of clay-rich
soils (Fig. 4) revealed the formation of focused deep percolation
pathways. These pathways corresponded spatially to focused
throughfall inputs, with SWC increases at the root-zone/clay-soil
interface. The increased SWC resulted in deep percolation path-
ways that were wider than the superjacent zone of throughfall
input, due to the formation of saturated conditions atop the root-
zone/clay-soil interface. After 3 months of rainy-season throughfall
rates, the wetting front within the clay-rich zone reached a depth
of 3 m. Maximum SWC within the deep percolation pathway was
58%, which corresponded to fully saturated conditions.

Within sandy soils (Fig. 5) formation of deep percolation path-
ways also occurred. These pathways corresponded spatially to
the overriding heterogeneity in throughfall, but unlike the clay-
rich soils with a slightly lower K., a zone of higher SWC extending
laterally beyond the location of the superjacent throughfall input,
and being due to saturation at the root-zone/sand-soil interface,
did not occur. Instead, only limited pooling of water occurred
within an area approximately 5 cm above the root-zone/sand-soil
interface and displayed no lateral migration (Fig. 5). Deep percola-
tion pathways below the root-zone/sand-soil interface were rela-
tively focused, and corresponded closely in width to the width of
the superjacent throughfall input. Under 3 months of rainy-season
rates of throughfall, the wetting front within the sandy soil reached
a depth beyond the modeling domain. Within the deep percolation
pathway the maximum SWC was 20%.

The presence of a moderately-steep 20° slope within clay-rich
soils created focused input into the clay-rich soils initially
(Fig. 6), but unlike the two horizontal simulations, these focused
deep percolation inputs became homogenized at depth. Lateral
down slope movement of water within the clay-rich soil produced

SWC
§ (vol./vol.)

0.60
o

.

f—
 nges

Fig. 4. HYDRUS-3D simulation of SWC within clay-rich soils underlying a surficial root zone. After 3 months of rainy-season throughfall rates, focused deep percolation
pathways are present below the root zone and correspond spatially to overlying heterogeneity in throughfall. SWC (white numbers) for the specific regions of interest are

indicted, as is the location of major nodes (thin lines) within the finite element mesh.
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Fig. 5. HYDRUS-3D simulation of SWC within sandy soils underlying a surficial root zone; focused deep percolation pathways readily form during the 3 month simulation and
correspond tightly to the spatial heterogeneity of throughfall. SWC (white numbers) for the specific regions of interest are indicted, as is the location of major nodes (thin

lines) within the finite element mesh.

. u‘t l|), ‘.n
| 'l .1 ‘.., )\ :Il. ’1 LN Y
} '-w"" L l-w“!" |:h
| .'_‘t:' .-‘\' .'l .'_“;:fv

SWC
(vol.lvol.)

—
iy
—0.38
0.33
0.27
0.22
0.16
0.11
0.06

0.00

Fig. 6. HYDRUS-3D simulations of SWC within clay-rich soils on a 20° slope. After 3 months of rainy-season throughfall rates, focused deep percolation pathways within the
lower clay-rich zone begin to homogenize (white box). SWC (white numbers) for the specific regions of interest are indicted, as is the location of major nodes (thin lines)

within the finite element mesh.

this homogenization of SWC at depth. In addition, the transition to
the less conductive layer at 90 cm, produced down slope migration
of infiltrated water that created a more diffuse input into the dee-
per clay-rich zone. The wetting front within the clay-rich soil
reached a depth of 2 m after 3 months of simulated rainy-season
throughfall. Within these deep percolation pathways the maxi-
mum SWC was 58%.

Simulations using event-based 3-h input of daily maximum
throughfall rates were conducted, but showed little difference
from the 24-h continuous input scenario, except for greater sub-
surface SWC gradients at the edges of the deep percolation path-
ways and greater SWC within the pathways (Fig. 7, sand scenario
comparison). This stronger and more defined deep percolation
pathway under the event-based 3-h scenario (when compared to
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Fig. 7. A comparison of deep percolation pathways from HYDRUS-3D simulations using either (a) continuous (24 h at 0.45 mm/h) or (b) concentrated on-off (3 h at 3.6 mm/h,
then 21 h at 0 mm/h) throughfall application (additional modeling parameters are the same as sandy soil in Table 1). SWC (white numbers) for the specific regions of interest
are indicted, as is the location of major nodes (thin lines) within the finite element mesh.

the same daily input for the continuous 24-h scenario) suggests
that the formation of deep percolation pathways is likely to occur
under both event-based and continuous-event inputs, such as
those modeled in Table 1 and Figs. 4-6.

4. Discussion

4.1. Throughfall heterogeneity and the formation of deep percolation
pathways

We evaluated two questions about the processes controlling the
connection of throughfall heterogeneity in forested landscapes and
the formation of deep percolation pathways. In reference to these
questions, it appears to be likely that throughfall heterogeneity,
or more explicitly locations on the forest floor of relatively high
throughfall versus locations of relatively low throughfall, produce
focused deep percolation pathways, and that these deep percola-
tion pathways extend beyond the root zone. These findings are
based on both observed and modeled results. Observational field
results suggest that within the main root zone from 0 to 80 cm, soil
moisture is homogenized between events, but during the input
event simulated in HYDRUS-3D, SWC becomes elevated subjacent
to the focused throughfall sites and creates increased downward
input beyond the root-zone, at the root-zone/intermediate-zone
interface. This produces the observed uniformly higher plot-nor-
malized SWC at 100 and 120 cm depths (Fig. 3, Table 3). Because
all plots contain sloping topography, the influence of slope cannot
be ignored, and may produce the reduced variability observed at
depths exceeding approximately 140 cm (Figs. 3 and 6).

Although heterogeneous throughfall is found to persist as heter-
ogeneous deep percolation through and beyond the root zone,
from the process-level, these findings provide greater detail for a
conceptual understanding of how these systems vary between
times when precipitation is active or inactive (Fig. 8). During times
of active precipitation (e.g. a storm event), homogenous rainfall is
focused via the forest canopy into heterogeneous throughfall; this
focused throughfall then enters the forest soils at higher rates than
if the mean throughfall rate had been evenly distributed. These
focused throughfall locations then create preferential deep perco-
lation pathways that allow water to move faster through the root
zone (relative to homogenous throughfall) and beyond the influ-
ence of roots (Guswa and Spence, 2011). Due to the influence of
complex sloping terrain, the lateral movement of water then
reduces the heterogeneity of these pathways as they progress
down-slope (Fig. 8). Conversely, between precipitation events,

these focused deep-percolation pathways within the root zone rap-
idly homogenize by redistribution of water through preferential
flow pathways (Table 3), likely caused by biological activity, simi-
lar to findings of other observational work in tropical forests
(Niemeyer et al., 2014). This advance in process understanding
should lead to improved hillslope and watershed simulation
approaches in forested landscapes. The observational verification
of these pathways now allows for more certainty as future research
and modeling efforts incorporate these increased rates of deep per-
colation (e.g.: up to 129% (Guswa and Spence, 2011), or 300% (Keim
et al., 2008)), associated with heterogeneous throughfall.

4.2. Considerations for discussion and suggestions for future research

The goals of the modeling were to evaluate the spatial variabil-
ity of inputs during precipitation events, therefore evaporation and
transpiration were not modeled in the HYDRUS-3D simulations,
and only the influence that root networks have on hydraulic con-
ductivity and not the preferential flow pathways themselves were
simulated. In the observational component of the study, the effects
of these evaporative processes were implicitly observed within the
root zone (Fig. 3). Further research measuring or simulating evap-
oration and transpiration (using modeling platforms besides
HYDRUS-3D) could help to elucidate additional process relation-
ships present within the data. One example of the possible influ-
ence of evaporation and/or transpiration is the negative
excursion in differences of plot-normalized SWC observed at
20 cm depth, where the overall wettest throughfall sites had drier
surface layers relative to the driest throughfall sites by 3.6% SWC
on average (p = 0.22, Table 3).

The scenarios simulated in this study evaluated only the
extreme end-members of soil types (clay-rich and sandy soils).
Findings suggested that although deep percolation pathways were
more diffuse and laterally extensive within clay-rich soils, as
opposed to sandier soils, they were still present and soil texture
was not a factor limiting their presence or absence. Evaluating
the influence of coarser soils may further enhance findings about
SWC heterogeneity modeled in sandy soils and extend the length
of the focused deep percolation pathways to even greater depths
below the root zone in sloping terrain (assuming no difference in
rooting depth). In addition, shallow fractured bedrock with high
levels of hydrogeologic heterogeneity, and preferential flow occur-
ring therein, may also confound these interpretations about the
influence that canopy-derived throughfall focusing has on deep
percolation. Within these highly heterogeneous, fractured dual
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Fig. 8. A simplified conceptualization for the processes involved in the formation of focused deep-percolation pathways as water is transformed from precipitation to deep
drainage within forested landscapes. Steeper slopes enhance the lateral homogenization of soil moisture observed at depth.

porosity systems downward flow is already enhanced by pre-exist-
ing, deep-running macropores, thus making the process of canopy-
derived throughfall focusing potentially less influential. Future
research should also focus on stemflow as another process that
focuses soil water inputs that may likewise influence deep perco-
lation and homogenization within the root zone. Previous studies
in humid tropical forests found stemflow to be a minor component
(only 0.2-8%; Scatena 1990; Cavelier et al., 1997; Ataroff and Rada
2000; Holscher et al., 2004; Bryant et al., 2005; Fleischbein et al.,
2005; Dietz et al., 2006; Germer et al., 2006; Holwerda et al.,
2006; Germer et al., 2010; Holwerda et al., 2010; Ponette-
Gonzalez et al., 2010), but since the area over which the flow is
input to the subsurface is proportionally smaller and extremely
concentrated, it still may have potential to contribute to deep per-
colation and increased SWC. The impacts of stem flow may explain
some of the homogenization observed within the upper root-zone,
but is likely not a major component for deep percolation within the
study locations since high throughfall sites were significantly cor-
related and conceptually linked to the locations of deep percolation
at 100-120 cm depth (Fig. 3, Table 3).

The depth to groundwater and the height of the capillary fringe
could also be evaluated in relation to the depth of homogenization
for deep percolation. Though saturation within soil profiles was not
observed at the study sites, the influence of the capillary fringe,
and its extent within these clay-rich soils is unknown and could
be a confounding factor. In the HYDRUS-3D simulations the entire
subsurface was modeled with the assumption of existing entirely
in the unsaturated zone. Within the field observations, it is unlikely
that the capillary fringe or groundwater table was mistaken for the
homogenization depth (~130 cm) since this would require a rela-
tively uniform depth to groundwater across all sites. This uniform
depth to groundwater is unlikely since the forested sites existed
within complex terrain spanning a range of physiographic settings;
including topographic highs, mid-slopes, and topographic lows.

5. Conclusions

This study evaluated the hypothesis that the focusing of
throughfall by forest canopies can create correspondingly focused
deep percolation pathways that transmit water beyond the root
zone and into deep drainage. Field-based observations from 8 sep-
arate plots within humid tropical forests of Costa Rica suggest that
this focusing occurs down to ~130 cm depth, but is homogenized
between events within the root zone (which extends to ~90 cm
depth). Based on simulations using HYDRUS-3D, it appears likely
that the clay-rich soils and sloping terrain may be responsible for
homogenization of these deep percolation pathways beyond
~130 cm. These findings provide field observations to support pre-
viously conceptualized ideas relating focused throughfall and deep
percolation pathways (Keim et al., 2008; Guswa and Spence, 2011).
Future physically-based hillslope and watershed modeling in for-
ested landscapes may benefit from the inclusion or parameteriza-
tion of this process, which can more than double the rate of deep
percolation below the root zone when compared to an equivalent
throughfall amount homogenously distributed over the landscape
(Keim et al., 2008; Guswa and Spence 2011). Additional observa-
tional and computational work is needed to evaluate the effects
that variable evapotranspiration, coarser soil types (or fractured
bedrock), stemflow, and water table depths may have upon deep
percolation processes and rates within different climates and
landscapes.
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