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Frequency and Control of Subsurface Preferential Flow:
From Pedon to Catchment Scales

Hu Liu Quantitative assessment of frequency and control of preferential flow (PF)
across the landscape has been largely lacking. Previous work evaluated PF
59 o1 Hosia S s occurrence at 10 sites along a hillslope in the Shale Hills Catchment using
and Management soil moisture response to 175 precipitation events. We expanded the analy-
Pennsylvania State Univ. sis to include (i) 237 additional events to test the temporal consistency and
University Park, PA 16802 predictability of PF occurrence and (ii) 25 additional sites to upscale to the
entire catchment. The results showed considerable temporal consistence
in both frequency and main controls of PF at the hillslope scale, attributed
largely to statistical stability of precipitation patterns during the 6.5-yr moni-
toring and relatively stable subsurface PF paths. Generally, PF tended to
occur more often in response to intense rainfalls and favored conditions at
dry hilltop or wet valley sites. When upscaling to the catchment, topographic
controls became more evident, leading to the identification of a hidden sub-
surface PF network. Higher frequency of PF occurred at the hilltop (average
46%) and the valley floor (average 41%), while the overall average frequen-
cy for swales was 26% and that for planar and convex hillslopes was 18%.
Soil-terrain attributes provided a limited estimation (R? = 0.43-0.48) of PF
occurrence, suggesting complexities involved in PF dynamics. This study
confirmed that the initiation and persistence of PF were controlled by inter-
actions among landforms, soils, initial moisture conditions, precipitation, and
seasons. Further investigations of these key controls can lead to improved
understanding and modeling of PF from pedon to catchment scales.

Henry Lin*

Abbreviations: API, antecedent precipitation index; CPI, current precipitation index; PF,
preferential flow.

referential flow (PF), the process in which water bypasses a portion of the

soil matrix through various mechanisms, can lead to faster and deeper wa-

ter flow and solute transport than what would be expected by the classi-
cal flow theory (Hendrickx and Flury, 2001; Simtinek and van Genuchten, 2007).
Subsurface PF has been recognized as a key process in catchment hydrology and
is believed to be ubiquitous (Uhlenbrook and Wenninger, 2006; Doerr et al.,,
2007; Lin, 2010). Locally, PF impacts infiltration, soil water storage, runoff gen-
eration, filter and buffer functions, and slope stability (Uchida et al., 2001; Lago
et al., 2010; Chappell, 2010; Alaoui et al., 2011), while regionally it affects the
hydrologic cycle and biogeochemical cycling (Jaynes et al.. 2001; McClain et al.,
2003; Jarvis, 2007; Clothier et al., 2008; Posadas et al. 2009). Characterization of
PF at multiple spatial and temporal scales is thus fundamental to the understand-
ing of complex subsurface hydrology and is essential to reliable modeling and pre-
diction of hillslope and catchment processes (Lin and Zhou, 2008; Allaire et al.,
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2009). Despite the importance of PF, its occurrence, frequency,
controls, and locations in various landscapes remain unclear
(Graham and Lin, 2011).

Soil moisture responds to rainfall events in many different
ways due to the heterogeneity of soils, landforms, vegetation, and
precipitation (Alaoui et al., 2011). When scaling up from the pe-
don to the landscape scale, factors such as topography, landform
unit, vegetation, and soil properties influence the initiation and
continuation of PF because of spatially variable site characteris-
tics (Kulasekera and Parkin, 2011), temporally variable moisture
conditions (Kienzler and Naef, 2008), and complex interactions
between them (Zehe and Sivapalan, 2009).

As a result, PF is difficult to measure and quantify, and its
temporal-spatial pattern has been hard to predict (Simtnek et
al., 2003; Scherrer et al., 2007). Traditionally, field-scale PF oc-
currence has been investigated by combining tracer studies with
flow experiments or lysimeter or tile drainage (Weiler and Flithler,
2004; Allaire et al,, 2009; Anderson et al,, 2009). Recently, ground
penetrating radar, clectromagnetic induction, and other geo-
physical techniques have been used to observe and quantify PF
with minimal soil disturbance (Garré et al., 2010; Oberdorster
et al,, 2010; Sammartino et al., 2012; Zhang et al., 2014; Guo et
al,, 2014). While these methods can effectively demonstrate the
spatial occurrence of PF, they are less effective in determining the
temporal pattern of PF (Graham and Lin, 2011). Increased de-
ployment of extensive soil moisture sensor networks has offered
an opportunity to address both the temporal dynamics and spa-
tial pattern of PF (Kienzler and Naef, 2008; Blume et al., 2009;
Graham and Lin, 2011).

Through the use of soil moisture sensor networks, our pre-
vious work has identified two types of PF that affect different
parts of the forested Shale Hills Catchment: vertical flow via
macropores, cracks, hydrophobicity, or other PF paths under dry
conditions, and lateral subsurface flow during large precipitation
events in wet soils or during snowmelt, especially in the valley and
swales (Lin and Zhou, 2008). Graham and Lin (2011) extended
this analysis to include 3 yr (2007-2009) of soil moisture response
to various precipitation events and found that PF occurred dur-
ing 17 to 54% of 175 events at each of 10 monitored sites along
a hillslope in this catchment. They also reported that, while the
frequency of PF appeared insensitive to topographic position, the
controls on PF initiation varied with landscape position. Zhao et
al. (2012) compared the occurrence frequency and the control of
PF in two contrasting landscapes (forested vs. cropped lands) and
found that the spatial complexity and temporal dynamics of PF
were controlled by the interactions among terrain, soils, and veg-
etation and that such interactions changed with seasonal wetness,
precipitation characteristics, landscape locations, and soil depth.

This study expands on the work of Graham and Lin (2011)
with the additional analysis of 237 precipitation events occurring
from 2010 to 2013 (yiclding a total of 412 precipitation events
during 6.5 yr) and 25 more sites covering the entire catchment.
This study was motivated by a desire to estimate the spatial-tem-
poral likelihood of PF occurrence in the Shale Hills Catchment.

Of particular interest is the frequency and control of PF occur-
rence at various temporal and spatial scales. Two hypotheses in-

vestigated were:

1. There is a temporal consistency in long-term PF occur-
rence frequency at a specific site, and the controlling
factors and spatial pattern of PF occurrence have some
degree of stability and thus predictability. If this is true,
then statistical results would be similar between differ-
ent time periods for the same sites.

2. Spatial dependence in PF occurrence and its frequency
may not necessarily be significant at the hillslope scale in
complex terrains but becomes more evident at the catch-
ment scale that encompasses various landform units. If
this is true, then some spatial patterns of PF occurrence
should become clearer when upscaling the observations
of PF from the hillslope scale to the catchment scale.

Through this expanded study, we discern the dominant controls
of PF occurrence, both temporally and spatially, and further re-
veal how precipitation features, initial soil moisture conditions,
terrain attributes, and soil properties affect PF occurrence from

pedon to catchment scales.

MATERIALS AND METHODS
Site Description

The Shale Hills Catchment is a US National Critical Zone
Observatory located in central Pennsylvania. This 7.9-ha forest-
ed catchment is characterized by steep slopes (up to 48%) and
narrow ridges, with elevation ranging from 256 to 310 m. There
are five dominant landform units (valley, swale, planar hillslope,
convex hillslope, and ridgetop) and five typical soil series (the
Weikert, Berks, Rushtown, Ernest, and Blairton series) in the
catchment (Lin, 2006). Swales (concave hillslopes) are dispersed
on both sides of a first-order stream in the catchment, with five
on the south-facing slope and two on the north-facing slope.
The soils were derived from Silurian-age shale, with texture gen-
erally being silt loam and silty clay loam, with some clay loam
and sandy clay loam. The Weikert soil series is a shallow (<0.5-m
depth to bedrock), well-drained soil on steep planar hillslopes
or ridgetops; the Berks series is a moderately deep (0.5-1.0-m
depth to bedrock), well-drained soil on the toeslope and sides-
lope of concave hillslopes; the Rushtown series is a deep (>1-m
depth to bedrock), well-drained soil at the center of concave hill-
slopes; the Ernest series is a very deep (>3-m depth to bedrock),
poorly to moderately well-drained soil on the valley floor around
the first-order stream; and the Blairton series is also a very deep
(>3-m depth to bedrock), moderately well-drained soil found at
the cast end of the catchment valley floor (Fig. 1).

The climate at the Shale Hills is typical of a humid temper-
ate region, with long-term (>100 yr) mean monthly temperatures
reaching a minimum of —3°C in January and a maximum of 22°C
in July. Annual precipitation is around 980 mm (National Weather
Service, State College, PA), which is almost evenly distributed dur-

ing the year, with a maximum in summer. Precipitation during the
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summer months usually occurs as convective
storms of higher intensity and shorter duration.
Several species of maple (Acer spp.), oak (Quercus
spp.), and hickory (Carya spp.) are typical decidu-
ous trees found on the sloping areas and on ridg-
es, while the valley floor is dominated by eastern
hemlock (Ziuga canadensis Carriére) (Lin, 2006;
Takagi and Lin, 2011).

Field Measurements

Soil moisture data have been collected in the
Shale Hills using an automatic sensor network.
This includes 10 sites that have been operating
since September 2006 and 25 additional sites
since May 2011. Capacitance-type soil moisture

Soil series

/-

probes (ECH,O-5, ECH,0-10, and later STE
and 5TM, Decagon Devices Inc.) were installed
in various soil horizons or at their interfaces
from the soil surface down to the soil-bedrock b)
interface (or as deep as could be excavated safe-
ly). The depth and number of probes installed
were based on soil thickness and horizonation,
which varied among the soil series (‘Table 1). The
shallowest probe at each site ranged from 5 to 15
cm, while the deepest ranged from 37 to 162 cm.
All the probes were installed at the upslope side
of excavated soil pits, which were then carefully
backfilled with the original soil layer by layer to
maintain their original setting and minimize the
effects of disturbance associated with the instal-
lation. All cables were carefully buried below the

80
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depth of the installed probes and then laid hori-
zontally away from the probe locations. The se-
lection of the monitoring sites was based on the
combined considerations of soil type, landform
unit, and terrain attributes so that adequate rep-
resentation and coverage were achieved.
Amongthe 35 sites for the catchment-wide
study, 17 were located on the south-facing hill-
slopes, 13 on the north-facing hillslopes, and
five on the valley floor (Table 1; Fig. 1). We used one full year of
continuous 10-min time series data from May 2011 through June
2012 for the catchment-scale analysis, except four sites (Sites 15,
61,49, and A4) that had only 4 to 8 mo of data due to equipment
malfunctions. An additional one full year of data from July 2012
to July 2013 was used for testing predictions. Among the 10 sites
installed earlier for the hillslope-scale study, three, four, and three
sites were in the upper (U), middle (M), and lower (L) portions
of a concave hillslope, respectively. A more detailed description
of these 10 sites can be found in Graham and Lin (2011).
Precipitation has been measured automatically at a 10-min
time interval using six rain gauges distributed in the catchment.
One main gauge located at the north ridge weather station is a

Pluvio load cell rain gauge (OTT Hydrometry; resolution 0.01

—— 2m contour line

> 65 %

Fig. 1. (a) Location of the Shale Hills Catchment, its soil map, and soil moisture monitoring
sites (note that there are multiple sites close to each other at Sites 51, 53, 55, and 60 that
are hard to see on the map), and (b) measured (M) and interpolated (1) preferential flow (PF)
occurrence frequency based on the data from the period May 2011 to June 2012 for all 35
sites, with all the available data in each soil profile used in estimation (with the bar height
representing the size of PF frequency, which ranged from <1% at Site 31 to 70.1% at Site
67). The interpolation map was generated using regression kriging.

mm), while the other five are TES25-WS tipping bucket rain
gauges (Texas Electronics; resolution 0.025 mm). Slight differ-
ences existed in the precipitation recorded by the various rain
gauges, which was partially attributed to canopy influences and
occasional clogging by fallen leaves. The rainfall amounts were
averaged to provide the catchment-wide rainfall data for the
analysis in this study, as justified by Graham and Lin (2011).

Preferential Flow Analysis

The precipitation and soil moisture data at the 10-min time
interval were used in the PF analysis reported here. Both the pre-
cipitation delineation and the identification of PF occurrence
were performed according to the method established by Graham
and Lin (2011). Storm events were determined using the precipi-
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Table 1. Characteristics of soil moisture monitoring sites and sensor installation depths and horizons in the Shale Hills Catchment.
The layout of the sites is shown in Fig. 1. The first 11 sites have data from 2007 to 2013, and the remaining 24 sites have data from
2011 to 2013. Soil horizons in bold in the last column are those that were selected to estimate preferential flow frequency based

on three typical soil depths or horizons.

Depths of probes/soil

Hillslope Log of Topographic  Total horizon (or horizon
Landform aspect Soil Soil  upslope  wetness probes interface if two horizons
Site no. unit Elevation (facing) Slope Curvature series  depth area index installed are indicated)
m % x 1073 m m?2 no. cm
. 5/0e-A, 8/A,
74 (UT)t  convex 295.0 south  22.3 6.7 Weikert  0.20 1.35 4.52 5 10/A-CR, 17/CR, 37/R
. 5/0e-A, 8/A, 21/Bw,
60 (U2a)  convex 279.9 south 27.5 7.1 Weikert  0.40 1.82 5.41 5 31/BW_CR, 39/CR_R
. 5/0e-A, 8/A, 15/Bw,
60 (U2b)  convex 279.9 south  27.1 0.6 Weikert  0.40 1.82 5.41 5 28/Bw_CR, 38/CR_R
14/Bw1, 41/Bw2, 86/Bw3,
55 (M1) swale 285.9 south 26.4 -24.7 Berks >1.50 1.50 4.62 5 90/Bw3—CR, 111/C
5/0e-A, 10/A, 40/Bw2,
53 (M2a) planar 291.1 south 34.0 -21.1 Rushtown 1.10 1.73 5.00 5 88/BC-C, 103/C
5/0e-A, 10/A, 40/Bw2,
53 (M2b) planar 291.1 south 34.3 -27.6  Rushtown 1.50 1.73 5.00 5 97/BC_C, 112/C
10/A, 22/Bw1, 44/Bw2,
53 (M2c)  planar 291.1 south  33.5 -26.5  Rushtown 1.50 1.73 5.00 5 73/Bw3, 123/C
8/A, 18/Bw, 39/Bw3
51 (L1a) swale 274.9 south  14.3 -46.5  Rushtown >3.0 2.87 8.82 5 115/C1-C2, 156/C,
5/0, 8/A-Bw1, 12/Bw1,
15/Bw1, 22/Bw2, 40/Bw3,
51 (L1b) swale 274.9 south 13.8 -38.1 Rushtown > 3.0 2.87 8.82 10 68/BC, 92/BC-C1, 122/C1.
162/C2
13/A, 20/BA, 35/Bt1,
61 (L2) valley 273.8 - 10.4 -54.2 Blairton  >2.5 3.14 9.76 7 66/Bt2, 86/Bt2, 95/CB1,
129/CB2
13/A, 20/AE-Bw, 41/Bt,
15 valley 268.6 - 3.2 -33.7 Ernest >3.0 4.27 12.7 7 52/Bt-C1, 72/C2,
85/C2-C3, 109/C4
3 hilltop 283.0 north 9.3 13.6 Weikert  0.33 0.77 4.00 5 g{)?lg 0/B, 15/C, 20/C,
6 va[ley 262.3 - 13.2 -1.0 Ernest 1.40 2.62 7.91 5 ;g;g’ 20/B, 30/C, 40/C,
8 convex 274.7 north  41.6 5.3 Weikert  0.36 1.60 4.45 5 ;g;}':’ 20/B, 30/C, 40/C,
5/A, 11/A, 15/AE-Bw,
11 valley 264.9 - 18.4  —14.4 Ernest  1.52 275 7.89 3 24/Bw, 30/Bt 36/Bt-C1,
51/C1, 66/C2
5/0, 10/A, 15/A, 27/Bw,
12 swale 272.0 north  24.6 -82.0  Rushtown 2.12 2.99 8.21 5 48/Bt-C1, 50/Bt-C1
64/C1, 81/C2
22A valley 271.0 - 13.2 -13.4 Ernest 1.52 2.23 6.93 3 5/A, 15/B, 50/C
23 convex 284.6 north 39.7 3.5 Weikert  0.40 2.23 4.68 3 5/A, 15/B, 25/C
24 convex 298.4 north 18.8 15.2 Weikert  0.30 1.22 4.42 3 5/A, 15/B, 25/C
28 swale 274.9 north 21.1 -51.1 Berks 0.90 3.18 8.77 3 5/A, 15/B, 50/C
29 planar 287.3 north 23.7 -22.1 Weikert  0.65 2.62 7.39 3 5/A, 15/B, 25/C
30 hi||top 299.7 north 10.0 9.4 Weikert  0.30 0.90 4.26 3 5/A, 15/B, 30/C
31 convex 286.3 north 37.3 2.4 Weikert  0.37 1.75 4.90 3 5/A, 15/B, 50/C
32 swale 279.2 south 6.7 -48.9  Rushtown 1.52 3.58 10.66 3 5/A, 15/B, 50/C
34 convex 288.1 north 37.4 1.2 Weikert  0.50 1.58 4.52 3 5/A, 15/B, 50/C
35 planar 287.4 north 25.5 -58.7 Weikert  0.66 2.57 7.16 3 5/A, 15/B, 30/C
40 convex 270.4 south 20.4 4.0 Weikert  0.22 1.56 5.08 3 5/A, 15/B, 30/C
44 planar 279.4 south 16.6 -0.6 Weikert  0.38 1.32 4.71 3 5/A, 15/B, 30/C
45 swale 271.5 south 23.7 -81.2 Rushtown 1.67 2.70 7.53 3 5/A, 15/B, 30/C
49 convex 288.6 south 14.4 14.2 Weikert  0.35 1.12 4.39 3 5/A, 15/B, 30/C
59A convex 293.6 south  27.6 -3.6 Weikert  0.20 1.54 4.74 3 5/A, 15/B, 30/C
65 swale 281.6 north 34.5 -35.5  Rushtown 3.00 2.21 6.03 3 5/A, 15/B, 50/C
67 hilltop 301.4 south 7.5 31.1 Weikert  0.10 0.47 3.60 3 5/A, 15/B, 25/C
69 swale 282.1 south 36.0 -4.9 Rushtown 1.09 1.77 4.99 3 5/A, 15/B, 50/C
A4 convex 280.4 north 38.5 6.7 Weikert  0.38 1.66 4.67 3 5/A, 20/B, 35/C

1 Soil profile label in parentheses.
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tation: individual events were delineated based on >1 mm of to-
tal precipitation falling after >24 h of no rainfall. Once a precipi-
tation event began, it was considered to continue until the total
precipitation in any given 24-h period was <1 mm. The 1-mm
precipitation threshold and the minimum of 24 h between event
periods were determined by testing and precipitation pattern
analysis described by Graham and Lin (2011). Events of <1 mm
were not delineated in this study, and the delineated events with
an average air temperature <1°C or with apparent clogging of
rain gauges were removed from the data set. A total of 175 events
were included for the period from 2007 to 2009 and an addition-
al 148 events were included for the period of 2010 to 2012 (Fig.
2). For testing the predictability of PF occurrence, 89 additional
precipitation events from 2012 to 2013 were used.

Once the precipitation events were determined, the soil
moisture time series at each site was examined. Soil moisture
time series at each site and each depth were used to determine
the sequence of soil moisture probe response to each precipita-
tion event within each site. If volumetric soil moisture content
increased above the threshold value of 1% (v/v) (for detailed
justification of this value, see Lin and Zhou, 2008), the time of
the initial rise was recorded. Once each probe response time to
a precipitation event was determined, the soil moisture response
sequence throughout each soil profile was then classified into
three general categories of flow regime: sequential, preferential,
and nondetectable based on the following criteria (for further
justification, see Graham and Lin, 2011):

1. Sequential flow includes events where probes at various
soil depths responded in a sequential order from the sur-
face down to the deepest probe.

2. Preferential flow includes events where at least one deep-
er probe responded to a precipitation input earlier than
a shallower probe or where shallow and deep probes re-
sponded sequentially but a probe in between them did
not respond.

3. Nondetectable flow includes events where the precipi-
tation amount either was insufficient to trigger a soil
moisture response even at the uppermost probe or was
removed by evapotranspiration before percolation could
reach any of the installed probes.

The frequency of PF occurrence reported in this study
should be considered as a lower bound (i.e., probably underesti-
mated) (Graham and Lin, 2011). This is because of the following
two possible scenarios of PF that were not discerned in our anal-
ysis: (i) a flow that bypassed all of the soil moisture sensors, and
thus a nondetectable flow does not necessarily preclude the pos-
sibility of PF; and (ii) a rapid, sequential soil moisture response
to precipitation may also suggest a PF due to wave propagation
or high soil permeability.

Statistical Analysis
The 10 sites investigated by Graham and Lin (2011) were
used to conduct temporal consistency analysis for the time pe-
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Fig. 2. Frequency distribution of (a) total precipitation per event
and (b) average precipitation intensity for the periods of 2007 to
2009 (dark gray) and 2010 to 2012 (light gray). The insets are the
distribution curves for each individual year’s precipitation events
(four events with an average intensity of >100 mm d~" are not shown
but were included in the analysis).

riods of 2007 to 2009 (3 yr) vs. 2007 to 2012 (5.5 yr) as well as
spatial dependency analysis at the hillslope scale. Matched-pair #-
tests were performed to examine the differences in the frequency
of PF occurrence. All the precipitation indices and initial soil
moisture indices used by Graham and Lin (2011) were used in
this study. A total of 33 precipitation indices, grouped roughly
into three categories (antecedent precipitation, event character-
istics, and timing of precipitation), were derived for the period
of January 2007 to June 2012, along with 8 to 14 indices of ini-
tial soil moisture conditions (depending on the number of soil
depths involved at each site) (Table 2). Antecedent and current
precipitation indices (API and CPI, respectively) were used to
describe antecedent precipitation, with API estimated as the to-
tal precipitation in a given number of days before a storm event
(e.g., 1-14-d APIs, denoted as API 1-API 14, respectively), and
CPI was calculated as CPI(¢) = aCPI(z — 1) + P(¢), where o
is a coeflicient, # is the time step, and P(¢) is the precipitation

at time #, with values of « set at 0.9 (CP19), 0.99 (CPI99), and
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0.999 (CPI1999). Indices for event characteristics included total
event precipitation, event duration, maximum and average in-
tensity, average intensity from the start to the time of maximum
intensity, and variance, skew, and kurtosis of the precipitation
distribution for each event. Precipitation timing indices includ-
ed the day of the year of event initiation, mean air temperature
for the event duration, and the time between events. Indices de-
scribing the initial soil moisture included average soil moisture
at different depths (3-10 depths at each site, depending on soil
type and horizonation; see Table 1), profile average, and depth-
weighted average of soil moisture content. These soil moisture
indices were estimated based on the soil moisture readings dur-
ing the 3-h time before the start of a storm event.

All the above indices were sorted according to the deter-
mined flow categories, and then the means were statistically
compared using a #-test. Indices for events that produced PF
vs. sequential flow (SF) were placed in two separate bins, and a
#-test was performed to indicate whether there were any signifi-
cant differences (p < 0.05) between the set of events that resulted

in PF and the events that resulted in SE Precipitation events
where a large number of sites responded with cither PF or SF
were also identified and the characteristics of the two data sets
were statistically compared to determine how the indices affect
the widespread occurrence of PF across the hillslope or catchment
scales (Table 2). The degree of agreement of the indices control-
ling PF occurrence was tested by comparing the subsets of time
series with the controls found for the entire monitoring data set.
A value of 100% indicates that the indices that were determined
to control PF for the selected subset coincided with those deter-
mined from the entire data set. No agreement would suggest that
all the significant controls determined from the entire time series
were found insignificant for the chosen subset and vice versa. A
null hypothesis was set that none of the indices was a significant
control (that is, PF is completely random and not dependent on
any of the proposed indices) (Graham and Lin, 2011).

All 35 sites were used in the spatial dependence analysis at
the catchment scale. The frequency of PF occurrence at each of
these sites was determined for the period from May 2011 to June

Table 2. Selected indices of precipitation (ppt) and initial volumetric soil moisture content () for events that resulted in preferen-
tial flow (PF) at individual and multiple sites at the hillslope scale. Individual sites are organized from hilltop to hill bottom, with
the ridgetop and hillslope sites (U1, U2a, and U2b) to the left of the midslope sites (M1, M2a, M2b, and M2c), which are to the
left of the lower swale and valley sites (L1a, L1b, and L2). Indices with significant p values (95% confidence interval) from t-tests
for the 175 precipitation events of 2007 to 2009 and the 323 precipitation events of 2007 to 2012 are marked. A dash indicates
that the indices were not tested. Empty cells indicate that the indices were not statistically significant.

Significant in controlling PF at individual sites

Significant in controlling PF at >3-6 sites

Indext Ul U2a U2b M1 M2a M2b M2c Lla Lib L2 >3 sites >4 sites >5 sites >6 sites
Total ppt ¥ § 1 § ¥ § § §
Ppt duration q ¥ ¥ § § §
Avg. ppt intensity ¥ 9 9
Max. ppt Intensity § §
Time to max. ppt intensity 9 § § §
Ppt amount to max. intensity ks 9 ks
Avg. intensity to max. intensity ks 9 ks
Skew F F F F § F
Kurtosis 9 ks ks § 9
Max. event CP1999 § ¥ q § ¥ § §
Time to max. event CPI9 ks § § § § § ¥ Es
Time to max. event CPI99 ¥ § § q § § § § §
Time to max. event CPI999 q § § il § § §
API1 F ¥ ks § ks ¥ ES
CPI199 § ¥ ¥ § F F ¥ ES
Air temperature ¥ ¥ 9 § ¥ ¥ ¥
Day of year 9 ¥ ¥ § § ¥ ¥ £ ¥ ¥
Initial average 0 ¥ ¥ ¥ § ¥ ¥ ¥ ¥ ¥ ¥
Initial depth-weighted avg. 6 ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ + ¥
Horizon 1, initial 0 ¥ ¥ ¥ § § § ¥ ¥ ¥ - - - -
Horizon 2, initial 0 ¥ 9 ¥ § ¥ ¥ § § - - - -
Horizon 3, initial 0 9 9 ¥ § ¥ ¥ 9 9 § ¥ - - - -
Horizon 4, initial 0 9 9 ¥ ¥ ¥ 9 ¥ § § - - - -
Horizon 5, initial 0 9 ¥ § ¥ ¥ 9 ¥ § - - - -

t Event CP1999, internal event current precipitation index (Event CPI) with recession coefficient of 0.999; CPI9 to 999, current precipitation index
(CPI) with recession coefficient of 0.9 (CP19), 0.99 (CPI99), and 0.999 (CPI999), respectively; APl 1, antecedent precipitation index (API) for 1 d;
Horizons 1 to 5 are numbered sequentially from the soil surface downward to deeper soil where a probe was installed.

# The indices were significant for both periods.

§ The indices were not significant for the period of 2007-2009 but were significant for the period of 2007-2012.
9 The indices were significant for the period of 2007-2009 but not significant for the period of 2007-2012.
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2012 (69 events in total) and then tested with the data set for the
period from July 2012 to July 2013 (87 events in total). These 35
sites were examined for differences in PF occurrence frequency
among different landform units, soil series, and hillslope aspects
(north- vs. south-facing) via Duncan’s multiple range tests. All
the primary topographic attributes (elevation, slope, curvature,
and upslope contributing area) and one composite topographic
attribute (topographic wetness index) were derived for the whole
catchment using a digital elevation model used by Takagi and
Lin (2012). We extracted these terrain attributes at all monitor-
ing sites by using the coordinates obtained from the total station
survey. Soil properties (e.g., soil depth, profile-averaged sand, silt,
clay, organic C, and rock fragment contents) were directly adopt-
ed from Takagi and Lin (2012). Spearman correlation analysis
was conducted to examine the possible association between PF
frequency and the extracted terrain or soil attributes. To evalu-
ate the potential effects of sensor numbers on the measured PF
occurrence across the catchment, we also calculated the PF fre-
quencies at the 35 sites with the soil moisture data recorded at
three selected horizons representing similar depths (Table 1). A
regression kriging (Hengl et al., 2007) with selected terrain attri-
butes and soil properties was then used to generate interpolated
maps of PF occurrence frequency across the entire catchment
(Fig. 1b). This interpolation method was sclected based on our
previous investigations (Zhu and Lin, 2010).

To investigate the predictability of PF occurrence in this
catchment, we used a stepwise regression algorithm to select
soil-terrain attributes based on the past several years” data (i.c.,
2007-2012 for the hillslope scale and 2011-2012 for the catch-
ment scale) and then compared the predictions with the latest
field data from July 2012 to July 2013. The regression model
selection was based on the Akaike information criterion (AIC)
coded in R software (R Development Core Team, 2005), where
competing models were ranked for a given data set (i.c., 10 sites
for the hillslope scale or 35 sites for the catchment scale), and the
one with the lowest AIC value was considered as the most appro-
priate (Venables and Ripley, 2002). Values of # from the multiple

regression were then used to assess the relative importance of
the selected variables in predicting the PF occurrence frequency

(Kemper and Koch, 1966).

RESULTS
Temporal Analysis at the Hillslope Scale
Precipitation at the Shale Hills was dominated by small
events (total precipitation <20 mm and average intensity
<10 mm d~1), as shown in Fig. 2. Year-by-year variance existed in
the events distribution, but only minor differences were detected
between the 2007 to 2009 and 2010 to 2012 periods, i.c., the pe-
riod of 2010 to 2012 had slightly lower percentages of small and
less intense events than the period of 2007 to 2009 (Fig. 2). Of
the 323 total delineated precipitation events from 2007 to 2012,
16 to 47% were identified as generating PF at each of the 10 mon-
itoring sites at this hillslope scale (Table 3). This is fairly consis-
tent with the results for the 175 events from the 2007 to 2009
period as reported by Graham and Lin (2011). More frequent
PF occurred during cither the dry season (June-November) or
wet season (December-May) at different sites (Fig. 3), which
was associated with hydrophobicity in the dry forest floor or a
more connected subsurface network under wet conditions (Lin
and Zhou, 2008). While PF occurrence in at least one site in this
hillslope was frequent (average 91% during 5.5 yr), widespread
PF occurrence across the whole hillslope was much less com-
mon (e.g., only 2% of delincated events triggered PF at >8 sites)
(Table 3). For individual sites, some indices appeared to control
the PF occurrence across the hillslope (e.g., precipitation skew-
ness, initial soil moisture in upper horizons, and air temperature,
which were significant at >6 sites). Some indices, however, were
controlling factors at only few sites (e.g., antecedent precipita-
tion indices, API 2 to API 7, and average or maximum precipita-
tion intensity, which were significant at one or two sites) (Table
2). Only a few indices were consistent controls of PF occur-
rence (at >3-6 sites), such as total precipitation, API 1, CPI99,
timing to the maximum event CPI, day of year, and initial soil

moisture in upper layers.

Table 3. Percentage of precipitation events leading to each of the three flow regimes (preferential flow, sequential flow, and non-
detectable response) at each of 10 monitoring sites installed before 2011 (upper panel) and for different numbers of sites in the
same hillslope (lower panel). Sites are organized from hilltop to hill bottom, with the ridgetop and hillslope sites (U1, U2a, and
U2b) to the left of the midslope sites (M1, M2a, M2b, and M2c), which are to the left of the lower swale and valley sites (L1a,
L1b, and L2).

Percentage of events resulting in each flow scenario

Flow type U1 U2a U2b M1 M2a M2b M2c L1a L1b L2
%
Preferential flow 45 (53)t 31 (30) 47 (42) 27 (18) 45 (52) 29 (36) 16 (21) 31 (23) 47 (54) 24 (34)
Sequential flow 16 (22) 48 (61) 29 (41) 25(33) 20 (20) 34 (35) 46 (53) 38 (46) 20 (18) 44 (43)
Nondetectable 20(17) 13 (9) 17 (17) 46 (50) 30 (27) 30 (29) 32 (26) 29 (27) 31 (25) 16 (23)
>1 site >2 sites >3 sites >4 sites >5 sites >6 sites >7 sites >8 sites
Preferential flow 91 (90) 76 (82) 63 (69) 49 (50) 33 (38) 20(22) 8 (10) 2 (4)
Sequential flow 94 (98) 78 (83) 57 (67) 38 (47) 27 (37) 15 (21) 8 (13) 2(2)
Nondetectable 64 (68) 52 (53) 41 (38) 33 (29) 27 (22) 21 (15) 14 (11) 8 (8)

t The first number is the percentage out of the total of 323 precipitation events in the period from January 2007 to June 2012 and the second
number (in parentheses) is the percentage of the 175 events that occurred in the period from January 2007 to December 2009 (as reported by
Graham and Lin, 2011).
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Fig. 3. Frequency of preferential flow (PF) occurrence at each of the 10 monitoring sites at the hillslope scale, expressed as the percentage of
total precipitation events that occurred in each of wet or dry season in each of the monitored years from 2007 to 2012. The last bar indicates the
overall average during the 5.5 yr, with a total of 323 precipitation events. Each bar is separated into two parts: the upper part (with dots) refers
to PF occurrence during the wet season (December—May), while the lower part refers to PF occurrence in the dry season (June-November). Sites
are organized from hilltop to hill bottom, with the ridgetop and hillslope sites (U1, U2a, and U2b) to the left of the midslope sites (M1, M2a, M2b,
and M2c), which are to the left of the lower swale and valley sites (L1a, L1b, and L2). Note that the entire bar height represents the PF frequency in
wet plus dry seasons so the total could be >100%. Among the total 323 precipitation events, 171 occurred during a wet season and 152 occurred

during a dry season (data not yet available for the dry season of 2012).

Precipitation and Initial Soil Moisture Control
on Preferential Flow Occurrence

While controlling factors of PF occurrence were a mixture
across the monitored hillslope, most indices of precipitation char-
acteristics (especially skewness) and timing (especially air tempera-
ture) were significant in controlling the occurrence of PF at many
individual sites (Table 2). The precipitation characteristics indices
were more evident at the middle and lower hillslope sites, while
the precipitation timing indices were more common at the upper
hillslope sites (‘Table 2). Among the antecedent precipitation in-
dices, only API 1 and CPI99 were significant for some sites. Most
precipitation characteristic indices were also significant in generat-
ing widespread PF (at >6 sites), such as total precipitation, event
duration, time to maximum intensity, maximum event CP1999,
and time to maximum event CPI9 to CP1999 (Table 2).

Besides precipitation, initial soil moisture also exerted a sub-
stantial influence on PF occurrence at both individual sites and
across multiple sites. The sites at the upper slope positions (U1,
U2a, and U2b) were especially sensitive to initial soil moisture
conditions, as well as some sites at the middle- or lower-slope
positions (M2b, L1a, and L1b) (Table 2). Similarly, air tempera-
ture and the day of the year, which correlated well with initial
soil moisture conditions (Graham and Lin, 2011), also appeared
to be important controls on PF occurrence at many individual
sites. For widespread PF, the dominant control of the overall av-
eraged initial soil moisture was evident (Table 2). Although air
temperature was significant in controlling PF at more than six in-
dividual sites, it was not significant in generating widespread PF.
However, the day of the year appeared to be a significant control
for widespread PF (Table 2).

Temporal Variance and Consistence
The frequency of PF occurrence at each site varied from

year to year (Fig. 3); however, when looking at a continuous fre-

quency distribution, it was consistent for much of the 5.5-yr
monitoring period (Fig. 4a). We estimated the percentage of PF
occurrence at a specific horizon as: (PF occurred in a horizon)/
(PF occurred in the entire soil profile) x 100%. From such an
estimation, we identified that PF occurred favorably in some
specific horizons (rather than evenly distributed among vari-
ous horizons in a soil profile) (Fig. 4b). For instance, 58.5 and
62.6% of the PF at Site U1 were observed at the interface of the
AC-R horizons and in the R horizon, respectively, but <10.2%
occurred in each of the other horizons in that soil profile (A
and CR horizons). At Site M2b, >90% of the PF occurred in
the A horizon, and <10% occurred in other horizons (Fig. 4b).
When comparing the periods of 2007 to 2009 vs. 2010 to 2012,
a matched-pair #test suggested that there was no significant dif-
ference in their frequencies of PF occurrence (£=0.91, p = 0.39),
indicating statistical consistency in PF frequency during the en-
tire 5.5-yr period. Such consistency was also observed in the in-
dices that controlled PF occurrence (Table 2; Fig. 5). Relatively
good agreement (>60%) was observed in those indices between
the two monitoring periods (2007-2009 vs. 2010-2012), espe-
cially for the upslope sites (U1, U2a, and U2b) and the lower
slope sites (L1a, L1b, and L2), where the agreement of the PF-
generating indices reached >80% (Fig. 5).

Despite the overall consistency, however, some slight dif-
ferences were also observed. For example, precipitation kurtosis
seemed significant for the 175 events during 2007 to 2009 (sig-
nificant at >5 sites) but was less so for the 323 events during
2007 to 2012 (Table 2). Only nine indices were identified as sig-
nificant controls of widespread PF occurrence for the 175 events
during 2007 to 2009 (e.g., time, amount and average intensity to
maximum intensity, time to maximum event CPI9, day of year,
and the profile average and depth-weighted average of initial soil
moisture), whereas six additional indices (total precipitation,
event duration, maximum event CPI99 or CP1999, and time to
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maximum event CP199 or CPI999) were also  a) & 100
significant in controlling PF occurrence dur-

ing 2007 to 2012 (Table 2). This is consistent

50

with the conclusion made by Graham and Lin
(2011), i.e., that while the frequency of PF

occurrence may be determined from 1 yr of

501

108—

continuous monitoring, the controls on PF

occurrence requires >3 yr of monitoring, thus

Events Classified as Preferential (%)

confirming the value of long-term, in situ soil

moisture monitoring.

Spatial Analysis at the Hillslope and b)

Catchment Scales o

No clear spatial pattern was observed in g
the frequency of PF occurrence at the hill- £
slope scale (Fig. 3), but different controls ©
on PF occurrence were observed at various Q
topographic positions (Table 2). The upper “§
slope sites (U1, U2a, and U2b) were insensi- o
tive to most of the precipitation indices but 8

especially sensitive to the initial soil moisture
condition (i.e., PF was more likely to occur in
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Fig. 4. (a) Percentage of precipitation events identified as causing preferential flow (PF) vs.

the day of the year (PF more likely to occur  the total number of events considered at each of the 10 monitoring sites installed before
later in the year), all of which were related to ~ 2011. Vertical lines separate the events occurring in individual years from 2007 to 2012; (b)

hydrophobicity-induced PF. In comparison,

stacked bar chart of the percentage of PF occurrence at a specific soil horizon or horizon-
horizon interface (with two horizons indicated) in each of the 10 monitoring sites along

the middle and lower slope sites were sensi-  the hillslope. The total length of each bar stack indicates the cumulative percentage of PF
tive to both precipitation indices and initial ~occurrence throughout the entire soil profile with the 5.5-yr data. The different colors within

soil moisture conditions (Table 2). We com-
pared the PF occurrence frequency at the 10

each bar indicate the percentage of each horizon or horizon-horizon interface monitored (the
percentage of PF occurrence in each horizon is <100% but the sum of multiple horizons could
be >100%). In both figures, sites are organized from hilltop to hill bottom, with the ridgetop

sites along this hillslope during the period of  and hillslope sites (U1, U2a, and U2b) above the midslope sites (M1, M2a, M2b, and M2c) and
May 2011 to June 2012 with the longer term above the lower swale and valley sites (L1a, L1b, and L2). The colored legend on the right in (b),

results from the period of January 2007 to
June 2012 and found no significant differ-
ences between the two periods (£ = —0.21, p
= 0.98). Thus, 1 yr of monitoring appeared to be sufficient to
determine the frequency of PF occurrence at this scale in this
catchment, which is consistent with our previously published
results (Graham and Lin, 2011).

By adding 25 more sites, we determined the frequency of PF
occurrence across the entire catchment during the periods from
May 2011 to June 2012 (with a total of 69 delineated precipita-
tion events) and from July 2012 to July 2013 (with a total of 87
delineated events). The overall averaged frequency of PF occur-
rence was 25.7 and 26.0% for the 2011 t0 2012 and 2012 t0 2013
periods, respectively, with their ranges also similar (from <1 to
70.1% for 2011-2012 and from 2.9 to 72.4% for 2012-2013).
Higher averaged frequency of PF occurrence was observed at
the sites on the hilltop (45.8%), valley floor (47.6%), and swales
near the stream (39.6%), while lower averaged frequency of PF
was found at the sites on planar hillslopes (16.5%) and convex
hillslopes (16.9%) (Fig. 1). Like that at the hillslope scale, wide-

spread PF occurrence across the catchment was not common

H1 through H10, refers to different soil horizons from the top to the bottom in each profile.
Soil horizons with relatively large PF frequency are marked with pedogenic symbols.

(e.g., only 7% of delineated events triggered PF at >20 sites, and
no event generated PF at >30 sites) (Table 4). Interestingly, the
overall frequency distribution of PF occurrence across the catch-
ment revealed a possible hidden subsurface flow network in this
catchment, as depicted in Fig. 1b, which was associated with two
main swales in the catchment (one on the south-facing hillslope

and the other on the north-facing hillslope).

Soil and Topographic Control on Preferential
Flow Occurrence
At the hillslope scale, no obvious difference in the fre-

quency of PF occurrence was detected among different topo-
graphic positions, nor was there strong evidence supporting the
topographic control on PF occurrence frequency (Fig. 3). The
Spearman correlations were poor between PF occurrence fre-
quency and topography-related features at this hillslope scale,
including slope (rs =-0.21, p > 0.05), curvature (VS =022,p>
0.05), soil depth (rs =—-0.26, p > 0.05), and upslope contribut-
ing area (r, = 0.27,p > 0.05).
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Fig. 5. Agreement on the controls of preferential flow (PF) occurrence as identified from 24 to 323 precipitation events from January 2007 to June
2012 at each of the 10 monitoring sites installed at the hillslope scale. Complete agreement on the identified controls of PF occurrence with those
identified from all 323 events is indicated as 100% (i.e., <100% agreement means the controls identified from the subset data have not reached
a perfect match with those identified from the entire data set of 323 events). Horizontal dashed lines of the same color show the agreement
percentage (largely 50-80%) if no indices were determined as significant (i.e., null hypothesis, which depends on the number of significant indices
identified for each site). Sites are organized from the hilltop to the hill bottom, with the ridgetop and hillslope sites (U1, U2a, and U2b) above
the midslope sites (M1, M2a, M2b, and M2c), and above the lower swale and valley sites (L1a, L1b, and L2). Vertical lines separate the events

occurring in individual years from 2007 to 2012.

At the catchment scale, however, we observed a clearer trend
in the frequency of PF occurrence among different landform units
and soil types (Fig. 6; Table 4). It is apparent that the south-facing
sites overall had a higher frequency of PF occurrence than the
north-facing sites, regardless of soil type and landform unit, but
such differences generally were not statistically significant at the p
< 0.05 level (Fig. 6). When comparing different soil series, a large
range of PF occurrence frequency was observed in the Weikert and

Rushtown soil series (<1-70.1% for the Weikert and 1.7-53.7%
for the Rushtown), which was associated with varying terrain attri-
butes within these two soil series (Fig. 1; Table 1) as well as varying
initial soil moisture conditions at different times of a year (Table
2). Overall, the Ernest soils on the valley floor and the Weikert soils
on the ridgetop had higher frequencies of PF occurrence (Fig. 6a).

Across the catchment, relatively distinct patterns were de-
tected among different landform units (Fig. 6b). The sites on

Table 4. Percentage of precipitation events leading to each of the three flow regimes (preferential flow, sequential flow, and non-
detectable response) at different numbers of sites among the 35 sites of the entire catchment or the sites on south- or north-facing
hillslopes or valley floor based on 69 precipitation events that occurred from May 2011 to June 2012.

Percentage of events resulting in each flow scenario

>1 >2 >3 >4 >5  >6

Flow type site sites sites sites sites sites

>7 >8 >9  >10 >15 >20 >30 >35
sites sites sites sites sites sites sites sites

%

Entire catchment (35 sites)

Preferential flow 94 77 68 65 61 42 14 7 0 0
Sequential flow 97 84 75 74 70 52 35 9 0 0
Nondetectable 71 55 54 51 51 46 39 33 12 0
South-facing hillslopes (17 sites)
Preferential flow 93 75 61 54 41 33 20 10 6 3
Sequential flow 93 75 71 59 54 51 41 26 19 10
Nondetectable 59 52 52 51 45 41 35 35 33 30
North-facing hillslopes (13 sites)
Preferential flow 62 55 41 23 12 9 7 6 3 0
Sequential flow 70 65 62 54 51 46 42 35 23 4
Nondetectable 55 49 48 46 43 41 41 38 35 33
Valley floor (5 sites
Preferential flow 64 52 43 17 0
Sequential flow 3 1 0 0 0
Nondetectable 48 45 9 0 0
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the hilltop and on the valley floor had the highest frequency of
PF occurrence, while the swale and convex hillslope sites had a
slightly higher averaged frequency of PF occurrence than the
planar hillslopes (Fig. 6b). However, the correlation analysis
between PF occurrence frequency and the topographic indices
showed no significant relationship with any individual terrain
attribute (p > 0.05) except slope, which showed a moderate-
ly significant correlation with PF occurrence frequency (r, =
0.42,p < 0.01).

Spatial Variance and Dependence

A significantly larger range of PF occurrence frequency was
observed at the catchment scale (<1-70%) than the hillslope
scale (16-47%). Spatial variance was evident as the PF occur-
rence could vary significantly among even the closest sites (e.g.,
averaged PF frequency was 45, 29, and 16% at the three closely
located Sites M2a, M2b, and M2c). However, evidence also sug-
gested a clear spatial pattern of PF occurrence that may reflect
a hidden subsurface flow network in this catchment (Fig. 1b).
We used regression kriging to interpolate the observed frequency
of PF occurrence to the entire catchment (Fig. 1b), where local
slope (S8, %), soil depth (D, in cm), profile-averaged sand content
(SA, % w/w) and silt content (ST, % w/w) were selected by step-
wise regression as the main attributes affecting PF frequency: PF
frequency (%) = 74.84 — 0.68S — 0.32SA — 2.02ST + 0.75D,
R*=0.32, < 0.05.

The interpolated map (with data collected at all the listed
depths for the 35 sites; Table 1) showed a clear pattern of PF
occurrence in the entire catchment (Fig. 1b). Hillcops and the
valley floor had higher frequencies of PF occurrence, but these
areas were relatively small compared with the entire catchment.
Swales were the dominant areas of PF occurrence. Compared
with the PF frequency determined from all the monitored
depths in all the soil profiles, the PF frequency estimated with
the data selected from only three main horizons (mostly A, B,
and C horizons; see Table 1) were largely the same or slightly
lower (with few substantially lower), depending on site-specific
soil features. However, the overall spatial pattern of PF occur-
rence throughout the catchment and the hidden subsurface flow
network revealed remained similar to that obtained from all the
monitored depths.

To test whether the revealed spatial pattern of PF occurrence
in the catchment was consistent, the most recent data set from
July 2012 to July 2013 was used. The difference in PF occurrence
frequency between 2011-2012 and 2012-2013 was statistically
insignificant by paired #test (p > 0.05), and the overall spatial
patterns between the 2 yr looked quite similar. The overall aver-
age and the range between the 2 yr were also quite similar: 25.7%
average with <1 to 70.1% range for 2011-2012 and 26.0% aver-
age with 2.9 to 72.4% range for 2012-2013.

Spatial Estimation of Preferential Flow Occurrence
Multiple linear regression equations obtained through the

stepwise algorithm were tested for their estimation of PF occur-
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Fig. 6. Box-and-whisker diagrams showing the minimum, median,
25th percentile, 75th percentile, and the maximum frequency of
preferential flow occurrence as determined from the 69 precipitation
events that occurred from May 2011 to June 2012. These sites are
based on all the soil moisture monitoring sites listed in Table 1,
grouped by (a) soil series (We, Weikert; Ru/Be, Rushtown/Berks; Er/
Bl, Ernest/Blairton) and hillslope aspects (S, south-facing hillslopes;
N, north-facing hillslopes) and (b) landform units (valley, swale,
planar hillslope, convex hillslope, and hilltop) and hillslope aspects
(S, south-facing; N, north-facing); n refers to the number of sites.
Different letters indicate significant differences (p < 0.05) according
to Duncan’s multiple range tests.

rence using soil-terrain attributes. Two equations were identified
(Table 5), one for the hillslope scale based on the data collected
from 2007 to 2012 (10 sites) and the other for the catchment
scale based on the data collected from 2011 to 2012 (35 sites).
The estimations based on these two equations were compared
modestly with the latest field data collected from July 2012 to
July 2013 (Fig. 7), with R? of 0.4868 and 0.4325 for the hillslope
and the catchment scales, respectively (both statistically signifi-
cant). As the scale changed from the hillslope to the catchment,
the overestimation using soil-terrain attributes at the hillslope
scale crossed over the 1:1 line (i.e., changed from overestimation
at low-frequency PF occurrence to underestimation at higher
frequency PF occurrence; Fig. 7), whereas the main controlling
variables changed from curvature and soil clay content to slope,
soil depth, and soil sand and silt contents (‘Table S). Apparently,
there is a limit to this kind of estimation using static soil-terrain
attributes because many more factors are involved in PF dynam-
ics, such as temporal controls associated with precipitation char-
acteristics and initial soil moisture. Such complexity is further

discussed below.
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DISCUSSION
Temporal Controls and Consistency in
Preferential Flow Occurrence

Precipitation characteristics and initial soil moisture were
the two main temporal controls on PF occurrence, as revealed in
this study and in many other published works (e.g., Hutchinson
and Moore, 2000; Kim et al., 2005; Tromp-van Meerveld and
McDonnell, 2006; Lin and Zhou, 2008; Graham and Lin, 2011).
The occurrence of subsurface PF, especially lateral subsurface flow,
requires sufficient moisture inputs and the passing of a rainfall
threshold to initiate in the valley floor and swales but is promi-
nently promoted by dry conditions at the hilltop associated with
soil hydrophobicity and/or cracking (Uchida et al,, 2005; Lin and
Zhou, 2008). While the controlling precipitation factors varied
among the individual sites, the overall features of precipitation
that favored widespread PF occurrence in the catchment seemed
relatively stable, mainly total precipitation and its duration, the
antecedent precipitation index for 1 d (API 1), time to maximum
precipitation event (CPIs), and current precipitation index with a
recession coefficient of 0.99 (CP199) (Table 2).

Different mechanisms were involved in initiating PF in vari-
ous hillslope positions. Under dry conditions, shrinkage cracks and/
or hydrophobicity were largely responsible for the observed PF at
the hilltop sites (Table 2), through which the dry organic-coated
soil matrix could be more easily bypassed (Lin and Zhou, 2008;
Cuthbert et al., 2010). Under wet conditions, the buildup of local
saturation could connect macropores that resulted in an efficient
network to deliver water downslope (Sidle et al., 2001; Negishi
et al,, 2007; Anderson et al., 2009; Beven and Germann, 2013).
Consequently, PF occurred more often at the valley floor and swale
sites under wet conditions (Lin, 2006; Lin and Zhou, 2008).

Air temperature was significant in controlling the occurrence
of PF in most sites at the hillslope scale but was not significant
for widespread PF initiation (Table 2). This phenomenon was
due to the strong correlation between air temperature and initial
soil moisture, and the contrasting mechanisms involved in PF oc-
currence at the upper vs. lower hillslope sites (Graham and Lin,
2011). Our data revealed an overall higher frequency of PF oc-
currence in most hillslope sites during the dry season and a strong
relationship between PF occurrence frequency and the day of the
year (Fig. 3; Table 2). This could be attributed to the coincidence
of the high air temperature, low soil moisture, and more intense
precipitation in late summer to early fall in our study area (Graham
and Lin, 2011). There was a relative consistence in the frequency
of PF occurrence at the hillslope scale throughout the 5.5 yr from
2007 to 2012, which was attributed to (i) considerable statisti-
cal stability of the precipitation distribution during the entire

monitoring period (Fig. 2) and (ii) relatively stable PF flowpaths,
as observed in our field studies and revealed by our monitoring
darta (e.g., Lin, 2006). For example, PF occurrence was dominant
in some specific horizons or horizon interfaces rather than being
evenly distributed throughout the soil profiles, as shown in Fig. 4b.
Other studies have also shown that PF flowpaths reoccurred at the
same locations during successive storm events and remained stable
for a period of time without anthropogenic disturbance (de Rooij,
2000; Ritsema et al., 2000; Hagedorn and Bundt, 2002). The ob-
served temporal consistency of PF is an important characteristic
of hillslope hydrology and biogeochemistry, as this can help iden-
tify differences in biological and chemical conditions between PF
flowpaths and the surrounding soil matrix (Bogner et al.,, 2012).

Spatial Controls and Dependence in
Preferential Flow Occurrence

Significant differences were found in the occurrence fre-
quency of PF among different landform units and soil types (Fig.
6). A higher frequency of PF occurrence was detected at the hill-
top (average 45.6%) and the valley floor (40.7%), while the over-
all frequency for swales was 25.6% and that for planar and convex
hillslopes was 18.1%. Higher PF frequency at the hilltop and the
valley floor are explained by the topographically controlled soil
moisture conditions. While there were some differences among
the soil types in terms of their frequency of PF occurrence, espe-
cially for the Ernest and Blairton soil series located on the valley
floor, the other three soil series located on the hillslopes and hill-
tops (i.c., the Weikert, Berks, and Rushtown series) were better
differentiated using the type of hillslopes (i.c., concave, convex,
or planar) and aspects (i.c., south- vs. north-facing) (Fig. 6a). It
is evident that soil series alone is insufhicient here to explain the
variation observed in PF occurrence frequency.

As expected, when upscaling to the catchment scale, the
topographic control on PF occurrence was amplified. An obvi-
ous spatial pattern was noticeable, especially when looking at
the interpolated map of PF occurrence frequency that revealed
a probable hidden subsurface PF network (Fig. 1b). A statisti-
cally significant, but only moderate, correlation was observed be-
tween PF frequency and local slope (p < 0.01, 7, = 0.42). Except
for this, we did not find a significant simple correlation between
PF frequency and the other individual terrain attributes, includ-
ing altitude, curvature, upslope contributing area, and topo-
graphic wetness index (p > 0.05). We also did not find a sig-
nificant correlation between PF frequency and soil thickness or
other individual soil properties (e.g., profile-averaged rock, sand,
silt, and clay contents) (p > 0.05). However, combining multiple

soil-terrain attributes (as done in the multiple regression shown

Table 5. Parameter coefficients for multiple linear regression equations obtained through stepwise regression for predicting pref-
erential flow occurrence frequency at the hillslope scale (data from 2007-2012) and the catchment scale (data from 2011-2012).
The relative importance of the selected variables were based on ¢ values.

Parameter coefficients of selected variables in regression Relative importance of

Scale Intercept  Slope  Curvature  Soil depth  Sand Silt Clay n R? p selected variables
Hillslope (Eq. [11) 28.12 32.65 1.64 10 0.81 <0.01 curvature > clay
Catchment (Eq. [2]) 74.84 -0.68 0.75 -0.32 -2.02 35 0.32 <0.05 slope >sand > depth > silt
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in Table 5), moderate estimation accuracy of PF occurrence was
achieved (Fig. 7). It was the interplay between landform units
and soil types, coupled with initial soil moisture and precipita-
tion features, that determined the initiation and persistency of

PF occurrence in this catchment.

Uncertainty Analysis

As summarized by Clothier et al. (2008), Lin (2010), and
others, PF may occur at all spatial and temporal scales, but no
simple deterministic scheme may fully capture the complex-
ity involved. One uncertainty encountered in this study lies in
the fact that each soil moisture probe can monitor only a small
volume in heterogeneous soils where irregular flow patterns may
occur. Should more sensors be installed in each soil profile, they
may capture a higher likelihood of PF. In addition, PF may oc-
cur more frequently at some interfaces of soil layers, but not all
of the interfaces were installed with soil moisture sensors in this
study. This implies a possible underestimation of PF occurrence
as reported here. On the other hand, possible disturbance caused
by probe installation may introduce unnatural PF (this is a pure
speculation based on the uncertainty principle). However, every
effort was made in this study to avoid or minimize such a pos-
sibility (e.g., all the sensors were installed in the upslope direc-
tion above the soil pits; all cables were carefully buried below
the depth of the installed probes and then laid horizontally away
from the probe locations; and all the soil pits were carefully re-
filled with the original soils layer by layer). Nevertheless, given
the large number of probes that we installed and the extensive
spatial coverage (35 sites throughout the catchment), plus 6.5 yr
of monitoring, we are confident about the general pattern of PF
occurrence captured in this study. This is further supported by
the overall similarity of the PF occurrence throughout the catch-
ment between the years 0of 2011-2012 and 2012-2013.

Aside from the uncertainties associated with soil moisture
measurements, uncertainties could also be introduced by pre-
cipitation measurements. In this study, we used the averaged
value of throughfall from six rain gauges installed underneath
the canopy to delineate precipitation events, but the volume of
rainwater that actually reached the ground surface may be altered
differently at different sites by canopy interception with different
tree species and sizes, and thus may cause some degree of rainfall
heterogeneity across the catchment (Brauman et al., 2010). The
spatial distribution of throughfall could also change with the
seasonal dynamics of the forest canopy. However, only a slight,
insignificant difference was found among our various rain gauges
(such slight difference was partially attributed to canopy influ-
ence and occasional clogging by fallen leaves). Vegetation (espe-
cially tree roots, stemflow, and litterfall) as a likely control on PF
occurrence has not been examined in this study (e.g., stemflow
may trigger PF, and the position of soil moisture monitoring
sites relative to tree and root locations may also impact PF occur-
rence). We have now mapped out the distribution of tree species
and their sizes throughout the entire catchment, which provides

the necessary data sets to begin this investigation in the next step.
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Fig. 7. Predicted preferential flow (PF) occurrence frequency based on
the past several years’ data vs. measured PF frequency from the latest
year’s data (2012-2013): (a) prediction based on the hillslope-scale
data (10 sites) collected from 2007 to 2012 using the regression Eq.
[1] in Table 5, and (b) prediction based on the catchment-scale data
(35 sites) collected from 2011 to 2012 using the regression Eq. [2] in
Table 5.

Some studies elsewhere have reported possible links between
vegetation and PF occurrence (e.g., Sarkar et al., 2008; Li et al,,
2009; Archer et al., 2012). The connection between the distribu-
tion pattern of vegetation and the organization of PF flowpaths
could provide additional insights into the links between ecohy-
drology and hydropedology for subsurface flow (Li et al., 2009;
Mueller et al., 2010).

Implications of the Results from This Study

The temporal consistency and spatial dependence of PF oc-
currence in the Shale Hills illustrate a probable hidden subsurface
PF network that is spatially structured but temporally dynamic.
It has been recognized that individual short PF pathways may be
linked via a series of nodes in a network, which may be switched
on or off and expand or shrink depending on local soil moisture
conditions, rainfall inputs, and plant activities, thus forming dy-
namic PF networks (e.g., Sidle et al., 2001; Gish et al., 2005; Guo
et al,, 2014). With time, these networks may self-organize, thus
forming temporally stable PF pathways (analogous to stream
network organization). Our extensive ground penetrating radar
scanning of the catchment and related infiltration experiments
and water stable isotope data have provided supports for the
observed subsurface PF network (e.g., Doolittle et al., 2012;
Thomas et al,, 2013; Zhang et al., 2014; Guo ct al.,, 2014).
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We note that, although PF pathways may be relatively stable,
PF itself is highly dynamic depending on initial soil moisture,
precipitation features, and vegetation dynamics. Our results
suggest complex interactions among these factors, together with
landform units and soil types. It has been debated that PF may
be essentially unpredictable because the geometry and properties
of conducting macropores and other PF flow paths are generally
unknown and the dynamic connectivity of various PF pathways in
the subsurface remains poorly understood (Beven, 1991; Jury and
Flithler, 1992). Although a lot has happened since the 1980s and
1990s, with considerable work done related to PF (Beven, 2010;
Bevenand Germann,2013), many variables that substantially affect
PF occurrence remain poorly known in different landscapes (c.g.,
interfaces of various soil layers, the continuity and connectivity
of flow paths, and temporal changes in flow itself vs. flow paths).
Nevertheless, Jarvis et al. (2009) suggested that knowing the
integrated effect of PF is more important than precisely knowing
the behavior of individual PF pathways. Through a simple
classification scheme for predicting the susceptibility of soil
horizons and pedons to PE, Jarvis et al. (2009) concluded that PF
paths were actually predictable to a sufficient degree. Our results
reported here suggest that there is a moderate but limited degree
of possibility in estimating PF occurrence using static soil-terrain
attributes. We believe that developing an appropriate classification
scheme of various major controls on PF occurrence in diverse soil
landscapes would be a meaningful pathway forward to enhance PF
prediction and modeling.
How might the results from this study be useful to enhance

PF modeling? Several aspects may be considered in this regard:

- The statistics of PF occurrence frequency in different

landforms and soils, as reported in this study, can provide

a relatively explicit account of where and when PF might

be significant in a given landscape.

. The use of some classification schemes of the main
controls on PF occurrence, such as initial soil moisture and
precipitation features, can provide a guide to estimating
the likelihood of PF occurrence under different climatic
conditions.

- The soil-terrain-based deterministic component of PF
occurrence must be combined with the precipitation- and
initial-moisture-based stochastic component in modeling
PF dynamics.

- The hidden subsurface PF network inferred in this study
suggests that a network-based approach may be useful in
modeling PF (Lin, 2010; Graham and Lin, 2012).

- Enhanced geophysical tools (such as time-lapsed ground
penetrating radar) may be used in combination with soil
moisture monitoring to reveal dynamic PF networks,
as demonstrated by Doolittle et al. (2012), Zhang et al.
(2014), and Guo et al. (2014).

While there have long been physically based numerical at-
tempts to model PF flows through soils, many challenges remain.

Perhaps one of the most fundamental among these challenges is

the dynamic partitioning and the interaction of flow domains
between the more traditional porous portion of the soil and the
PF domain. Thus, developing an integrated modeling system
that can couple continuum-based and network-based approach-
es may be an alternative way forward. This is because subsurface
flow can often be described as complex PF networks embedded
in soil-landscape mosaics (Lin, 2012; Graham and Lin, 2012).
The findings from this study also have implications for
enhanced monitoring and modeling of “hot spots” (active
locations) and “hot moments” (critical timing) in biogeochemical
dynamics and nutrient cycling. Because hydrology often triggers
“hot spots” and “hot moments” of biogeochemical reactions and
ecological functions (e.g., Bundt et al., 2001; McClain et al,,
2003), improved understanding and modeling of PF will have
implications for enhanced determination of chemical fluxes
and elemental budgets in soils and ecosystems. Interpretation
of point measurements without knowing PF paths is now often
questioned (e.g., Gottlein and Manderscheid, 1998; Netto et
al., 1999) because the uncertainty of whether the soil solution
is extracted from stagnant or high-velocity flowpaths makes
it practically impossible to reliably determine mass flux rates.
Additional complications arise in structured soils for reactive
components due to locally variable chemical conditions.
Furthermore, macropore linings and aggregate coatings could
restrict lateral mass transfer and reduce sorption and retardation,
hence physical and biochemical non-equilibriums are enhanced.
All these suggest that there is a need to identify and model PF
networks if we are to identify “hot spots” and “hot moments” of

biogeochemistry in different landscapes.

SUMMARY AND CONCLUSIONS

Through quantifying the frequency and controls of PF oc-
currence in the Shale Hills Catchment from pedon to catchment
scales, this study has provided further insights regarding where
and when PF may be important. Our extensive soil moisture
monitoring revealed a probable hidden subsurface flow network
across the 7.8-ha forested catchment, which is linked to soil-
landscape features (especially swales). Selected soil-terrain ateri-
butes provided a moderate but limited capability for estimating
PF occurrence at both the hillslope and catchment scales.

Of the total 323 precipitation events that occurred from 2007
t0 2012, 16 to 47% generated PF at each of the 10 sites at the hill-
slope scale, whereas the 69 precipitation events from May 2011 to
June 2012 and the 87 events from July 2012 to July 2013 generated
an overall-averaged 26% PF occurrence frequency across the entire
catchment (with a range from <1 to ~70%). Considerable tem-
poral consistence was found in both the occurrence and the main
controls of PF at the hillslope scale; however, no significant differ-
ence in PF occurrence frequency was detected among the sites at
different hillslope positions. Intense precipitation overall facilitat-
ed PF generation, while the specific characteristics of precipitation
events that induced PF seemed to be site specific. Preferential flow
occurrence was clearly sensitive to initial soil moisture, favoring

dry soils at upslope sites and wet soils in downslope areas.
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When upscaling to the catchment scale, topographic con-
trols on PF occurrence as well as their spatial pattern became more
evident. The overall spatial pattern revealed a subsurface flow net-
work in the catchment that remained fairly similar between the
two full years for which we have collected dara (i.e., 2011-2012
and 2012-2013). The spatial pattern showed that the south-facing
hillslopes had a higher overall frequency of PF occurrence than the
north-facing hillslopes, and the hilltops and the valley floor had a
greater chance of PF occurrence than the middle of the hillslopes.
However, except slope, no simple correlation was found between
PF occurrence frequency and other individual soil or terrain at-
tributes. Nevertheless, the swales overall had a higher frequency
of PF occurrence, while the convex and planar hillslopes had the
least chance of experiencing PF. Such a spatial pattern was consis-
tent with a temporally stable and spatially organized subsurface PF
network in this catchment. The hidden subsurface PF network re-
vealed in this study is apparently controlled jointly by the complex
interactions among landform units, soil types, initial soil moisture
conditions, precipitation features, and seasons.

Opverall, the observed temporal consistency and spatial de-
pendence of PF occurrence in this humid temperate catchment
can enhance our understanding and estimation of subsurface PF
occurrence in complex terrains and shed light on the statistical
frequency and dominant controls of PF occurrence in this and
other similar forested landscapes. We suggest continued efforts
in quantifying PF occurrence and controls in different land-
scapes using soil moisture sensor networks, which have become
increasingly available worldwide, and could lead to a more com-
prehensive understanding of PF and its modeling and prediction

across diverse landscapes.
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