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Abstract Most field-based approaches that address runoff generation questions have been conducted in
steep landscapes with shallow soils. Runoff generation processes in low relief landscapes with deep soils
remain less understood. We addressed this by characterizing dominant runoff generating flow paths by moni-
toring the timing and magnitude of precipitation, runoff, shallow soil moisture, and shallow and deep ground-
water dynamics in a 3.3 ha ephemeral-to-intermittent drainage network in the Piedmont region of North
Carolina, USA. This Piedmont region is gently sloped with highly weathered soils characterized by shallow
impeding layers due to decreases in saturated hydraulic conductivity with depth. Our results indicated two
dominant catchment storage states driven by seasonal evapotranspiration. Within these states, distinct flow
paths were activated, resulting in divergent hydrograph recessions. Groundwater dynamics during precipita-
tion events with different input characteristics and contrasting storage states showed distinct shallow and
deep groundwater flow path behavior could produce similar runoff magnitudes. During an event with low
antecedent storage, activation of a shallow, perched, transient water table dominated runoff production. Dur-
ing an event with high antecedent storage, the deeper water table activated shallow flow paths by rising into
the shallow transmissive soil horizons. Despite these differing processes, the relationship between active sur-
face drainage length (ASDL) and runoff was consistent. Hysteretic behavior between ASDL and runoff sug-
gested that while seasonal ASDLs can be predicted based on runoff, the mechanisms and source areas
producing flow can be highly variable and not easily estimated from runoff alone. These processes and flow
paths have significant implications for stream chemistry across seasons and storage states.

1. Introduction

Much of catchment hydrology over the last several decades has focused on deciphering the components of runoff
in small catchments [Horton, 1933; Hewlett and Hibbert, 1963; Betson, 1964]. Researchers have shown that runoff
can be composed of fluctuating combinations of base flow and stormflow contributions depending on anteced-
ent catchment storage state [Pearce et al., 1986; Sklash et al., 1986]. Stormflow contributions were often shown to
be composed of shallow subsurface stormflow [Tsukamoto, 1963; Weyman, 1970], saturation-excess overland flow
[Dunne and Black, 1970], and infiltration-excess overland flow [Horton, 1933]. These stormflow contributions were
typically couched within the variable source area conceptual model [Hursh, 1936; Hewlett and Hibbert, 1966],
which often focuses on the lateral expansion of source areas in response to precipitation inputs. While most stud-
ies invoked these processes to explain the stormflow component of runoff at a catchment outlet, few have linked
these processes to the longitudinal expansion of the surface drainage network [in the sense of Day, 1983].

Surface flows expand and contract beyond their perennial waterways in response to precipitation events
[Day, 1983] and fluctuating seasonal catchment storage states [Godsey and Kirchner, 2014; Whiting and
Godsey, 2016]. Historically, researchers have focused their attention on capturing the dynamic nature of
stream networks [Roberts and Archibold, 1978; Blyth and Rodda, 1973; Roberts and Klingeman, 1972; Spence
and Mengistu, 2016], but only recently have researchers focused on explaining the mechanisms behind it
[Biswal and Marani, 2010; Godsey and Kirchner, 2014; Shaw, 2015]. Although this surface drainage expansion
and contraction behavior is globally ubiquitous, there is still a wide gap in our understanding of how, why,
and where streams expand and contract across landscapes.

The longitudinally dynamic portions of surface drainage are typically classified by ephemeral and intermit-
tent streams. In this study, ephemeral streams are defined as portions of the drainage network that activate
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in direction response to precipitation events. Intermittent streams are defined as reaches with persistent
runoff of 3 month duration or longer, which is activated by the seasonal rise in the water table. There is min-
imal consensus for the major drivers of activation or dry down of nonperennial reaches that lead to surface
drainage expansion and contraction. Biswal and Marani [2010] argued that the contraction of a stream net-
work could be represented by a geomorphological recession flow model, where the spatially constant
drainage of an unconfined aquifer could explain stream length recession. In contrast, Shaw [2015] com-
pared runoff recession characteristics to field mapped stream network contraction and concluded that net-
work contraction did not directly control hydrograph recession rates. Godsey and Kirchner [2014] presented
field collected data which highlighted discontinuities in runoff across the stream network, suggestive that
the persistence of longitudinal flow was from an imbalance between geomorphology/transmissivity of the
subsurface and the discharge contributions to the stream. Godsey and Kirchner [2014] effectively argued
that the stream network longitudinally varied between a gaining and losing system depending locally on
the aforementioned characteristics. More field validations of surface drainage network lengths together
with runoff generation process investigations across different catchment storage states, landscapes, and cli-
mates are imperative to test these contradicting models.

The majority of our understanding of runoff contributions from hillslopes is based on studies conducted in
steep landscapes with thin soils [Burt and McDonnell, 2015]. This makes it difficult to compare and contrast
runoff generation processes across landscapes with different geomorphology. In steep systems, the redistri-
bution of water across the landscape has been shown to be predominantly driven by topography
[Montgomery and Dietrich, 1988; Jencso et al., 2009, Detty and McGuire, 2010; Jencso and McGlynn, 2011] and
hillslope contributions depend on a storage state-driven connectivity between the more responsive riparian
zones and the less hydrologically active upper hillslopes [McGlynn and McDonnell, 2003; Ocampo et al.,
2006; Jencso et al., 2009, 2010].

In contrast, Devito et al. [2005] argued that the slope of the land surface is not necessarily the main control on
hydrologic response in low relief landscapes. In fact, researchers have shown hydrologic response in hillslopes
has been linked to soil characteristics [Sidle et al., 2000; Buttle and McDonald, 2002; Gannon et al., 2014] and
soil confining layers due to contrasting hydraulic conductivities across horizons [e.g., Weyman, 1973; Elsenbeer,
2001; Tromp-van Meerveld and McDonnell, 2006; Du et al., 2016]. The layers with contrasting hydraulic conduc-
tivities that can lead to perched water tables, include, but are not limited to, the O/A horizon interfaces
[Ragan, 1968; Betson and Marius, 1969], B to B/C soil horizon interfaces [Weyman, 1973], fragipans [McDaniel
et al., 2008], glacial till [Rodhe and Seibert, 2011], and the underlying bedrock [Woods and Rowe, 1996; Burns
and McDonnell, 1998; Tromp-van Meerveld and McDonnell, 2006]. In fact, there is a substantial body of literature
focused on water table development in duplex soils, or a diagnostic soil type with texture contrasts between
the A and B horizons [Chittleborough, 1992]. Specific to highly weathered soils, Elsenbeer [2001] advanced the
concept of hydrologic end members in tropical landscapes, by categorizing soil types by whether or not they
promote shallow flow path partitioning. While researchers have utilized this conceptual water source parti-
tioning to connect internal catchment dynamics to physical and chemical stream characteristics in tropical
landscapes [e.g., Kinner and Stallard, 2004; Johnson et al., 2006; Crespo et al., 2011], few studies include direct
observations of internal processes or connect flow paths to network dynamics.

While topography has been shown to override the influence of soil horizonation [Hammermeister et al., 1982],
soil stratigraphy can play an important role in the redistribution of water in low relief landscapes [ven Chow,
1964; Weyman, 1973; Cox and McFarlane, 1995]. For example, in arid South Australia, almost 90% of total subsur-
face flow was shown to occur as shallow subsurface lateral flow [Hardie et al., 2012]. That said, Smettem et al.
[1991] and Brouwer and Fitzpatrick [2002] have shown that macropores distributed within the soil matrix allowed
for bypass flow to occur, which prevented subsurface lateral flow path development at the A/B horizon inter-
face. And while many of these disparate studies have quantified the nuances of flow paths along individual hill-
slopes, few studies have linked these findings to catchment outflow or stream network scale dynamics.

The soil-bedrock interface in steep, forested landscapes with humid climates has been shown to be an impor-
tant impeding layer to fuel runoff generation [Woods and Rowe, 1996; Brammer and McDonnell, 1996; Tromp-van
Meerveld and McDonnell, 2006; van Verseveld et al., 2008; Graham et al., 2010]. The mechanisms driving these lat-
eral subsurface flow paths at the soil-bedrock interface have been likened as well as contrasted to the mecha-
nisms driving lateral flow paths at the ground surface and in the shallow subsurface [Hardie et al., 2012; Ameli
et al., 2015]. While this may be an important impeding layer in landscapes with shallow soils, recent work by St
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Clair et al. [2015] has shown that bedrock topography can be substantially different from surface topography,
especially in landscapes with deep soils. Further, in a landscape with highly weathered soils, the soil-bedrock
boundary is separated by sometimes meters of saprolite, or highly weathered bedrock. Therefore, in these land-
scapes, the sharp boundary or rapid change in saturated hydraulic conductivity between weathered and
unweathered material can be indistinct and may not serve as a platform for lateral subsurface flow to accumu-
late. In fact, Tromp-van Meerveld and Weiler [2008] suggested that the assumption in field-based and model-
based studies that bedrock is impermeable to vertical flow has potentially slowed scientific progress in catch-
ment hydrology over the last several decades. As a result, more work is required to compare and contrast shal-
low and deep subsurface flow path activation in landscapes with highly weathered, deep soils.

Further still, the storage state of a catchment, which is often defined as the wetness of a catchment as mea-
sured by soil moisture or groundwater levels, has been shown to not only impact runoff response [Western
et al., 1999; Penna et al., 2011] but also impact preferential flow paths [Sidle et al., 2000], lateral subsurface
flow paths on impeding layers [Hardie et al., 2012], and recession event characteristics [Shaw et al., 2013].
Researchers have shown threshold responses in runoff with increasing catchment storage states [e.g., West-
ern and Grayson, 1998]. Sidle et al. [1995] showed that a zero-order hollow, which was inactive during dry
conditions, became a significant contributor to runoff at a high enough catchment storage state threshold.
Detty and McGuire [2010] showed a threshold response in runoff with increasing antecedent catchment
storage and precipitation. They attributed a linear response above this threshold to the activation of prefer-
ential flow paths and utilization of more transmissive upper soil horizons with a rise in groundwater levels.
Grayson et al. [1997] showed spatial patterns of shallow soil moisture displayed either a wet or dry state,
with a minimal transitional period between the two states. In their study, lateral water movement along sur-
face and subsurface flow paths dominated the distribution of water in the landscape during wet periods,
whereas vertical water movement dominated during dry periods. Their study was conducted in a temperate
landscape where the hydraulic conductivity of the soil profile decreased sharply with depth and a seasonal
imbalance between precipitation and evapotranspiration was extensive. Although soil depths were less
than 2 m at their study site, these are otherwise generally similar soil and climatic characteristics to the Pied-
mont region, USA and other low relief landscapes across the globe. It is unknown, however, if similar separa-
tion between vertical and lateral subsurface flow path characteristics can be drawn from seasonal changes
in catchment storage state in other landscapes, such as the humid Piedmont region in the southeastern
U.S. More research is needed to understand the role of catchment storage state on the activation of subsur-
face flow paths in shallow and deep portions of the soil system.

In this study, we built on the work by Zimmer and McGlynn [2017a] and Zimmer and McGlynn [2017b] who
found that stream-groundwater head gradients in an ephemeral-to-intermittent drainage network at the
Duke Forest Research Watershed (North Carolina, USA) were bidirectional dependent on catchment storage
state. They found that when catchment storage was high, stream-groundwater head gradients were toward
the stream and when catchment storage was low, stream-groundwater head gradients were away from the
stream. A shallow, transient, perched water table was hypothesized to be the dominant runoff generation
process when deeper groundwater gradients were away from the stream and runoff was hypothesized to
be a significant source of groundwater recharge on an annual basis. Here we investigated the process driv-
ers of active surface drainage length and runoff during different catchment storage states and stream-
groundwater head gradients. We investigated how soil structure and stratigraphy across this low relief land-
scape coupled with regional climatic forcings could drive the hydrology of the catchment. Specifically, we
addressed the following questions:

1. How does the stratigraphy and depth of soils in low relief landscapes influence water flow paths and run-
off source areas?

2. What are the relative roles of a seasonally present, deep water table and shallow, transient, perched
water tables in runoff generation?

2. Methods and Site Description

2.1. Study Site
This study was conducted in a 3.3 ha catchment within the Duke Forest Research Watershed in the Pied-
mont region of North Carolina, USA (Figure 1). This site is a satellite site to the Calhoun Critical Zone

Water Resources Research 10.1002/2016WR019742

ZIMMER AND McGLYNN TEMPORARY RUNOFF GENERATION PROCESSES 3



Observatory located in the Piedmont region of South Carolina, USA. The catchment drains an ephemeral-to-
intermittent drainage network and the gently sloped terrain ranges in elevation from 182 to 208 m. Duke
Forest is characterized by a subtropical, humid climate with a mean annual temperature of 15.58C, mean
annual precipitation of 1136 mm yr21, and mean annual evapotranspiration of 720 mm yr21 [Novick et al.,
2016]. Daily evapotranspiration was estimated from historic 30 min latent heat flux values collected from an
eddy covariance flux tower located in the Duke Forest (Figure 2) [Novick et al., 2016]. Four years (2003–
2006) of the 8 year (2001–2008) latent heat flux collection period were used to calculate mean daily and
annual evapotranspiration values presented in this study. These years were selected because they exhibited
climatic and meteorological conditions most similar to the study period (e.g., removed drought years see
Supplementral Information S1). The climate regime is almost entirely rain dominated with no seasonality in
monthly precipitation (Figure 2) and a long growing season, typically from April to October (Figure 2). Forest
communities present are characteristic of the region, with natural and planted pine (predominately loblolly
pine, Pinus taeda) as well as many species of deciduous hardwoods, including oaks (Quercus spp.), hickories
(Carya spp.), elms (Ulmus spp.), red maple (Acer rubrum), sweetgum (Liquidambar styraciflua), and tulip pop-
lar (Liriodendron tulipifera). Forest age is approximately 80–100 years [Oishi et al., 2008]. Historical land use
activity included widespread agricultural practices, such as farming and tobacco production, which was
common across the region and occurring predominantly in the eighteenth through early twentieth centu-
ries [Richter et al., 1999].

2.2. Subsurface Characteristics
The catchment is located within the Carolina Slate Terrane, which is composed of fine-grained felsic, meta-
morphic rock [Bradley and Gay, 2005], overlain by Ultisol soils of the Georgeville silt loam series [Soil Survey
Staff Natural Resources Conservation Service, United States Department of Agriculture, 2016]. Based on hand-
augered installation of 12 wells to refusal depths across the catchment (Figure 1), soil depth is characterized
as nonuniform, with shallow soils in lower hillslopes (�1 m) and deeper soils in upper hillslopes (>9 m; Fig-
ure 3). Increasing soil depth away from the stream (e.g., Figure 3) is suggestive of a bedrock topography
that does not follow surface topography and is instead relatively horizontal. Similar observations of weath-
ered and unweathered bedrock topography were confirmed by geophysical techniques at the nearby Cal-
houn Critical Zone Observatory [St Clair et al., 2015].

Figure 1. Instrumentation map of 3.3 ha research catchment, with bottom inset map indicating location of Duke Forest in North Carolina,
USA, with shaded area indicating Piedmont physiographic region. Blue dashed lines indicate observed maximum extent of ephemeral
streamflow and blue solid line indicates observed maximum extent of intermittent streamflow. Groundwater transects used in this study
labeled as T1–T10 (convergent hillslope) and T2–T20 (zero order hollow).
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Vertical profiles of field-saturated hydraulic conductivity (Ksat; Figure 4 and Table 1) were characterized
through different methods for saturated and unsaturated soil conditions. A compact constant head permea-
meter (Ksat, Inc., North Carolina, USA) [Amoozegar, 1989] and Glover’s analytical solution [Elrick and Reynolds,
1992] were used to calculate Ksat at 15 cm depth intervals in unsaturated soil conditions. In saturated condi-
tions, bail tests in groundwater wells [Bouwer and Rice, 1976] were used to calculate an integrated Ksat mea-
surement across the screened interval where the water table was present (Figure 4 and Table 1). These
variable depth Ksat measurements were taken at one lower hillslope site and at one upper hillslope site
coincident with the groundwater well nest transect T1–T10 (Figures 1 and 3). These measurements showed
contrasting Ksat between the A and Bt horizons and the Bt and C horizons (Table 1 and Figure 4). This is in
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Figure 2. (a) Daily precipitation (blue bars), 3 day minimum volumetric water content (grey line) in the A horizon of a lower hillslope (T1), and daily evapotranspiration (black line) as
adapted from Novick et al. [2016]. (b) Runoff ratios (grey circles) with time series of runoff separated into base flow (light blue) and stormflow (black) components (methods adapted
from Hewlett and Hibbert [1963]). (c) Runoff in semilog scale to highlight seasonality in flow dynamics.

Figure 3. Cross section of T1–T10 , a groundwater well transect located along a characteristic convergent hillslope at the study site. Blue
rectangle designates stream location at base of hill. Dashed lines represent breaks in field-measured saturated hydraulic conductivity (see
Table 1), coincident with soil horizon interfaces and well installation depths. Refusal depth indicates depth of deepest well or piezometer
(piezometers not shown) at each nest. Each well is shown to depth of installation with screen interval represented by horizontal lines along
well length.
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agreement with the soil series
description by the Soil Survey
Staff Natural Resources Conser-
vation Service, United States
Department of Agriculture
[2016], which defined the local
Georgeville soil series to have
multiple argillic Bt horizons. For
example, at the upper hillslope
site (T10), Ksat shifted from
29.3 mm h21 in the A horizon
to an average 2.4 mm h21

across the Bt horizons (Table 1).
This break in Ksat has been
shown to limit the majority of
the rooting zone to the upper
35 cm [Oren et al., 1998]. Within
the Bt soil horizons, Ksat

decreased with depth, reaching
a profile minimum in the lower
Bt horizon of 0.2 mm h21 (Fig-
ure 4 and Table 2). Within the C
horizon/saprolite layer, Ksat

increased slightly from the
lower Bt horizon. Similar breaks
in Ksat coincident with soil hori-
zon interfaces were seen in the
lower hillslope measurement
site (T1), although the refusal
depth for sampling and well
installation was just below the
Bt/C horizon interface (Figure 4
and Table 1). Constant head
double ring infiltrometer
(Soilmoisture Equipment Corp.,
California, USA) experiments
[Johnson, 1963] yielded infiltra-
tion rates that exceeded precip-
itation intensities measured
during the study period.

2.3. Physical Hydrology
2.3.1. Active Surface Drainage Length Surveys
Active surface drainage length (ASDL) was recorded during 77 surface drainage network mapping campaigns
over a wide range of runoff magnitudes (Figures 5 and 6). Surveys were conducted seasonally, represented by
circles in Figure 5, as well as in high resolution snapshots across the rising and receding limbs of stormflow
hydrographs, as represented by triangles and diamonds in Figure 5. Each surface drainage network inventory
included a width measurement of the visible flow and a depth measurement in the thalweg at defined loca-
tions every 10 m along the network, from the catchment outlet to the farthest upstream presence of surface
flow. This included flow within the geomorphic channel extent, which was characterized by an incised channel
with banks and a definable channel head, as well as any observed overland flow beyond the geomorphic chan-
nel head. The geomorphic channel network length was 124 m and consisted of one unbranched channel.
Overland flow beyond the channel originated at the channel head as well as at the beginning of a zero order
hollow that intersected the main channel roughly 110 m upstream of the catchment outlet (Figure 1). These
ephemeral surface flow paths showed presence of displaced leaves and debris, but with only minor sediment
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displacement and no discernable channel head. Within each 10 m survey interval, the degree of stream con-
nectedness was recorded, i.e., how many meters of the 10 m survey length had surface flow (0–10 m scale). For
each 10 m section, if the degree of stream connectedness was greater than 5 m, that section was categorized
as fully connected, as macropores and other subterranean features often connected surface flow over short dis-
tances. For each surface drainage network inventory, the total active surface drainage length was calculated by
summing each consecutive 10 m section length with flowing stream water (Figure 5).
2.3.2. Precipitation and Runoff Measurements
Precipitation and throughfall at 5 min intervals were recorded using 0.1 mm increment tipping buckets
(Campbell Scientific, USA). Throughfall was recorded near the catchment outlet (Figure 1), while direct precipi-
tation was recorded in a forest clearing 200 m outside the catchment (not pictured in Figure 1). Due to a small
spatial area, with minimal potential for orographic effects and small spatial scale heterogeneity (e.g., small
scale convective cells), precipitation was assumed uniform across the study catchment. As canopy intercep-
tion causes throughfall to be spatially variable, the precipitation time series was used in this study. Stage level
in the stilling well of a 0.9144 m (3 ft) H flume located at the catchment outlet was recorded every 5 min using
a Tru Track Inc. (61 mm resolution, New Zealand) capacitance water level recorder. Manual measurements of
flume stage were conducted monthly using visual stage readings to corroborate capacitance rod measure-
ments. Stage was converted to runoff using the conversion equation related to the specific flume geometry
[U.S. Department of Agriculture, 1972] and confirmed with periodic instantaneous runoff measurements.

2.3.3. Groundwater Measurements
Groundwater dynamics were monitored at
5 min intervals in 12 nests of variable
depth wells and piezometers using a com-
bination of capacitance rods (Tru Track,
New Zealand) and pressure transducers
(60.1 mm resolution, Solinst, USA). The
well nests were distributed across a range
of landscape positions, including lower hill-
slope, mid hillslope, and upper hillslope
locations in valley hollows and convergent
and planar hillslopes (Figure 1). At each
nest, wells were installed to the A/Bt hori-
zon interface (�25 cm depth, coincident
with a sharp decrease in Ksat) and to a

Table 1. Clay Content (%) and Saturated Hydraulic Conductivity (Ksat, mm/h) for Select Soil Depth Intervals in the Soil Profile of a Char-
acteristic Lower Hillslope (T1) and Upper Hillslope (T10 ; see Figure 1 for Site Location)a

Depth Interval
(m)

Approximate Soil
Horizon Depth

Lower Hillslope Upper Hillslope

Clay Content (%) Ksat (mm/h) Clay Content (%) Ksat (mm/h)

0–0.15 A 5 47.5 15 29.3
0.15–0.30 A/Bt 13 4.2 21 4.4

0.30–0.45 14 1.5 42 1.8
0.45–0.60 14 0.2 43 1.7
0.60–0.75 Bt 14 0.5 41 1.8
0.75–0.90 8 0.6 40 0.2
0.90–1.05 4 5.5* 39 0.3

1.05–1.50 C Refusal depth 34 0.3
1.50–2.00 20
2.00–3.00 25 0.4

3.00–4.00 Saprolite/weathered
bedrock

27

4.00–5.00 16 1.9*
5.00–6.00 18
6.00–7.00 21 1.2

aDepth to refusal was indicative of the upper bedrock weathering front. All Ksat measurements were from a constant head permea-
meter, except those designated with an asterisk, which were measured from bail tests. See Figure 4 for vertical range of subsurface
covered in bail tests.

Table 2. Characteristics for Two Representative Precipitation Events
Highlighted in This Studya

Event Characteristics

Event 1: March
2015

High Storage State

Event 2: October
2015

Low Storage State

Antecedent VWC (%) 30 13
Rainfall amount (mm) 19.8 86.6
Max hourly intensity (mm/h) 5.7 14.6
Max 5 min intensity (mm/5 min) 1.3 2.2
Stormflow (mm) 14.8 15.0
Runoff ratio 0.74 0.18
% exceedance (peak flow)

Oct 2014 to Jun 2016
2.8 2.1

aAntecedent water content was defined as three day average prior to
the event.
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refusal depth (upper bedrock weathering
front, depth variable; Figure 3). Piezometers
were coupled with the deepest well at each
nest (Figure 3). All piezometers were solid
PVC pipe open at the bottom, while wells
were fully screened to within 10 cm of the
ground surface. In locations where the refusal
depth exceeded 3 m, intermediate wells were
installed to �1 m depth, which was approxi-
mately at the Bt/C horizon interface. In those
locations, the deepest well was screened to
1 m of the ground surface to isolate the
deeper groundwater signal from any shallow
flow paths. Data reported in this study were
collected from 1 October 2014 through June
2016, with specific focus on two precipitation
events with contrasting catchment storage
states. For simplicity, data from 5 of the 12
groundwater nests installed in the catchment
were used in this study (highlighted in Figure
1). These nests captured shallow groundwater
dynamics along transects installed in charac-
teristic geomorphic landscape features, spe-
cifically a convergent hillslope (Transect T1;
Figures 1 and 3) and a zero order hollow
(Transect T2; Figure 1). The zero order hollow
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tions when active surface drainage length surveys were conducted. The
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events highlighted in this study and introduced in section 3.4 and
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was characterized as a convergent hillslope with
enough upslope area to accumulate surface
drainage that could displace leaves and debris.
2.3.4. Hydrologic Metric Calculations
2.3.4.1. Catchment Storage State
Catchment storage state was defined as high,
low, or transitional based on seasonal evapo-
transpiration, soil moisture, and runoff dynamics.
Daily evapotranspiration was averaged from 4
years of data (2003–2006; see section 2.1) col-
lected every 30 min from an eddy covariance
flux tower located in the Duke Forest [Novick
et al., 2016]. At the lower hillslope zone of T1, a
12 cm soil water content reflectometer (Camp-
bell Scientific, USA) was installed vertically from
5 to 17 cm depth below ground to capture shal-
low soil water content dynamics at 5 min inter-
vals. Shallow soil water content was filtered to a
3 day antecedent minimum to represent gener-
alized catchment storage state conditions (Fig-
ure 2). A relatively short window was used for
calculating the representative shallow soil water
content in order to correspond with the flashy
nature of the system.

Soil moisture was high and runoff was seasonally persistent (i.e., intermittent flow) at the catchment outlet
when evapotranspiration was low. This occurred approximately between midwinter and early summer each
year and catchment storage state was classified as high (Figure 2). Soil moisture was low and runoff at the
catchment outlet only occurred in direct response to precipitation (i.e., ephemeral flow) when evapotranspi-
ration was high (Figure 2). This occurred early summer to midwinter and catchment storage state was classi-
fied as low. The transitional periods between high and low catchment storage states were minor and
referred to the brief period when groundwater and stream levels dropped or rose between states (Figure
2). More details on these catchment storage state dynamics, including detailed discussion of resulting
stream-groundwater head gradients, can be found in Zimmer and McGlynn [2017b].
2.3.4.2. Hydrograph Separation
Hydrograph separation of base flow and stormflow components was conducted for the period when catch-
ment storage state was high and runoff was persistent (Figures 2 and 7). For the rest of the year, when stor-
age state was low and runoff occurred solely in response to precipitation, any runoff that occurred was
assumed to be entirely composed of stormflow. For the applicable time periods, methods presented by
Hewlett and Hibbert [1966] were adapted to separate base flow from stormflow. Specifically, a linear increase
(0.00012 mm h21) in base flow contributions was used for each 5 min time step during each hydrograph
response to a precipitation event. For each precipitation event, the stormflow component ceased when
base flow contributions intersected the hydrograph on the receding limb. All runoff between precipitation
events was assumed to be composed entirely of base flow contributions.
2.3.4.3. Runoff Ratios and Recession Rates
Runoff ratios (stormflow/precipitation) were calculated for 75 precipitation events (>8 mm input with
>12 h between precipitation events in order to accurately isolate individual stormflow hydrographs), where
stormflow was represented by total runoff minus base flow (see section 2.3.4.2 for base flow calculations).
Hydrograph recession rates were calculated for a subset of events following the methods outlined by
Brutsaert and Nieber [1977]. Only events with no additional precipitation inputs after the peak of the storm
hydrograph were used (32 events) so that recession rates were not impacted by new precipitation inputs.
The period used for recession rate analysis for each event was from the hydrograph peak to the end of the
stormflow hydrograph, either defined as when one or more of the following criterion were met: runoff
ceased when base flow was not present, runoff decreased to 120% of prestorm magnitudes when base
flow was present, or precipitation from the next event occurred. Of the 32 precipitation events used for this
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instantaneous runoff across the stormflow hydrograph recessions of
32 precipitation events during the study period (section 2.3.4.3 for
details on event selection). Color gradient represents the general
catchment storage state during each event.
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analysis, 10 occurred when catchment storage state was low (no base flow), 17 when storage state was
high (base flow was present), and 5 occurred in transitional periods. Transitional periods occurred when
flow was not persistent (no or minimal base flow), but runoff was fed by the deeper groundwater system.
This characteristic is described in further details in section 3.

3. Results

3.1. Active Surface Drainage Length
From 77 surface drainage mapping campaigns, measured active surface drainage length (ASDL) ranged
between 0 when the stream channel was dry and 286 m at its observed maximum extent (Figure 5). Surveys
occurred across a wide range of flow conditions, represented by flow exceedance probabilities from 0.07 to
58%, where percentages above 58 represented periods when runoff was nonexistent (Figure 6).

Runoff was positively correlated to ASDL (r2 5 0.81, nonlinear regression in the form of an exponential rise
to maximum). At the longer observed ASDLs (>280 m), a wide range of runoff values were recorded (Figure
5). The geomorphic channel network (defined in section 2.3.1) was 124 m long; ASDL measurements greater
than 124 m generally represented ephemeral saturated overland flow beyond the geomorphic channel net-
work. Some minor scatter in the relationship between ASDL and runoff occurred when runoff was between
0.1 and 1.0 mm h21 and ASDL was between 124 and 268 m (Figure 5b). This scatter resulted from counter-
clockwise hysteretic behavior between ASDL and runoff across individual stormflow hydrographs. In two of
the three high temporal resolution snapshots of ASDL during precipitation events, ASDL was higher on the
receding limb than on the rising limb (e.g., triangles in Figure 5b). These two precipitation events occurred
when catchment storage state was high. The other high temporal resolution snapshot mapping campaign
that occurred during a precipitation event when catchment storage state was low showed no hysteretic
behavior in the ASDL-runoff relationship (diamonds in Figure 5b).

3.2. Seasonal Catchment Storage, Soil Moisture, and Runoff Dynamics
With a lack of seasonality in monthly precipitation, changes in catchment storage state were largely driven
by evapotranspiration (Figure 2). During the dormant season, approximately November–February, evapo-
transpiration rates were low, which allowed for soil moisture accumulation (Figure 2). During the growing
season, approximately March–October, evapotranspiration rates were higher, which lowered soil moisture
(Figure 2). This seasonality in evapotranspiration produced two dominating catchment storage states (high
or low) with rapid transitional periods (Figure 2).

The evapotranspiration-controlled catchment storage state produced seasonality in runoff persistence, run-
off ratios (Figure 2), and recession characteristics (Figure 7). Runoff at the catchment outlet was seasonally
persistent (i.e., intermittent flow) from midwinter to late spring (Figure 2), when catchment storage state
was high. During this period, any interstorm runoff was considered base flow, which composed 35 and 24%
of total runoff during the 2014 and 2015 winters, respectively. During the rest of the year when catchment
storage state was low, runoff at the catchment outlet was ephemeral and 100% of runoff was considered
stormflow.

Runoff ratios from 75 precipitation events ranged from 0.08 to 1.2, with a strong seasonal pattern (Figure 2).
Runoff ratios were generally low when catchment storage state was low and high when the storage state
was high (Figure 2). Large ratios above 1 (more runoff than precipitation during an event) occurred due to
several large successive precipitation events when catchment storage state was high. Hydrograph recession
rates for a subset of 32 precipitation events were greater during events that occurred when catchment stor-
age state was low when compared to events that occurred when storage state was transitional or high
(Figure 7).

While recession characteristics and runoff ratios varied dependent on catchment storage state, similar
stormflow magnitudes were produced from a wide range of precipitation amounts and intensities (Figure
8). Inversely, similar precipitation amounts produced a wide range in stormflow magnitudes. For example,
the dashed lines across Figure 8 highlight several events that had similar precipitation amounts, but
resulted in a wide range in runoff, or a wide range in precipitation with similar runoff magnitudes. Storm
intensity across 5 min, 15 min, and hourly periods did not play an apparent role in controlling these
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patterns and discrepancies, as shown by the var-
iation in circle size in Figure 8, which repre-
sented maximum hourly precipitation intensity
for each event.

3.3. Shallow and Deep Water Table
Partitioning
3.3.1. Seasonally Persistent Water Table
The height of the water table was strongly con-
trolled by evapotranspiration (Figures 2 and 9).
Catchment storage state increased due to
decreased evapotranspiration (Figure 9), which
allowed recharge of precipitation and soil water
to the water table. This was reflected in the sea-
sonal rise in groundwater levels in the deep
wells (dark lines in Figure 9). During periods
when the water table was present in the hand-
augered wells, runoff was persistent (Figure 2)
and hillslope groundwater head gradients were
toward the stream, as evident in Figure 9 and
described by Zimmer and McGlynn [2017a] and
Zimmer and McGlynn [2017b]

When evapotranspiration rates increased in late
spring, the catchment storage state decreased
(Figure 2), the seasonal water table in the deeper
wells dropped (dark lines in Figure 9), and runoff
at the outlet became ephemeral, in that runoff
occurred only in direct response to precipitation
(Figure 2). During this period, groundwater head

gradients were away from the stream, as evident in Figure 9 and discussed in Zimmer and McGlynn [2017a]
and Zimmer and McGlynn [2017b]. Once the seasonal water table dropped below the deepest wells in the
mid and upper hillslope wells, it did not rise back into the wells until the start of the next dormant season,
when evapotranspiration decreased again (dark lines in Figure 9). In the lower hillslope well nests, there
was minimal groundwater response to precipitation inputs in the deeper well when catchment storage
state was low (dark line in Figure 9).
3.3.2. Shallow, Transient, Perched Water Table
While the wells installed to refusal depths captured the seasonal rise and fall of the water table, wells in the
intermediate and upper soil horizons captured shallow, transient, perched water table dynamics (Figure 9).
These shallow flow paths activated in response to both increased seasonal catchment storage state and
individual precipitation events (Figure 9). Due to strong contrasts in Ksat between soil horizons (Table 1 and
Figure 4), evidence of a shallow, transient, perched water table occurred both at the A/Bt and Bt/C horizon
interfaces (Figure 9). This perching behavior was seen in shallow wells at every landscape position, as dem-
onstrated in the lower, mid, and upper hillslope well nests of T1–T10 (Figure 9).

When catchment storage state was low and runoff at the catchment outlet only occurred in direct response
to precipitation inputs (i.e., ephemeral runoff), the seasonal water table was below the bedrock weathering
front and did not contribute to runoff (Figure 9). During that time, any groundwater seen in hillslopes was
transient and perched at the A/Bt and Bt/C soil horizon interfaces in direct response to precipitation inputs
(Figure 9). When catchment storage state was high, the deeper water table rose into the upper soil horizons
at the lower and mid hillslope well nests. Due to this elevated water table, there was no perching of tran-
sient water tables in these landscape positions when catchment storage was high. Instead, groundwater
was continuous with depth. In the upper hillslopes, however, the water table never rose above the saprolite
and into the upper soil horizons where the shallow, transient, perched water tables were located. This pro-
duced consistently disconnected shallow and deep groundwater flow paths in the upper hillslopes, regard-
less of catchment storage state (Figure 9) [see Zimmer and McGlynn, 2017a for more details]. That said, the

Figure 8. Total precipitation versus stormflow (total runoff-base flow)
for 75 precipitation events that occurred during the study period.
Circle sizes were scaled to the maximum hourly precipitation
intensity for each event. The blue and red circles represent the
precipitation Events 1 and 2, respectively, highlighted in this study.
Horizontal dashed line highlights similar stormflow magnitudes for a
wide range in precipitation amounts and vertical dashed line
highlights similar precipitation totals for a wide range in runoff.
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intermediate well installed to 1 m depth (�Bt/C horizon interface) at the upper hillslope of T10 showed a
perched, seasonal water table (e.g., sustained interstorm saturation), not just a transient, storm-derived,
perched water table as seen in wells installed to the A/Bt horizon in other landscape positions.
3.3.3. Runoff Response to Water Table Development
Results showed distinct differences in the relationships between runoff and the water levels of both the sea-
sonally persistent, deep water table and the shallow, transient, perched water table. To highlight these dif-
ferences, data from the groundwater levels in the deep and shallow wells at the upper hillslope well nest
along the T1–T10 transect are presented in Figure 10 (Figure 1 for location). In the deep well, which captured
seasonal dynamics of the deeper water table, substantial runoff occurred with or without contributions
from this deeper water table (Figure 10). Further, while the rise of this deeper water table was driven by
catchment storage state, high runoff occurred at a range of catchment storage states and water levels (Fig-
ure 10). In contrast, in the shallow well, which captured the shallow, perched water table at the Bt/C horizon
interface, presence of this water table was necessary for substantial runoff (Figure 10). This relationship was
not necessarily driven by catchment storage state, as high water levels and runoff occurred across a range
of storage states.

3.4. Runoff and Groundwater Dynamics in Contrasting Catchment Storage States
The next two sections describe the different shallow and deep groundwater dynamics that produced similar
runoff magnitudes across two distinct precipitation events with contrasting catchment storage states. Event
1 was a midintensity precipitation event that occurred when catchment storage state was high and was
characteristic of precipitation events that occur during the dormant season in the Piedmont, when evapo-
transpiration is low (Table 2). Event 2 was a higher intensity precipitation event that occurred when catch-
ment storage state was low, representative of precipitation events that occur during the active growing
season in the Piedmont, when evapotranspiration is high (Table 2).
3.4.1. Precipitation Event During a High Catchment Storage State
A precipitation event (Event 1) in March 2015 was intensively monitored when the deep water table was
elevated, catchment storage was high, and base flow was present (Table 2). Precipitation intensity was
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Figure 9. (top row) Time series of daily precipitation and runoff at catchment outlet. Runoff time series is shown in semilog space to highlight runoff seasonality. (bottom row) Time
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relatively uniform across the
event period (Figure 11 and
Table 2). Prior to the event, run-
off was present longitudinally
across the entire geomorphic
channel network for an active
surface drainage length (ASDL)
of 124 m. During the event, the
ASDL expanded beyond the
geomorphic channel network as
saturated overland flow in 2
zero order hollows beyond the
channel head to a maximum
ASDL of 286 m. After stormflow
ceased, the ASDL receded back
to 124 m (Figures 5 and 11).

Prior to the precipitation event,
the seasonal water table was
elevated well into the upper soil
horizons across the lower hill-
slopes (Figure 11). In the lower
hillslope nests (T1 and T2), the
water table was elevated into
the zone of the shallow wells
(�25 cm depth). As a result,
there was no perched water
table present at these locations
during the precipitation event.
In the upper hillslope ground-
water (T10 and T20), the deeper
water table was disconnected

from the shallower water table (Figure 11). As a result, there were perched water tables in the upper hill-
slopes of the catchment before, during, and after the precipitation event.

At the lower hillslope well nest (T1), groundwater levels rose above the ground surface, which produced
saturation-excess overland flow (Figure 11). The shallow flow paths at the upper hillslope well nests (T10

and T20) were at the soil surface, suggesting saturation-excess overland flow across upper hillslopes in the
catchment may have occurred, although it was not observed in person. In all well nests, the initial ground-
water response was simultaneous with the initial runoff response (Figure 11). Macropore flow was a poten-
tial driver of rapid groundwater response at depth, however macropore flow observations did not occur in
this study. Overall, groundwater levels had a more subdued response to precipitation inputs than the
stream hydrograph. In most wells, groundwater plateaued before the storm hydrograph peaked (Figure 11).
In the lower hillslope well nests, groundwater levels receded to preevent levels within the time frame of the
hydrograph recession. In the upper hillslope well nests, groundwater levels took up to 3 days to recede
back to preevent levels (Figure 11).
3.4.2. Precipitation Event During a Low Catchment Storage State
An additional precipitation event (Event 2) was intensively monitored in October 2015, when the seasonal
water table was below the deepest well depth, catchment storage was low, and base flow was not present
(Table 2 and Figure 11). Storm intensity was variable throughout the event period, which resulted in several
hydrograph peaks (Figure 11). Prior to the event, runoff was absent and the ASDL was 0 m. During the
event, the ASDL expanded beyond the geomorphic channel as overland flow up the zero order hollows to
an observed maximum length of 265 m (Figures 5 and 11).

Before the precipitation event, groundwater was absent in all wells except the intermediate well (installa-
tion to �Bt/C horizon) in the upper hillslope nest of the T1–T10 transect (Figure 11). Both shallow and deep
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water tables responded to the precipitation event but stayed vertically isolated from each other (Figure 11).
The water table in the deeper wells at the lower hillslope locations (T1 and T2) responded to precipitation
before the perched water table in the shallow wells. In contrast, the perched water table in the shallow well
at the upper hillslope well nest (T20) responded to precipitation before the deeper water table and there
was no deep water table response at the upper hillslope (T10). The shallow and intermediate wells at the
upper hillslope nest in T1–T10 were vertically connected. In all shallow and deep wells in the T2–T20 transect,
groundwater response was flashy and responsive to increases in precipitation intensities (Figure 11). The
deeper well in the lower hillslope of T1–T10 transect had a subdued response to precipitation inputs. Across
all nests, the perched shallow water table was only active when the stream was active, while groundwater
levels in the deeper wells declined until the next precipitation event, which occurred 5 days after runoff
ceased.

4. Discussion

To date, the majority of our understanding of runoff processes has originated from studies that were con-
ducted in steep landscapes with shallow soils. In addition, few studies have linked knowledge about runoff
generation processes to the longitudinal expansion of stream networks. We sought to address this by
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investigating the runoff generation processes leading to ephemeral and intermittent runoff and surface
drainage expansion in a poorly understood, deeply weathered, low relief landscape. We observed process
equifinality in that we observed a consistent relationship between active surface drainage length (ASDL)
and runoff despite large variability in internal flow path mechanisms, precipitation magnitudes and intensi-
ties, and catchment storage states (Figures 6 and 8). Here we discuss and provide explanations, summarized
by a conceptual diagram, for the mechanisms driving process equifinality in the generation and characteris-
tics of intermittent and ephemeral runoff.

4.1. Shallow Flow Paths Drive Runoff-Active Surface Drainage Length Relationship
The ability to predict ASDL based on geomorphic or hydrologic parameters is a task researchers have
attempted to address for decades [Carlston, 1963; Blyth and Rodda, 1973; Dingman, 1978], due in part to the
tremendous ecological significance of these network dynamics [Stanley et al., 1997; Larned et al., 2010]. To
many, streams are conceptualized as a surficial expression of local groundwater [Winter et al., 1998; Bencala
et al., 2011], thus monitoring and predicting ASDL expansion and contraction can also provide insight into
subsurface processes [e.g., Godsey and Kirchner, 2014; Shaw, 2015].

Based on data collected from 77 ASDL mapping campaigns across the study period, we observed that ASDL
was nonlinearly correlated to runoff (r2 5 0.81; Figure 5). This ASDL-runoff relationship was not necessarily
dependent on catchment storage state, as both low and high catchment storage states were represented
across a wide range of ASDLs. As runoff increased from 0 to 0.2 mm h21, ASDL rapidly increased from 0 to
124 m, which marked the full extent of the geomorphic channel network. Activation of surface flow beyond
the geomorphic channel extent and into zero order hollows (>124 m ASDL) was coincident with substantial
increases in runoff (Figure 5). Beyond 124 m of ASDL, we observed an increasing rate of runoff per meter of
channel extension. We liken this behavior to the transmissivity feedback mechanism of runoff generation
seen in shallow soil horizons, where runoff can increase markedly as the water table rises into highly trans-
missive soil layers [Bishop, 1991]. The observed logarithmic relationship with a maximum ASDL suggests
that increasing precipitation and widespread shallow subsurface and/or overland flow paths rapidly deliv-
ered water to the stream channel leading to increased runoff [Brown et al., 1999]. With recent attention
focused on the form and function of temporary streams [Acu~na et al., 2014], these results provide valuable
insight into the predictability of temporary stream activation through a commonly measured parameter,
runoff. However, we do not yet know if or how this relationship might change with increasing catchment
size and we suggest that more work is needed on this topic.

There was scatter in the ASDL-runoff relationship at intermediate ASDL values (�124–268 m), which we
attributed to observed counterclockwise hysteresis between ASDL and runoff recorded across individual
precipitation events (Figure 5). This counterclockwise event hysteresis only occurred when catchment stor-
age was high; there was no hysteretic pattern when catchment storage was low. We attributed this hystere-
sis to changes in subsurface flow path contributions across the storm hydrographs. On the rising limb of
the stormflow hydrograph, shallow, rapid flow paths were activated, which we showed in two events with
contrasting storage states in Figure 11. The shallow flow path contributions were either from shallow, tran-
sient, perched water table activation when catchment storage state was low (Event 2) or from the rising of
the deeper water table into more transmissive, shallow soil horizons when catchment storage state was
high (Event 1). This interpretation is consistent with other studies that have shown that shallow perched
water tables in an array of landscapes can deliver water to the stream rapidly at the onset of precipitation
events [Brown et al., 1999; Kinner and Stallard, 2004; de Moraes et al., 2006]. On the receding limb of the
stormflow hydrographs, the shallow flow path contributions decreased as the water tables dropped. When
catchment storage was high, the slower, potentially more spatially expansive deeper water table still con-
tributed to runoff even after shallow flow paths ceased. This caused higher ASDLs on the receding limb of
the storm hydrograph. When storage state was low, the deeper water table was not a substantial contribu-
tor to runoff (e.g., Figure 11), therefore, there was no hysteretic behavior in the ASDL-runoff relationship
when catchment storage was low.

4.2. Event Recession Rates Highlight Shifting Streamflow Contributions With Storage State
Our results highlighted that dominant runoff contributions shift as the catchment storage state shifts.
When storage is high, runoff contributions are some combination of both perched, shallow and deep
water tables. When storage state is low, runoff contributions are dominated predominantly by shallow,
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transient, perched water tables (e.g., Figures 10 and 11). We argued previously that this difference in
flow path dominance drove minor hysteresis seen in ASDL-runoff relationships for individual precipita-
tion events, in that the presence of both deeper water table and shallow flow path contributions pro-
duced counterclockwise hysteresis (Figure 5). These two water sources contributed different amounts to
runoff at disparate times throughout the storm hydrograph, producing this hysteresis pattern. These
observations were further supported by sharp differences in hydrograph recession characteristics
between precipitation events that occurred across a range of storage states (Figure 7). Results from a
hydrograph recession analysis showed consistently faster recession rates when catchment storage was
low relative to when storage was high (Figure 7). This is consistent with our interpretation that deeper,
slower contributing flow paths were not dominant water sources during drier periods. Instead, shallow
flow paths located in more transmissive soil horizons drove stormflow when catchment storage was low.
This difference is also evident in the hydrograph recessions of the precipitation events with contrasting
catchment storage states highlighted in Figure 11.

4.3. Summary of Mechanisms for Nonperennial Runoff Generation
4.3.1. Climatic Forcing Drives Seasonal Differences in Internal Catchment Runoff Generation
Processes
Our results showed that runoff at the catchment outlet was seasonally persistent (i.e., intermittent flow) due
to continual contributions from the deeper water table when catchment storage was high (Figures 2 and 9).
When catchment storage state was low, ephemeral runoff occurred at the catchment outlet due to transient
contributions from a shallow, perched water table activated by precipitation (Figures 2 and 9). While runoff
occurred with or without a measureable rise in the deeper water table, shallow flow path activation was
consistently coincident with runoff activation (Figure 10). We observed that climatic forcings that mediated
evapotranspiration drove these seasonal water table and runoff dynamics.

Shallow soil moisture has been shown to often display either a wet or dry state, with a minimal transitional
period bridging the two states [Grayson et al., 1997]. This temporal soil moisture pattern can be used as a
proxy to represent catchment storage state. At our site, catchment storage state was driven by seasonal
evapotranspiration (Figure 2). As a result, the shallow soil moisture, the deeper water table, and the persis-
tence of runoff displayed a pattern that reflected seasonal evapotranspiration (Figures 2 and 9).

When catchment storage state was high, the deep water table rose and contributed substantially to sustain
runoff (Figures 9 and 10). During precipitation events, this water table rose further still, entering the upper,
more transmissive portions of the soil profile (Figure 11), where rapid lateral subsurface flow could occur.
This ‘‘transmissivity feedback’’ mechanism has been demonstrated in several benchmark studies [Lundin,
1982; Bishop, 1991; Kendall et al., 1999]. We believe this mechanism also drove the asymptotic relationship
between ASDL and runoff described earlier (Figure 5). Evidence of this mechanism was clear in Event 1 (sec-
tion 3.4.1; Figure 11), where groundwater responses were coincident in the shallow and deep wells in lower
hillslope locations, suggesting no perching occurred. Runoff and groundwater had simultaneous initial
responses to precipitation inputs, but water table levels plateaued while runoff continued to increase. This
suggested subsurface flow was more rapid in the upper soil horizons due to high Ksat values (Figure 4) in
accordance with the transmissivity feedback mechanism of stormflow generation.

As catchment storage state decreased, the deep water table declined and eventually ceased contributions
to runoff (Figures 9 and 10). During this period, streamflow and groundwater activation were only observed
in direct response to precipitation events (Figures 2 and 9). Zimmer and McGlynn [2017a] and Zimmer and
McGlynn [2017b] showed in these periods, when runoff and groundwater were activated, the groundwater
gradient was away from the stream, leading to streamflow enhanced groundwater recharge. During these
periods, the shallow, transient, perched water table was observed at multiple depths (A/Bt and Bt/C horizon
interfaces) in the soil profile across the upper hillslopes in direct response to precipitation (Figure 9). During
Event 2 (section 3.4.2), the shallow water table stayed disconnected from the deeper water table in every
landscape position (Figure 11). Further, the shallow groundwater dynamics mirrored runoff dynamics, which
suggested a tightly coupled system with rapid hillslope contributions to the stream. This was confirmed by
the steeper recession characteristics for stormflow hydrographs that occurred when catchment storage
state was low (Figure 7). It is clear the interaction of climate induced catchment storage state and subsur-
face soil structure (Figure 4 and Table 1) played a significant role in these observations.
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4.3.2. Soil Characteristics Drive Internal Catchment Runoff Generation Processes
In this study, we observed process equifinality in that the mechanisms producing shallow flow paths varied
seasonally, either due to perching when catchment storage was low or to a rise in the deep water table into
the shallow, transmissive soil horizons when catchment storage was high. These shallow flow paths had a
significant influence on runoff response, independent of catchment storage state. Figure 10 highlighted
this relationship for one well nest at an upper hillslope location, however this relationship was consistent
across all 12 well nests distributed throughout the catchment. Based on these observed hydrometric
responses across the landscape, we determined that shallow flow paths created a hillslope-riparian-stream
connection that is relatively common and independent of catchment storage state and deeper groundwa-
ter levels. This observation stands in contrast to several studies that have shown connectivity was limited to
brief periods when catchment storage state was high [McGlynn and McDonnell, 2003; Jencso et al., 2009;
Tromp-van Meerveld and McDonnell, 2006; Detty and McGuire, 2010]. In those studies, hillslope-stream con-
nectivity was determined based on the establishment of a water table that originated at or below the soil-
bedrock interface. In contrast, in this study the activation of shallow flow paths allowed for hillslope connec-
tivity to occur independent of the presence of the deeper water table.

Development of shallow flow paths was possible due to the soil stratigraphy and structure in this highly
weathered landscape (Table 1 and Figure 4). Based on our soil characterization (see section 2.2), we
observed abrupt decreases in Ksat at soil horizon breaks, specifically at the A/Bt and Bt/C horizon interfaces
(Table 1 and Figure 4). These rapid decreases in Ksat promoted development of shallow, transient, perched
water in response to precipitation events in the lower hillslopes when catchment storage state was low and
throughout the year in the upper hillslopes (Figure 9). The development of transient, perched water tables
due to vertically nonuniform soil characteristics has been linked to catchment runoff responses in several
other studies [Betson and Marius, 1969; Miller et al., 1971; Kirkby and Chorley, 1967; Scanlon et al., 2000;
Needelman et al., 2004; McDaniel et al., 2008; Heller and Kleber, 2016]. Elsenbeer [2001] advanced the concept
of hydrologic end members for highly weathered soils by categorizing soil types by whether or not they
promote shallow flow path partitioning. Included in this conceptual model were Ultisols, which are the
dominant soil order in the Piedmont region of the southeastern U.S. Elsenbeer [2001] classified Ultisols as
having rapid and laterally focused flow paths due to an increase in clay content and decrease in Ksat with
depth, which is in alignment with the soil characteristics measurements from our subtropical Piedmont field
site. Elsenbeer [2001] called for more research in order to connect the presence of shallow flow paths to run-
off generation dynamics. Researchers have begun to address this challenge [e.g., Kinner and Stallard, 2004;
Crespo et al., 2011]. For instance, Johnson et al. [2006] and Godsey et al. [2004] conceptualized hydrologic
flow path partitioning in weathered soils by relating and differentiating rapid, transient shallow flow paths
from deeper, slower flow paths in tropical landscapes. However, few studies include direct observation of
internal processes, especially across contrasting regions, climates, and storage states. To address this, we
summarized our results in a conceptual model of temporary (e.g., intermittent and ephemeral) runoff gener-
ation mechanisms for low relief landscapes with deep soil. We aimed to not only further conceptualize the
hydrologic flow paths in weathered soils, but to extend this conceptualization to include the influences of
climate and catchment storage on hydrologic flow paths and to the resulting active surface drainage length
and runoff dynamics.

4.4. Conceptual Model of Ephemeral and Intermittent Runoff Generation Mechanisms in a Low Relief,
Highly Weathered Landscape
Here we present a conceptual model (Figure 12) in order to summarize the results of our work in the con-
text of the two research questions we sought to address in this study (see section 1). Our results showed
that seasonal evapotranspiration produced two dominant catchment storage states, either high (Figure
12a) or low (Figure 12b). Within each storage state, we saw different dominating runoff generation mecha-
nisms that produced process equifinality and distinct runoff characteristics. When catchment storage was
high (Figure 12a), flow originated from both shallow and deep sources (Figures 9–11), which produced per-
sistent runoff at the catchment outlet (i.e., intermittent streamflow; Figure 2). Zimmer and McGlynn [2017a]
and Zimmer and McGlynn [2017b] demonstrated stream-groundwater head gradients were consistently
toward the stream during this period.

When catchment storage was low (Figure 12b), runoff at the outlet occurred only in direct response to precipi-
tation events (i.e., ephemeral flow; Figure 2). Zimmer and McGlynn [2017a] and Zimmer and McGlynn [2017b]
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demonstrated that stream-groundwater head gradients were consistently away from the stream during this
period. Those results suggested an alternative water source apart from the seasonal water table must be gener-
ating streamflow. Our results confirmed this hypothesis by showing that runoff was driven by soil structure-
mediated perching of transient, shallow water tables (Figures 9–11). With no deep water table contributions to
runoff, the activation and magnitude of shallow flow paths depended on the intensity, timing, and magnitude
of precipitation events (Figure 9). In either storage state, a strong logarithmic relationship between runoff and
active surface drainage length (r2 5 0.81; Figure 5) was driven by activation of shallow flow paths (Figures 11
and 12c).

5. Implications

5.1. Catchment Biogeochemistry Controlled by Internal Catchment Dynamics
From our results, we concluded that shallow flow paths dominated runoff responses and surface drainage
network expansion and contraction in this low relief landscape. We believe these results may help inform
future runoff generation studies in landscapes with vertically nonuniform soils, resulting either naturally
from pedogenesis or from human-induced landscape change. In addition, this new understanding of pro-
cess equifinality in systems with dominant flow paths driven by soil structure could help explain observed
stream biogeochemistry patterns.

Researchers have shown that substantial portions of annual solute export from catchments occur during
precipitation events [Inamdar et al., 2004; Hinton et al., 1997; Creed and Band, 1998]. This is often due to an
increase in the water table height in response to precipitation inputs, which can interact with and flush
materials, nutrients, and solutes from a relatively rich pool in shallow soil horizons [Hornberger et al., 1994;
Pacific et al., 2010]. In landscapes with steep slopes and thin soils, this shallow flow path activation is

Figure 12. Conceptual model of the runoff generation sources and processes that drive runoff when catchment storage is either high or low. (a) When catchment storage is high,
shallow and deep flow paths are contributing to runoff generation through (c) a rise in the deep water table into shallow soil horizons mediated by seasonal soil column storage. During
this time, the stream is a gaining system. (b) When catchment storage is low, shallow flow paths contribute to streamflow generation through (c) transient, perched water tables
mediated by soil structure. During this time, the stream is losing water to the deeper groundwater system.
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controlled by catchment storage state [e.g., Lundin, 1982; Bishop, 1991; Kendall et al., 1999; Detty and
McGuire, 2010; Pacific et al., 2010]. As a result, large pulses of materials, solutes, and nutrients are often
shown to be constrained to seasonally specific events, such as snowmelt, or periods of the year with the
highest catchment storage [Creed and Band, 1998; Inamdar et al., 2004; Jencso et al., 2010; Pacific et al., 2010;
Pellerin et al., 2012].

In contrast, our results showed that in this landscape where soil stratigraphy allows for the presence of tran-
sient, perched water tables, shallow flow path activation was not necessarily limited by catchment storage
state (Figures 9 and 12). In fact, the presence of the deeper water table was not necessary for runoff genera-
tion (Figures 5 and 10) and instead, shallow flow path activation was the driving process for increased run-
off and active surface drainage expansion. Therefore, while researchers often attribute large solute and
nutrient pulses to seasonally specific events, it is possible in landscapes dominated by frequent shallow sub-
surface flow path activation, such as the Piedmont, near-surface nutrient pools regularly flush from this
landscape independent of storage state. Although leaf litter decomposition rates are high in subtropical
humid regions such as this landscape, which allows for rapid replenishment of nutrients and solutes at the
ground surface [Meentemeyer, 1978], it is unclear how frequency of shallow flow path activation influences
catchment export of solutes and nutrients. For instance, Burns et al. [1998] attributed a higher flushing fre-
quency to greater overall leaching of base cations and thus lower concentrations contributing to the
stream. Boyer et al. [1997] showed rapid flushing and subsequent depletion of dissolved organic carbon
pools from near-surface soil horizons during successive snowmelt pulses. More work is needed to quantify
the roles of shallow, transient, perched water tables and deeper, seasonal water tables on nutrient and sol-
ute export at the catchment scale.

5.2. Societal Need for a Process-Based Understanding of Temporary Stream Activation
There has been ongoing discussion over the need to lawfully protect temporary streams in the U.S. [Acu~na
et al., 2014; Alexander, 2015] due to their important role in biodiversity [Meyer et al., 2007] and downstream
water quality [Gomi et al., 2002]. This has prompted researchers to quantify the extent of these streams,
which in turn has highlighted the drastic underestimation of temporary streams in nationally recognized
datasets [Colson et al., 2008; Fritz et al., 2013]. In this study, we highlighted the predominant role of shallow,
perched water tables in generation of temporary streams in a Piedmont landscape. It is clear that the con-
veyance of water through this landscape is highly sensitive to the upper 25 cm of the soil profile. Land use
change, such as urbanization or deforestation, may produce unrealized consequences for the mechanisms
that delivery water to streams, as these systems are already near the threshold of perched water table
development and rapid runoff generation.

Flood mitigation is often cited in arguments for temporary stream protection [Acu~na et al., 2014]. It is imper-
ative that we understand runoff generation processes in high drainage density landscapes in order to pre-
dict how land use change might impact water quantity. We have recorded stream network drainage
densities of up to 8.3 km km22 for a 150 ha study catchment associated with this field site, which is in the
higher range of recorded drainage densities globally [Godsey and Kirchner, 2014], which suggests this region
is highly dynamic. However, it is unclear how the pronounced soil stratigraphy of this landscape and result-
ing erosion and near-surface exposure of low conductivity soil horizons due to land use change might
impact these relationships. In addition, the urbanization in the Piedmont region, which comprises much of
North Carolina and other eastern states, is expected to increase by 165% over the next 50 years [Terando
et al., 2014]. Due to the rapid runoff from shallow flow paths and high drainage densities associated with
these temporary headwater streams, more work is needed to understand how land use change may impact
runoff generation in these and similar systems that are so globally extensive.

6. Conclusions

We linked internal catchment dynamics to surface drainage network expansion and contraction. We charac-
terized dominant hydrologic flow paths in a 3.3 ha catchment draining an ephemeral-to-intermittent drain-
age network in the nationally expansive Piedmont region of North Carolina, USA. We differentiated the
dominant water sources and generation processes by monitoring the timing and magnitude of precipita-
tion, runoff, shallow soil moisture, and shallow and deep groundwater dynamics across characteristic hill-
slopes for 1.5 years. Through this work, we aimed to not only further conceptualize the hydrologic flow
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paths in deeply weathered soils, but also extend this conceptualization to include the influences of climatic
forcings and catchment storage on these hydrologic flow paths and to the resulting active surface drainage
length and runoff dynamics.

Our results revealed two dominant catchment storage states (high and low) driven by seasonal evapotrans-
piration. In these two states, distinct subsurface flow paths contributed to runoff and were controlled by
the soil structure and stratigraphy characteristic of this highly weathered landscape. The seasonal water
table contributed to runoff when catchment storage state was high and the rise and fall of this water table
into shallow, more transmissive soil horizons drove runoff dynamics during these periods (Figures 9–12).
When catchment storage state was low, activation of shallow, transient, perched water tables dominated
runoff (Figures 9–12). High runoff and surface drainage expansion/contraction occurred during both catch-
ment storage states leading to process equifinality at this site.

Despite different groundwater flow path dynamics, the relationship between active surface drainage length
(ASDL) and runoff was consistent, independent of catchment storage state (Figure 5). The dependence of
runoff on shallow flow path activation across all catchment storage states appeared to drive this relation-
ship (Figure 10). This may suggest shallow flow paths dominate runoff contributions, whereas deeper flow
paths have temporally limited importance for runoff, and more work is needed to quantify the contributions
of these distinct sources. Evidence of counterclockwise hysteretic behavior between ASDL and runoff for
individual precipitation events suggested that while seasonal ASDLs are predicted based on runoff, the gen-
eration mechanisms, source waters, and groundwater depths that control flow are highly variable and not
easily estimated from runoff dynamics alone. The process equifinality seen internally in this catchment has
significant implications for differences in seasonal stream chemistry fluxes from headwaters. We suggest
that characterization of internal catchment dynamics can help researchers or practitioners predict flooding,
longevity of high or low flows, hydrological impacts of land use change, and associated water quality
changes. We suggest that next steps include investigating the hydrological and biogeochemical influence
of temporary runoff generation on downstream, perennial watersheds.
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