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ﬂow are poorly understood. We applied 407 mm of water and a suite of tracers over 51 h to a 12 by 16.5 m
forested hillslope segment to determine interﬂow thresholds, preferential pathway pore velocities, largescale conductivities, the time series of event water fractions, and the fate of dissolved nutrients. The 12%
hillslope featured loamy sand A and E horizons overlying a sandy clay loam Bt at 1.25 m average depth.
Interﬂow measured from two drains within an interception trench commenced after 131 and 208 mm of
irrigation. Cumulative interﬂow equaled 49% of applied water. Conservative tracer differences between the
collection drains indicated differences in ﬂow paths and storages within the plot. Event water fractions rose
steadily throughout irrigation, peaking at 50% sixteen h after irrigation ceased. Data implied that tightly
held water exchanged with event water throughout the experiment and a substantial portion of preevent
water was released from the argillic layer. Surface-applied dye tracers bypassed the matrix, with peak concentrations measured shortly after ﬂow commencement, indicating preferential network conductivities of
864–2240 mm/h, yet no macropore ﬂow was observed. Near steady-state ﬂow conditions indicated average
conductivities of 460 mm/h and 2.5 mm/h for topsoils and the Bt horizon, respectively. Low ammonium
and phosphorus concentrations in the interﬂow suggested rapid uptake or sorption, while higher nitrate
concentrations suggested more conservative transport. These results reveal how hydraulic conductivity
variation and subsurface topographic complexity explain otherwise paradoxical solute and ﬂow behaviors.

1. Introduction
The Darcy velocity and the representative elemental volume concept have been effective concepts for simplifying complex ﬂow ﬁelds into tractable problems amenable to Richards or Darcy analysis. The utility of
these simpliﬁcations tends to obscure the fact that any hillslope or watershed features a distribution of
hydraulic conductivities [Kung et al., 2005], interﬂow generation thresholds [Uchida et al., 2005], and networks of individual water ﬂow paths [Graham and McDonnell, 2010]. Irrigation experiments can provide a
window into these hillslope ﬂow complexities. Hillslope irrigation experiments can reduce the noise that
may confound inference from hydrologic observations during natural events. They also allow more precise,
large-scale estimates of hillslope hydraulic characteristics, the magnitude of internal storages, and ﬂow generation thresholds.
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Irrigation experiments have been conducted since the 1960s [Hewlett and Hibbert, 1963] with tracer-based
approaches popularized in the early 1990s [Hornberger et al., 1991]. More recent irrigation work has focused
on hillslope water balances [Tromp-van Meerveld et al., 2007; Graham et al., 2010a, 2010b], estimates of plotto-hillslope scale conductivity [Brooks et al., 2004; Tromp-van Meerveld et al., 2007], characterization of
bypass ﬂow through preferential pathways [Kung et al., 2000; Steenhuis et al., 1994], estimates of preferential
network conductivities [Weiler and McDonnell, 2007; Anderson et al., 2009; Klaus et al., 2013], characterization
of piezometric behavior across the plot [Bachmair and Weiler, 2014], examination of solution chemistry
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dynamics and mixing [Garel et al., 2012; Klaus et al., 2013], and illumination of process dynamics at the hillslope scale [e.g., McGuire et al., 2007; Graham et al., 2010b; Garel et al., 2012; Debieche et al., 2012]. When
evaluated in isolation, individual tracers can produce different and even contradictory inferences about
hydrologic processes (see the progression of research at Maimai catchments in New Zealand, summarized
by McGlynn et al. [2002]). When evaluated together with hydrometric information, multiple tracers can
reveal a more complete and holistic understanding of ﬂow processes.
Past work has added to our understanding of the individual pieces of hillslope systems, but more experiments are needed to fuse these pieces together and to understand the threshold release of water (so common in natural rainfall events) of mixed age and ﬂowpath. Here we simultaneously examine Darcy
velocities, pore velocities, thresholds, and state variables to examine the ensemble behavior of hillslope
ﬂow paths and resulting ﬂuxes. We applied controlled irrigation and a suite of conservative and nonconservative tracers to illuminate how distributions of conductivities and state-dependent ﬂow paths affect water
and tracer ﬂuxes at the hillslope scale. The 12 m 3 16.5 m forested hillslope segment used for our irrigation
experiment is a simple planar 12% slope with little surface microtopography and loamy sand A and E horizons (hereafter referred to jointly as topsoils) overlying a sandy clay loam Bt horizon at an average depth of
about 1.25 m. Previous observations of the larger hillslope found that perching above the Bt horizon was
common, but interﬂow was not [Du et al., 2016]. Furthermore, interﬂow was largely disconnected from
streamﬂow behavior. Interﬂow was highly variable across 11 segments of a 120 m trench, and macropore
ﬂow was not observed at the trench face. Three-dimensional Richards Equation modeling with HYDRUS 3D
suggested a large interﬂow generation threshold (approximately 160 mm of preevent soil water and event
water, or 80 mm of event water, (L. Hopp, personal communication, 2015), and ﬁeld observations over several years [Du et al., 2016] indicated a slightly lower event threshold of 60 mm (events occurred when soils
were wet). These interﬂow generation threshold estimates lie at the highest end of the range of such
thresholds [Uchida et al., 2005; Ali et al., 2015]. Part of the motivation for applying controlled irrigation to
this slope was to test these estimates of interﬂow generation thresholds. We were also motivated to measure topsoil and Bt layer conductivities to estimate likely downslope travel distances [Jackson et al., 2014]
and thereby determine whether short travel distances are an explanation for observed hillslope-stream disconnection observed in this and adjacent catchments [Klaus et al., 2015; Du et al., 2016; Grifﬁths et al., 2016].
With this experiment, we tackle the following speciﬁc questions: 1) What is the rainfall plus antecedent soil
moisture threshold necessary to initiate interﬂow?, 2) Is interﬂow over an argillic Bt horizon consistent with
the ﬁll and spill concept?, 3) How does the preevent/event water ratio vary through a large event?, 4) What
are the plot scale average conductivities of the restrictive Bt horizon and the overlying A and E horizons?, 5)
How do these average conductivities compare to conductivities determined from dye tracer velocities?, 6)
Is interﬂow behavior on this slope consistent with simple estimates of downslope travel distances?, and 7)
What is the fate of dissolved nitrogen and phosphorus in rainwater as it moves through the soil?
Most studies examining the relative contribution of event (new) and preevent (old) water to stormﬂow generation have looked at stream water chemistry relative to the chemistry of hillslope and throughfall end
members [e.g., Pearce et al., 1986; Sklash et al., 1986; Mulholland, 1993]. These event/preevent fraction determinations are often hampered by temporal variation in the chemistry of the identiﬁed hillslope pools [Buttle
and Peters, 1997] and the lack of solutes or isotopes that clearly differentiate these pools [e.g., Soulsby et al.,
2003; Carrera et al., 2004]. Within hillslopes and watersheds, event/preevent water fractions and endmember fractions vary substantially within and among storms [e.g., Ali et al., 2010; Harpold et al., 2010;
Garrett et al., 2012; Klaus and McDonnell, 2013]. Explaining such variation is difﬁcult when each natural storm
has different initial conditions, timing, and total depth. These variables may alter estimates of end member
contributions by 30% [Delsman et al., 2013]. By introducing bromide (Br-) (which has a negligible background concentration) to the feedwater, we create an unambiguous signature for event water in interﬂow
draining the hillslope. This experiment also allowed us to characterize the time series of event water fraction
relative to storm size.
Previous work on this hillslope suggested discrepancies between topsoil conductivities estimated from
trench ﬂow rates and those measured with a compact constant head permeameter [Du et al., 2016]. Brooks
et al. [2004] found that large-scale estimates of surface soil conductivities were up to 13.7 times larger than
the median values of small-scale measurements. They inferred that macroporosity, possibly of biological origin, was often missed by small-scale measurements. Previous small-scale compact constant head
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permeameter measurements of Bt horizon conductivities within our watershed [Du et al., 2016] and in the
nearby Panola watershed [Appels et al., 2015] found large variability of several orders of magnitude. This
experiment was partly motivated by our need for large-scale conductivity estimates to parameterize watershed models and to understand dominant hydrologic pathways.
Macropore ﬂow has never been observed at this trench face [Du et al., 2016], but it is expected that the soil
matrix features preferential ﬂow pathways. We applied dye tracers to the ground surface on transects two
different distances from the trench to estimate tracer velocities and conductivities associated with the fastest ﬂow paths and to evaluate maximum downslope travel distances [Jackson et al., 2014]. When tracers are
applied on the ground prior to irrigation and allowed to dissolve with the incoming precipitation, the highest concentrations occur with the earliest-arriving water because the source is depleted as the event continues [e.g., McDonnell et al., 1998; McGuire et al., 2007]. Thus the tracer breakthrough characterizes transport
through the preferential ﬂow network [Anderson et al., 2009]. Surface-applied dye tracers also allow estimation of potential contributing distances from upslope [e.g., McGuire and McDonnell, 2010]. It can be difﬁcult
to interpret pore velocities when surface tracers are mobilized by natural rainfall events too small to mobilize all of the tracer [e.g., Tromp-van Meerveld et al., 2007]. With a large depth of irrigation, a clear estimate
of the pore velocities associated with peak tracer concentrations is possible.
Nutrients (N and P) were applied to examine the time series of nutrient outﬂows and thereby develop inference about nutrient uptake, transformations, and sorption processes. Nutrients (primarily N) can enter forested ecosystems via atmospheric deposition [Lindberg et al., 1986; Driscoll et al., 2003]. In areas where N or
P limits forest productivity, nutrients are recycled with little export. However, when forest uptake rates are
low (i.e., in winter), excess nutrients can enter adjacent water bodies [Barnes et al., 2008; Sebestyen et al.,
2008] and can cause water quality issues such as eutrophication [Howarth et al., 1996; Vitousek et al., 1997].
Nitrate is the nutrient of most concern as it tends to travel more conservatively than ammonium and phosphate due to its negative charge. This hillslope irrigation experiment provides an opportunity to examine
the combined fate (assimilatory and dissimilatory uptake, mixing, and sorption processes) of nutrients
(nitrate, ammonium, phosphorus) in precipitation on a forested hillslope and the coupled dynamics
between hydrological and nutrient cycles.

2. Methods
2.1. Site Description
The study hillslope segment is a 12% planar slope with little surface microtopography, supporting a 42
year-old planted loblolly pine stand with scattered hardwoods. The hillslope drains to an intermittent tributary of Fourmile Creek (watershed R as described in Klaus et al. [2015]; Du et al. [2016]; Grifﬁths et al. [2016])
in the Sandhills physiographic province comprising the geologic interface between the Piedmont and
Upper Coastal Plain of the southeastern United States. Prior to pine planting, the slope had been in rowcrop farming for many decades before the United States government created the Savannah River Site (SRS)
for the production and management of tritium. The SRS is located to the southeast of Aiken, South Carolina,
USA, and is now a National Environmental Research Park. Soils are Ultisols of the Fuquay sand series formed
on marine terraces. Soils feature a thin A horizon and a deep E horizon, both composed of loamy sands
with low organic matter content and high bulk densities (1.6 to nearly 1.9 g.cm23). The A and E horizons
overlie a transitional BE horizon of varying thickness over an argillic sandy clay loam Bt horizon of similar
bulk density to the topsoils. Augering and trenching reveal that the argillic Bt horizon features layers of
varying bulk density and ﬁrmness. The surface of the Bt horizon is irregular, with a high density of concavities. Depths to the Bt horizon measured on a 2 x 4 m grid within the plot area ranged from 0.95 to 1.53 m
and averaged 1.25 m with a standard deviation of 0.18 m. Based on previous argillic depth measurements
at 0.25 m spacing along the trench face [Du et al., 2016], we know that Bt topography is more irregular than
indicated by the 2 x 4 m grid, and the grid resolution is not sufﬁcient to map the subsurface depressions
and drainage patterns. Argillic layer thickness averages about 2 m, and more loamy sands are found below
the argillic layer [Du et al., 2016]. Inﬁltration rates are high, and Hortonian overland ﬂow is not observed.
Mean annual temperature is 188C, and average monthly temperatures range from 1.48C in January to 33.68C
in July. Average annual precipitation is 1225 mm distributed fairly evenly through the year [Kilgo and Blake,
2005].
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Table 1. Weather Observations Prior to and During the Irrigation Experiment as Obtained From SRS Central Meteorological Tower and
Tipping Bucketa
Observation Period
Data Type
Daily temperature, 0C

MAX
Mean
MIN

Average daily wind speed, m/s
Average daily solar radiation, Wh/m2
Daily Pan evaporation depth, mm
Sun Hour, hr
Total precipitation, mm

Soil Moisture, m3/m3
Total PET from PM, mm
a

Shallow
Deep

March 2012

1–9 Apr

9 Apr

10 Apr

11 Apr

12 Apr

26.5
17.6
10.9
1.90
4357.3
0.73
15
77.74

31.9
19.0
11.7
1.68
6083.8
0.91
13
31.00
(4/5)
0.25
(4/7)
0.0548
0.1429
38.97

32.3
18.3
9.6
1.26
7218.4
0.56
13
0

33.1
19.2
7.2
2.62
7147.4
unknown
13
0

26.7
15.6
5.1
2.62
7414.8
0.73
13
0

27.0
12.4
2.7
1.67
7474.0
0.42
14
0

0.0516
0.1369
5.03

0.0481
0.1305
6.21

0.0448
0.1253
5.36

0.0424
0.1212
4.37

0.0520
0.1339
97.26

Potential Evapotranspiration (PET) calculated with Penman-Monteith (PM) equation for grass without water limitation.

2.2. Climate Conditions Prior To and During the Experiment
Rainfall for the month preceding the experiment (the month of March 2012) was 25% below normal. A
31 mm rainfall occurred on 5 April, 5 days before the experiment commenced. Overall, climate and soil
moisture conditions were typical for the season (see weather summary, Table 1). No natural rainfall fell during the irrigation experiment.
2.3. Plot Size and Monitoring System
The irrigated area, determined by visual inspection during irrigation, was 12 3 16.5 m (198 m2) and was fed
by 24 regularly spaced irrigation sprinklers with replaceable heads to control irrigation rates (see orientation
in Figure 1). The lower extent of irrigation application was about 0.75 m
upslope of the trench face. The plot
area and perimeter contained one
nest of recording piezometers (one at
the argillic layer interface, one within
the argillic layer, and one below the
argillic layer), sixteen hand-checked
piezometers installed 8–10 cm into
the argillic layer, and three sets of
recording soil moisture sensors. The
sixteen hand-checked piezometers
were installed (eleven within the irrigation area and ﬁve just outside the
perimeter of the irrigation area, all in
four rows, Figure 1) to monitor the
formation and progression of the
perched water table and to access
samples of perched water. One set of
soil moisture sensors was located at
the base of the plot, another set was
arrayed across the plot below piezometer row 2, and the ﬁnal set was
arrayed near the top of the plot
between piezometer rows 3 and 4.
Figure 1. Irrigated plot schematic. Irrigated area did not extend all the way down to
the trench with about 0.75 m not irrigated between the trench and the plot (see
Each set of soil moisture sensors conFigure 5). Two separately piped sections (4 and 5) of the 120 m long trench lie below
sisted of 5 cm TDR probes, installed
the irrigation area. Numbers next to piezometers indicate piezometer depth (m). Plot
vertically, with shallow probes
area is drawn to scale (each grid square is 1 m 31 m), but irrigation system is not.
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inserted from the ground surface in the topsoil, and deeper probes inserted into the BE transition horizon,
usually at 80–100 cm depth. Eight pine trees of various sizes (Figure 1) grew within the plot, which itself
was located within a mature planted pine stand.
2.4. Irrigation Rates and Timing
Our goal was to initiate interﬂow and then achieve near steady-state conditions at an application rate 1.5–2
times greater than the previously measured average conductivity of the Bt horizon (3 mm/h). However,
because we also expected an interﬂow initiation threshold in the range of 60–160 mm, we were concerned
about the duration of the experiment necessary to create interﬂow and reach steady-state conditions.
Therefore, irrigation was conducted in two phases, with a higher initial rate designed to initiate perching
above the argillic horizon and interﬂow at the trench (Phase I), followed by a reduced application rate
(Phase II) designed to achieve steady-state interﬂow and percolation without saturating the proﬁle.
2.4.1. Phase I
We initially applied irrigation water at approximately 14 mm/h, but the rate dropped in the ﬁrst night to
about 11 mm/h, apparently due to clogging and ineffective cleaning of the ﬁlter. This phase I application
rate was maintained until perching occurred in the row 1 piezometers and ﬂow initiated at the trench.
Phase I was terminated at 18:48 h after applying 213 mm of water, about half of the total applied water.
Throughout this paper, clock times will be noted with am or pm, and otherwise times will be reported as
time (hours:mins) since initiation of irrigation.
2.4.2. Phase II
After Phase I was completed, we turned off the pumps for approximately 10 min to change the sprinkler
heads. In Phase II, irrigation rates were very constant at 6 mm/h, and this rate was sustained for 32:20, over
which time 194 mm of water was applied to the plot. We terminated irrigation when a reasonable approximation of steady-state hydrometric conditions had been achieved as determined by low rates of change in
piezometer depth behavior and trench outﬂows. We had intended to also use near-constant speciﬁc conductivity levels of the outﬂow water as a marker of steady-state conditions, but event/preevent water fractions changed continuously and never approached a steady-state of solute ﬂux (see Results).
Irrigation began at 2:45 pm on 10 April 2012, and continued for 51 h 18 min, ending at 6:03 pm on 12 April
2012. Water from a deep irrigation well (screened interval 142–152 m) was pumped into four nominal
9460 L capacity folding tanks into which bromide and nutrients were added. The four feedwater tanks were
set up as two connected pairs each ﬁlled and mixed with bromide and nutrients prior to application. Water
was pumped from one pair of tanks to 24 Eindoor sprinkler heads placed on a 2 3 4 m grid within the plot
(Figure 1). A cumulative ﬂow gage (NETAFIM M series 100 (25.4 mm) iron water meter) on the feed line measured the amount of water applied. The effective capacity of each tank was back-calculated as 6720 L, based
on the total applied volume. In total 80,605 L of water or 407 mm were applied to the plot. This artiﬁcial
event was equivalent to one third of average annual precipitation for this humid temperate forest falling in
a little more than 2 days. The ﬁnal choice of applied volume was based on reaching a near steady-state
hydrologic condition, and we did not design the artiﬁcial event to correspond to any particular return interval. Coincidentally, much of South Carolina experienced greater precipitation over a similar length of time
during the Hurricane Joaquin event of 1–5 October 2015 [Feaster et al., 2015].
2.5. Tracer Additions
2.5.1. Fluorescent Dyes
Rhodamine WT dye tracer was applied on contour 4.5 m above the trench, and Fluorescein green was
applied on contour 10 m from the trench. Each dye tracer was applied with a backpack sprayer on a line
transect across the width of the plot at the start of the experiment (Figure 1). A solution of 150 mL of concentrated Rhodamine WT mixed into 5 L of water was applied along the lower line transect (near row 1
piezometers) after removing the leaf litter and vegetation from the ground surface. A ﬂuorescein solution of
50 mL of concentrated Fluorescein green mixed into 5 L of water was equivalently applied along the middle
line transect (near row 2 piezometers). Rhodamine is moderately resistant (Soil adsorption coefﬁcient
[Koc] 5 1700–20,000 cm3 g21) and ﬂuorescein is highly resistant (Koc 5 120 cm3 g21) to soil sorption [Shiau
et al., 1993; Kasnavia and Sabatini, 1999], but ﬂuorescein is subject to photodegradation. The dyes were
applied at 1:00 pm on 10 April 2012 just prior to commencing irrigation at 2:45 pm, and the ﬂuorescein was
protected from the sun by covering the dye application transect with pine straw native to the site. The sun
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set at 7:54 pm, and no dye was visible at the surface the next morning. We therefore considered photodegradation negligible.
2.5.2. Conservative Tracers––Bromide and Feedwater Isotope Signature
All irrigation water was labeled with an approximately constant concentration of bromide. 141 g of KBr
were mixed in every tank (average realized capacity of 6720 L), yielding a target solution of 14 mg/L. However, measured feed water concentrations averaged 12.9 mg/L, apparently due to incomplete mixing. Electric trolling motors and wooden canoe paddles were used to stir the water in the tanks. Irrigation water was
drawn from a deep semiconﬁned aquifer with a d18O value of 222.6& and a d2H of 24.1&. This signal is
different from the average observed stable isotope composition in rainfall on site (d18O 523.1& and d2H
5213.8&) and from soil water that is likely that enriched in heavy isotopes compared to precipitation (as
shown by Klaus et al. [2015]), supplying an identiﬁable isotopic end member.
2.5.3. Nitrogen and Phosphorus
Nitrogen (as nitrate and ammonium) and phosphorus (as phosphate) were added to the irrigation water in
order to examine the fate of nutrients on the hillslope. The target nutrient concentrations in the irrigation
water were 1 mg N/L for both ammonium and nitrate, and 40 mg P/L for phosphate. These concentrations
were selected as they are similar (but on the high end) to the nutrient content of throughfall measured in
the study watershed and thus represent nutrient inputs during a rainfall event [Grifﬁths et al., 2016; N. A.
Grifﬁths, unpublished data (for P)], 2015.
Nutrient stock solutions were made by dissolving 108 g of ammonium nitrate (NH4NO3) and 3.3 g of
monopotassium phosphate (KH2PO4) in 1 L of deionized water. One stock solution (1 L) was then added to
each set of tanks, and mixed with a paddle before applying to the hillslope. The mean measured concentrations of added nutrients in the tanks were 902 mg N/L nitrate, 1236 mg N/L ammonium, and 33 mg P/L soluble reactive phosphorus. The total mass of nutrients applied to the hillslope over the experiment was 72.7 g
N of nitrate, 99.6 g N of ammonium, and 2.7 g P of phosphate, respectively.
2.6. Trench Outflows and Water Budget
The irrigated plot drained to two of 11 sections of a 120 m long open interﬂow interception trench cut on
contour about 0.7 m into the Bt horizon [Du et al., 2016]. Each section was underlain by a French drain consisting of a perforated pipe beneath 0.45 m of gravel. Approximately 7 m of the plot width was situated
above section 4 of the trench, and the remaining 5 m of the plot was above section 5 (Figure 1). Water collected in each French drain was piped downslope to 30 degree V-notch weir boxes (ﬂumes 4 and 5) instrumented with recording capacitance probes that measured stage every 10 min. Both ﬂumes included a staff
gage that was periodically monitored to check the automatically recorded stages and corrections were
applied if necessary. The trench face was regularly inspected during the experiment for water staining,
seepage, and the occurrence of observable macropore ﬂow.
Pre- and postexperiment soil water storage was estimated by averaging all soil moisture TDR probe readings in the top soil (1.25 m thick) and the ﬁrst meter of the argillic clay (compared to the total argillic layer
thickness of 2 m) assuming that only the upper half of the layer was involved in the storage change. Any
storage change below this level went into the residual of percolation and unaccounted water. The initial
soil water contents for the topsoil and argillic layer were 0.10 and 0.18 vol vol21, or 125 and 180 mm,
respectively.
We used the Penman-Monteith equation [Monteith, 1965] to estimate grass reference (ET0) over the experiment based on the procedures outlined in Allen et al. [2000]. We used hourly solar radiation (W m22 d21),
air temperature (8C), wind speed (m s21), and humidity aggregated from 15 min high resolution climate
data from the SRS Central Climate Tower located 5 km from the irrigation plot.
2.7. Sampling
The maximum rise piezometers and the trench outﬂow were checked once an hour in daylight hours, and
once every 2 h in evening hours until perching and outﬂow occurred. Once perching or ﬂow was observed,
regular sampling began. Water samples were collected from the ﬂumes and hillslope piezometers during
the experiment to determine conservative tracer (Br-), ﬂuorescent dye (rhodamine WT, ﬂuorescein), and
nutrient (nitrate, ammonium, and soluble reactive phosphorus) concentrations and the stable isotopes of
water and nitrate (d2HH2O, d18OH2O, d15NNO3, d18ONO3). Water samples were collected from the tanks each
time they were ﬁlled to determine initial nutrient, bromide, and isotope concentrations. Composite samples
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Figure 2. Time series of (a) water levels in recording piezometers, (b) water levels in hand measured piezometers, (c) soil moisture
percentages, and (d) instantaneous and cumulative trench outﬂows over the course of the experiment. Irrigation rate is reduced at 19 h
(see break in cumulative irrigation line in Figure 2d.

from all the hand-checked piezometers were taken approximately every 3 h during the experiment, and the
ﬂumes were sampled every 1–2 h. When both ﬂumes 4 and 5 were ﬂowing, a ﬂow-weighted composited
sample was collected from both ﬂumes and analyzed for chemistry. Samples for bromide analysis were collected from each ﬂume over much of the experiment because speciﬁc conductivity measurements indicated differences in the chemistry of the two ﬂumes and we wanted to examine spatial heterogeneity in
hillslope hydrologic processes including if event/preevent water fractions varied between the ﬂumes. Measurements of trench ﬂow, piezometer water level, soil moisture, and sampling for tracers occurred during
Phase I and Phase II, and then for 150–190 h during the recession period (after the irrigation was turned off)
(Figure 2). Occasional bromide and isotope samples were taken from the trench outﬂow for 65 h following
cessation of irrigation (Figure 3).
2.8. Chemical, Dye, and Isotope Analyses
All nutrient samples were ﬁltered in the ﬁeld (GF/F, 0.7 mm nominal pore size) into acid-washed, HDPE bottles. Samples were kept on ice and then frozen at 2208C in the laboratory until analysis. Nitrate-N concentrations were measured using the cadmium reduction method, ammonium-N concentrations with the
phenol-hypochlorite method, and soluble reactive phosphorus (SRP) concentrations with the molybdateantimony method [APHA, 2005] on a SEAL AutoAnalyzer 3 (SEAL Analytical). Analysis of water samples for
stable isotopes of nitrate (d15NNO3 and d18ONO3) was done at the UC Davis Stable Isotope Facility using the
denitriﬁer method with Pseudomonas aureofaciens bacteria [Sigman et al., 2001; Casciotti et al., 2002].
The bromide tracer was analyzed with a Dionex ICS-1500 Ion Chromatograph combined with a Dionex
AS40 Automated Sampler. The detection limit for bromide was 0.01 mg/L with a precision of 0.01 mg/L for
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Figure 3. Bromide and O-18 concentrations of water in the trench outﬂow. New water fraction inferred from bromide concentrations
peaked at 50% sixteen h after irrigation ceased, mirroring the time (14:35 h) to peak dye concentrations at the start of the experiment.

values <0.2 mg/L and 5% for values > 0.2 mg/L. A Turner 10-AU Fluorometer was used to analyze the
trench water samples for dye concentrations. Water samples were analyzed for d2HH2O and d18OH2O composition using off-axis integrated cavity output laser spectroscopy on a Los Gatos Research Liquid Water Isotope Analyzer (LWIA-24d, Los Gatos Research, Inc.) at Oregon State University. Deuterium values were
reported as ratios relative to Vienna Standard Mean Ocean Water (V-SMOW) in standard ‘‘delta’’ notation.
Lab standards were routinely veriﬁed using isotope ratio mass spectrometry. Analytical precision for d2HH2O
was 1.0& and 0.2& for d18OH2O.
2.9. Calculation of Topsoil and Argillic Hydraulic Conductivities
The average topsoil conductivity was estimated by applying the kinematic wave assumption (hydraulic gradient equal to the slope gradient) to Darcy’s Law and solving for the K value that matched the quasi steadystate trench outﬂow. To calculate the conductivity of the argillic layer, we assumed the total leakage
through the clay was equal to the irrigation input minus the sum of trench ﬂow and Penman-Monteith
evapotranspiration during near steady-state conditions at the end of Phase II. We assumed that the pressure
head at the bottom of the argillic layer was zero (because the recording piezometer below the argillic did
not record saturation), and the thickness of the argillic was 2 m (taken from ﬁve measurements in the hillslope around the plot). Therefore, the hydraulic gradient through the clay was (h(x) 1 Bn)/Bn, where h(x)
was the depth of saturation above the Bt horizon at any point x going downslope, and Bn was the normal
thickness of the Bt horizon. We calculated the average vertical hydraulic conductivity by iterative solution of
the steady-state mass balance equation using the kinematic wave assumption with leakage and with and
without downslope unsaturated ﬂow. For the initial guess of the iterative solution, we assumed a linear
wedge of saturated thicknesses from zero at the top of the plot to the measured saturated thickness in the
row 1 piezometers. The hillslope mass balance is expressed as
Net Irrigation 5 leakage 1 saturated downslope flow 1 unsaturated downslope flow
Pxcos ðhÞ5kc

ðx 
0


ð0
hðx Þ1Cn
dx1kt tan ðhÞhðx Þ1tan ðhÞ
k ðuÞdu
Cn
2ðN2hðx ÞÞ

(1)
(2)

where P 5 irrigation or rainfall rate minus the ET rate, x 5 distance downslope, kc, kt 5 saturated hydraulic
conductivities of the clay and topsoil, respectively, Cn 5 normal thickness of the clay layer, N 5 normal
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thickness of the topsoil, h 5 slope angle,u 5 pressure head, and h(x) 5 normal thickness of saturated layer
above impeding layer at point x.
We assumed that head was constant normal to the slope, so pressure heads decreased linearly with normal
distance above the perched water table. For downslope unsaturated ﬂow, we used the van Genuchten
moisture release curve and conductivity parameters previously ﬁtted to moisture release data for these soils
[Du et al., 2016]. Most simplistically, we also calculated the average vertical hydraulic gradient by assuming
a uniform unit hydraulic gradient through the Bt horizon whereby equation (2) simpliﬁes to:
ð0
Pxcos ðhÞ5kc x1kt tan ðhÞhðx Þ1tan ðhÞ
k ðuÞdu
(3)
2ðn2hðx ÞÞ

Pore velocities for the preferential ﬂow networks were calculated from the downslope distances from the
dye tracer transects to the trench divided by their time of peak concentration. Conductivities for the preferential ﬂow networks were calculated from the pore velocities again using the kinematic assumption of
hydraulic gradient equal to the slope and a porosity of 0.33 (corresponds to a bulk density of 1.78 g.cm23)
measured in core samples of the E horizon. National Resources Conservation Service soil surveys also report
high bulk densities of 1.6 - 1.75 g.cm23 for the upper layers of the Fuquay soil series translating to porosities
of 0.34–0.4.

3. Results
3.1. Time Series of Soil Moisture, Piezometric Behavior, and Trench Flows
Soil moisture in the topsoil (‘‘shallow’’ sensors) responded after about an hour (14 mm) of irrigation, and
then rose very rapidly to levels that stayed constant during the ﬁrst phase of irrigation (Figure 2c). When
the irrigation rate was reduced in Phase II, moisture levels dropped slightly to a new equilibrium level. Soil
moisture at the soil-argillic interface (‘‘deep’’ sensors) did not respond until about 8 h or 100 mm of irrigation, at which time soil moisture at the interface also rose rapidly, reaching an equilibrium level for Phase I
irrigation within 2 h. Soil moisture time series were partially dependent on slope position, with much slower
recession in the low slope positions following cessation of irrigation (Figure 2c).
Perching of a saturated lens began in the Bt horizon, and water levels rose rapidly within the Bt horizon
after saturation was initiated (Figure 2a). Du et al. [2016] observed the same hydrologic behavior of the Bt
layer during natural storms. Water level rise in the topsoil was slower, reﬂecting the differences in soil moisture release curves of the layers [Du et al., 2016]. Saturation was never observed in the recording piezometer
below the Bt horizon, indicating unsaturated percolation from the bottom of the clay layer. Saturation in
the lower (row 1) piezometers was observed soon after soil moisture in the Bt horizon began rising. The
three piezometers in row 1 began responding at 8:45, 10:00, and 12:45 h, or 103, 120, and 136 mm of
applied water, respectively (Figure 2b). Flume 4 started ﬂowing at 11:20 h, before the last of the row 1 piezometers responded (Figures 2b and 2d).
Row 2 piezometers responded later and more variably, with responses initiating from 14:45 h (168 mm) up
to 36 h (314 mm) (Figure 2b). Row 3 piezometers recorded either no perching or only trace levels of saturation. The uppermost piezometer in the plot, in row 4, responded early, along with the row 1 piezometers,
but water levels never rose above 40 mm. Another row 4 piezometer also rose to 40 mm of saturation for a
few hours.
Flumes 4 and 5 featured substantially different interﬂow generation thresholds, 131 and 208 mm, respectively (Figure 2d), even though their contributing areas are adjacent and the surface topography is similar,
indicating substantial differences in ﬂow pathways, storages, or percolation rates over relatively small scales.
Flume 4 also produced much higher ﬂows through the experiment, cumulatively yielding 80% of outﬂow.
Despite differences in hydrologic behavior between the two ﬂumes, the ﬂume 4 and ﬂume 5 hydrographs
were similar in shape (Figures 2 and 3).
One difference in the ﬂume 4 and 5 hydrographs was an apparent pressure wave response that occurred in
ﬂume 4 ﬂows within 20 min of restarting the irrigation after the 10 min cessation necessary to switch sprinkler heads during the Phase I to Phase II transition (Figure 2). Flume 5 had only begun ﬂowing less than an
hour before the change in irrigation rates, and the ﬂume 5 hydrograph showed no abrupt transitions after
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the change. Flume 4 had already been ﬂowing for 7 h and was ﬂowing at a substantial rate when the irrigation recommenced, and water levels in most of the piezometers in rows 1 and 2 had already reached levels
near their eventual maxima, so the ﬂow system feeding ﬂume 4 was well-primed. Pressure wave theory and
observations predict that the celerity of pressure waves is similar to the pore velocity of water when available storage in the soils is high but the celerity of the pressure wave is much faster than the pore velocity
when available soil storage is low [Rasmussen et al., 2000, Waswa et al., 2013]. At ﬂume 4, trench ﬂow spiked
20 min after irrigation recommenced, indicating a pressure wave celerity much faster than observed dye
tracer velocities. Piezometer levels were only checked hourly, but two piezometers in row 1 and two more
in row 2 also suggested a pressure wave response following recommencement of irrigation. These four
piezometers had the highest total heads and were among the ﬁve earliest responding piezometers. The
data suggested that part of the ﬂow system draining to ﬂume 4 had reached a highly responsive state for
which any sudden increase in input caused a pressure pulse to propagate to a part of the discharge region.
In this three dimensional ﬂow ﬁeld, no path length can be ascribed to the apparent pressure wave from the
available data, so celerity could not be calculated.
Shortly after the switch to lower Phase II irrigation rates at 18:58 h, piezometer levels, soil moisture, and the
trench outﬂows appeared to reach near steady-state conditions during which piezometer levels increased
slowly and erratically from 24 to 36 h after just 245 to 315 mm of irrigation (Figures 2b, 2c, and 3). Cumulative outﬂows were relatively steady between hour 24 (318 L/h) and hour 33 (337 L/h), peaking in-between
at 371 L/hr. After this ﬁrst quasi steady-state period, Row 1 and 2 piezometer levels and outﬂows increased
until about hour 48 (388 mm), and then appeared to reach another quasi, albeit erratic, steady-state. We
ceased irrigation at 51:18 h (407 mm) and used this later period to estimate plot-scale conductivities for the
topsoil layer and the argillic Bt horizon (discussed below). All wells and ﬂows began dropping immediately
following cessation of irrigation.
After irrigation ceased, piezometers in row 2 drained much faster than those in row 1, indicating that ﬂow
was still moving downslope and feeding the lower wells. Eventually most wells in row 1 reached a level at
which water levels dropped very slowly, indicating these wells were located in local low spots with relatively
tight clay below. The upslope piezometers remained dry during drainage. Trench ﬂow continued for 100 h
(4.2 days) following cessation of irrigation. Perching recorded in the piezometers continued from 60 h (2.5
days) to over 130 h (5.4 days) depending on position.

3.2. Conservative Tracer Behavior and Event Water Fractions
Bromide concentrations in the outﬂow water increased almost linearly throughout the irrigation period,
peaked 16 h after the cessation of irrigation, and then dropped steadily during the remainder of the monitored recession period (in the absence of irrigation) (Figure 3). Rising bromide concentrations temporarily
leveled off during the latter part of the ﬁrst quasi-equilibrium period from 24 to 36 h (Figure 3). Bromide
concentrations differed consistently and substantially between ﬂumes 4 and 5 (Figure 3). The event water
fraction in the trench outﬂow peaked at 50%. Cumulatively, preevent water comprised 64% of the trench
outﬂow. Over the ﬁrst 130 h, we recovered 180 g of bromide at the trench, 19% of the approximately 960
grams that were applied.
Small but measurable concentrations of bromide were measured as soon as ﬂow began (Figure 3), indicating some event water moved as bypass ﬂow through preferential pathways, a ﬁnding substantiated by the
arrival of the surface dyes (below). Dye concentrations reached their peak shortly after the initiation of ﬂow
(Figure 4), when the event water fraction was barely above zero.

3.3. Dye Tracer Arrival and Preferential Flow Velocities and Conductivities
Both dye tracers arrived with the wetting front (Figure 4), with concentrations of both tracers peaking at
one and 3 h after ﬂow initiated in ﬂume 4 (12:15 and 14:35 h after irrigation began). Steenhuis et al. [1994]
observed similar dye transport attributed to matrix bypass ﬂow. Although the ﬂuorescein traveled approximately 10 m to the trench, its peak arrival coincided with that of rhodamine that had traveled only 4.5 m to
the trench. These arrival times indicate dye tracer velocities in the range of 31–82 mm/h and corresponding
conductivities of 864–2240 mm/h (porosity 5 0.33, slope 5 0.12).

JACKSON ET AL.

MULTITRACER HILLSLOPE IRRIGATION EXPERIMENT

6195

Water Resources Research

10.1002/2015WR018364

Figure 4. Time series of measured ﬂuorescence of dye tracers ﬂuorescein and rhodamine in the trench outﬂow. Both dye tracers arrived
simultaneously with the wetting front, even though the horizontal travel distance of ﬂuorescein was twice the distance of rhodamine
(travel distances listed in the legend). Concentrations of both tracers peaked twice: in the ﬁrst sample (at 12:15) and again at 14:35 h after
irrigation began, indicating dye tracer velocities in the range of 0.31–0.82 m per h. Pore velocities yield Ksat values of 864–2240 mm/h
(assuming porosity 5 0.33, slope 5 0.12), 1.6–4.2 times higher than the average topsoil conductivity (460 mm/h) determined from steadystate ﬂow, indicating that the early-arriving dye traveled by pathways with substantially higher conductivities than the bulk value of the
toposoils. The simultaneous arrival of the dye tracers indicates that water collected and mixed in a subsurface storage feature near the
base of the slope before ‘‘spilling’’ into the trench.

3.4. Longitudinal Piezometric Profiles and Plot-Scale Conductivity Estimates
Because almost all of the upper piezometers (rows 3 and 4) remained dry throughout the experiment, ﬂow
from the upper half of the slope may have percolated or moved downslope either as unsaturated ﬂow in
the sand or saturated ﬂow within the BE transition (Figure 5). The kinematic wave solution with unsaturated
ﬂow (Figure 6) indicates that downslope unsaturated ﬂow could account for the lack of perching observed
in the piezometers in rows 3 and 4, as predicted by the modeling of Zaslavsky and Sinai [1981]. We observed
10 and 20 cm variations in heads across rows 1 and 2, respectively, indicating hydraulic gradients driving
some ﬂow transverse to the plot slope.
During the ﬁnal quasi steady-state period, the net plot input rate (irrigation rate minus evapotranspiration
rate estimated from the Penman-Monteith equation) was 1099 L/h, and trench outﬂows were 530 L/h, so
inferred leakage through the clay was 569 L/h. Assuming a 12 m wide cross section, an average wedge
thickness of 0.8 m, and a gradient equal to the slope of 0.12, the bulk saturated conductivity of the topsoil
was estimated to be 460 mm/h. Values of the conductivity of the underlying Bt horizon from the four estimation techniques were in close agreement: 2.4, 2.4, 2.5, and 2.9 mm/h for the linear wedge, saturated kinematic steady-state ﬂow with percolation, saturated/unsaturated kinematic steady-state ﬂow with
percolation, and the unit hydraulic gradient through the Bt horizon, respectively. At this scale, all estimation
techniques for the conductivity of the Bt horizon were in close agreement, but the steady-state solution for
saturated and unsaturated kinematic ﬂow best matched the observed piezometer levels (Figure 6), so the
value of 2.5 mm/h for the Bt horizon conductivity has the most evidentiary support.
Penman-Monteith estimates of actual evapotranspiration averaged 4.3 mm/d over the irrigation period
occurring mostly in the middle of the day when rates exceeded 0.5 mm/h. In Phase II, the irrigation rate was
6 mm/h, so ET signiﬁcantly damped the midday net input rate.

3.5. Behavior of N and P in Solution
While the event/preevent water fraction increased throughout the irrigation, the behavior of nutrients over
the irrigation experiment varied by nutrient type. Overall, mean soluble reactive phosphorus (SRP) and
ammonium concentrations in interﬂow (Figure 7) were much lower (SRP: < 2 mg P/L, ammonium: 12 mg N/L)
than the concentrations in tank water (SRP: 33 mg P/L, ammonium: 1236 mg N/L). In contrast, nitrate concentrations in interﬂow (mean 5 296 mg N/L) were about 1/3 of the inﬂuent concentration (902 mg N/L) (Figure
7). Both ammonium and nitrate concentrations varied over the irrigation experiment, but these temporal
changes did not appear to be related to day versus night periods (i.e., nutrient concentrations were not lower during the day when nutrient uptake by vegetation may be greater). Stable isotope of nitrate analysis
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Figure 5. Longitudinal proﬁle of the saturated mound during peak water table conditions during the experiment and inferred ﬂow processes, drawn to scale, for surface slopes of 11–12%. Solid arrows indicate saturated ﬂow, and dashed arrows indicate unsaturated ﬂow.
After irrigation ceased, wells in row 2 drained much faster than those in row 1, indicating ﬂow was still moving downslope and feeding
the lower wells. Most of the wells in row 1 reached a level at which water levels dropped very slowly, indicating these wells were located
in local low spots with relatively tight clay below. Flow from the upper quarter of the slope moved either as unsaturated ﬂow in the sand
or within a BE transition horizon and higher conductivity sublayers of the B horizon, or both. The low spot marked 1 is where we assume
rhodamine and ﬂuorescein pooled and mixed before spilling simultaneously into the trench. The existence of the low spot marked 2 is
inferred from the apparent release of water from an upslope storage area that caused row 1 and 2 piezometer levels and trench outﬂows
to increase after the apparent steady-state situation that lasted from hours 24 to 36. We also inferred that some water must have moved
downslope from the Bt horizon to account for the total amount of old water.

showed that d18ONO3 in trench ﬂow nitrate increased fairly linearly from 15& to 120& over 60 h, and
approached the d18ONO3 value in tank water of 125& (data not shown).
3.6. Cumulative Water Budget Over the Experiment
Over the course of this experiment, 199 mm (equal to 49% of the 407 mm applied water) appeared as interﬂow in the trench (Figures 8 and 9). Sixty-four percent (128 mm) of the interﬂow was preevent water. Estimates of preevent water in the topsoils ranged from 62.5 to 100 mm, so preevent water in the topsoil
cannot fully account for the total outﬂow of preevent water even if all tightly held water were stripped from
the topsoils and replaced. Some of the interﬂow must have originated from the Bt and the transitional BE
horizon (Figure 5). Visual inspection of the trench face revealed seepage coming from both the BE and Bt
horizons (as well as the E horizon above). Penman-Monteith estimates of ET calculated from nearby climate
tower data suggest that after 200 h, 8.9% (36.2 mm) had evaporated or transpired, and soil moisture data
indicate that only 5.6% (22.7 mm) of event water was still in soil storage in the A, E, and BE horizons at the
end of monitoring at 200 h. The residual of 35.9% (148.5 mm) had either leaked past the ﬁrst meter of the
Bt horizon or could not be accounted for.

4. Discussion

Figure 6. Predictions of water levels (black and grey lines) and downslope travel
distances (dotted line) from steady-state kinematic wave equation with percolation
in comparison with measured piezometer levels. These distributions of water levels
were used to calculate vertical hydraulic gradients along the hillslope length for
the estimation of the Bt layer conductivity. The saturated and unsaturated simulation assumes that unsaturated ﬂow above the saturated lens is moving downslope
in parallel with the saturated ﬂow whereas the saturated downslope ﬂow simulation assumes vertical unsaturated ﬂow from the soil surface to the saturated zone.
Other observations suggest that the lower row of piezometers is sitting in a local
low spot, and this may be the cause of the mismatch between measured piezometer levels and predictions from the saturated and unsaturated simulation at this
location.
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4.1. Interflow Generation
Thresholds and Fill and Spill
Behavior
The high interﬂow generation thresholds of 131 and 208 mm we observed
for a relatively dry preevent soil moisture condition bracketed the 160 mm
threshold of combined event and preevent water previously modeled with
HYDRUS modeling using a free drainage lower boundary condition. These
thresholds were much higher than the
60 mm determined from natural storms
for which preevent water was not estimated [Du et al., 2016].
The piezometer and ﬂow time series
suggest multiple sequential thresholds within the slope and also the

6197

Water Resources Research

10.1002/2015WR018364

Figure 7. Nitrate, ammonium, and soluble reactive phosphorus (SRP) concentrations in the supply tanks and trench ﬂow water (ﬂow-weighted sample from both ﬂumes) during the
irrigation experiment. Mean tank nutrient concentrations were within ranges previously observed in throughfall in Watershed R.

variability of thresholds over relatively short distances. The ﬁrst threshold observed from the soil moisture
time series involved the water necessary for the wetting front to traverse the topsoils and reach the impeding Bt horizon. Then we observed a threshold for bringing the Bt horizon to saturation. Once perching
began, we saw evidence of nonsimultaneous ﬁll and spill events that resulted in an apparent stair-stepping
of piezometric and ﬂow response. During the quasi steady-state period, piezometer levels in rows 1 and 2
were erratic, possibly as a result of multiple small ﬁll and spill events occurring throughout the lower half of
the plot. After the ﬁrst quasi steady-state period, piezometer levels and outﬂows both increased steadily
again, suggesting that internal hillslope soil storage features somewhere in the mid to upper portion of the
plot not measured by our monitoring system had ﬁlled and begun to spill downslope (Figure 10). Furthermore, we saw a substantially larger interﬂow generation threshold for water directed toward ﬂume 5 than
for ﬂume 4. Eventually, nearly all of the saturated sections of the soil mantle (except at the top of the irrigation area) apparently connected and near steady-state conditions were achieved (Figure 10).
Several lines of evidence point to concavities in the surface of the Bt horizon as contributing to the storage
incorporated in the threshold response. From the simultaneous arrival of dye tracers from the two transects,
we infer that there was a low spot in the argillic surface in the vicinity of the row 1 piezometers, and
perched water pooled in this low spot until the water level rose high enough to spill downslope into the
trench (Figures 5 and 10). During this ﬁll period, the ﬂuorescein and rhodamine mixed in this depression
storage feature. When the features spilled downslope, both dyes arrived together. McGuire and McDonnell
[2010] observed the same phenomenon in a bedrock-controlled hillslope in the Oregon Cascades. Flume 4
began ﬂowing before all row 1 piezometers measured perching, indicating that subsurface ﬂow paths did
not follow surface topography directly down the slope, but rather followed low points in the argillic topography. Variation in isotopic signatures between ﬂumes 4 and 5 are indicative of differences in preevent

Figure 8. Time series of cumulative input, outputs, soil moisture storage, and residuals of water over the course of the experiment.
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water retention and event water mixing over
small spatial scales. The lower ﬂow rates and
lower event water fractions in ﬂume 5 suggest that this ﬂume was receiving more
water from the B and BE horizons, rather
than from the higher conductivity A and E
horizons.

Figure 9. Total inﬂows, outﬂows, and net change in soil storage (mm)
200 h after irrigation began, following 149 h of drainage. Blue represents
new water ﬂuxes, green represents old water ﬂux, and blue-green with a
question mark represents a mix of unknown proportions.

These observations are consistent with ﬁeld
[Tromp van Meerveld and McDonnell, 2006]
and modeling [Hopp and McDonnell, 2009]
evidence of the ﬁll and spill process from the
Panola and Maimai sites [Graham and
McDonnell, 2010, Graham et al., 2010a] and
are consistent with a ﬁll and spill process
above and within the argillic layer in this
low-relief topography.

After irrigation ceased, piezometers in row 2
drained much faster than those in row 1 (Figure 2b), indicating that ﬂow was still moving
downslope and feeding the lower piezometers. Subsequently, after all piezometers in rows 2–4 had emptied,
most piezometers in row 1 reached a level from which water levels dropped very slowly, indicating these piezometers were located in local low spots with relatively tight clay below. Taken together, the very slow late
drainage of row 1 piezometers, the simultaneous arrival of the dye tracers, and the underprediction of piezometer levels at this location by the kinematic model all provide evidence for the existence of a low spot in the
argillic surface in the vicinity of row 1 (Figures 4 and 5, and 10).

Figure 10. Inferred progression over the irrigation experiment of saturated depressions on the argillic surface as well as matrix and preferential ﬂow.
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These observations raise questions about pedogenesis and the nature of subsurface concavities across geomorphic settings. Why do they form? Are such irregularities a consequence of early soil formation or are
they formed much later via tree throw and other biologically mediated processes? While work in geomorphology is tackling this question [e.g., Lutz and Griswold, 1939, Schaetzl, 1986, Roering et al., 2010], the hydrological
coupling to these processes remains poorly understood. New nondestructive geophysical insights are needed
to help us characterize these features and to begin to incorporate them into predictive ﬂow models given their
importance here and elsewhere [e.g., Tromp van Meerveld and McDonnell, 2006]. Our observations have implications for groundwater recharge enhancement where recent modeling has shown that ﬁll elements can greatly
enhance vertical recharge to groundwater at the hillslope scale [Appels et al., 2015].
Topsoil moisture levels dropped rapidly after irrigation ceased, suggesting that water storage within the BE
and Bt horizons, along with the perched water held in the argillic surface depressions, are important reservoirs to maintain forest transpiration.
4.2. Time Series of Event/Preevent Water
In general, bromide concentrations and event water fractions rose steadily and nearly linearly with irrigation
input. They temporarily leveled off during the quasi steady-state period, during which time we infer that a
large subsurface storage feature in the middle to upper slope was being ﬁlled before spilling, thus delaying
event water arrival from that part of the slope. The steady decrease in event water that began 16 h after irrigation ceased and continued through the monitored recession suggests that the slower moving water in
the BE horizon featured a larger fraction of preevent water.
Event water fractions in rainfall events observed in other studies vary substantially between and during
storms (see review in Klaus and McDonnell [2013]), but our continuous application of a conservative tracer
demonstrates that a large part of that variability is due to storm size alone: i.e., the greater the depth of the
storm, the greater the event water fraction. This experiment raises but does not address the question of
whether rainfall or irrigation intensity also affects the event water fraction (something difﬁcult to test during
natural events).
The isotopic signature of the trench ﬂow water with respect to the signature of the irrigation water substantiated the bromide results, but the water isotope data were much noisier and far more difﬁcult to interpret
(Figure 3). Event/preevent water fractions calculated from only the isotope data would have had wide conﬁdence bands. We are uncertain about the source of noise in the interﬂow water isotope concentrations.
4.3. Average and Preferential Flow Conductivities
The conductivities estimated from the dye tracer arrivals assume that ﬂow moved in a straight line downslope and that the hydraulic gradient remained constant and equal to the surface slope. Internal storages
created by depressions in the impeding pedogenic layer create an ill-posed inverse problem for determining hydraulic conductivities from pore velocities. The transit time used to estimate the pore velocities is a
function of both conductivity and detention in subsurface storage features. Furthermore, hydraulic gradients are also affected by these storage features. Essentially this leaves one equation with three unknowns.
By ignoring the detention features and assuming a downslope gradient equal to the slope gradient, the
downslope hydraulic conductivity of the preferential ﬂow network is underestimated.
Conductivities determined from dye tracer pore velocities were 1.9–4.9 times the average conductivity of
the topsoil determined from steady-state ﬂow, indicating that the ﬂow associated with the upper tail of the
travel time distribution (through the preferential ﬂow network) comprised only a small fraction of the ﬂow
system. Kung et al. [2005] noted that soil hydraulic conductivity can be used to estimate water ﬂuxes and
even solute transport when matrix ﬂow dominates, but the lumped conductivity becomes inadequate
when convective transport through preferential pathways becomes important. Conductivity varies not only
spatially, as has been studied extensively [e.g., Binley et al., 1989, Barth et al., 2001], but at every spatial scale
the soil features a web of slower and faster pathways. By using probability density functions to account for
state-dependent conductivity distributions, solute transport through this web can be modeled [Kung et al.,
2006]. Only a certain amount of ﬂow can be accommodated by the preferential ﬂow network so additional
water must pass through the less conductive matrix. The large-scale average conductivity we measured
from steady-state ﬂuxes integrated the high conductivities of the preferential ﬂow network and the much
lower conductivities measured typically with small-scale inﬁltrometers and permeameters. Therefore the
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conductivity estimates based on dye tracer velocities are not representative of the whole ﬂow system as
they primarily integrate over the preferential ﬂow paths. However, the dye tracer velocities provide an
upper bound for the distribution of conductivities and help explain the apparent paradox of preevent water
dominating the early hillslope outﬂow (see below, and discussion of the Maimai catchment by McDonnell
and Beven [2014]). They also explain why the ﬁrst ﬂush of solutes may travel far ahead of a solute plume
traveling through the bulk of the matrix. Hornberger et al. [1991] observed the same paradox of surface tracers arriving at the beginning of ﬂow while end member mixing suggested inconsequential amounts of
event water at the beginning of ﬂow, but they did not have the beneﬁt of a constant addition of a conservative tracer to help explain their dye tracer results. The lag between the cessation of irrigation and the peak
bromide concentration nearly mirrored the time (14:35 h) to peak dye concentrations at the start of the
experiment. This suggests that the time to drain the preferential ﬂow network was similar to the time necessary to initiate ﬂow through this network.
The plot-scale average conductivity of the surface soils (460 mm/h) was substantially higher than the median of value of 100 mm/h previously measured with a compact constant head permeameter [Du et al., 2016].
This result is in keeping with what others have found – that large-scale conductivities or calibrated conductivities of surface soils are higher than those determined from small-scale measurements with inﬁltrometers
or permeameters [e.g., Blain and Milly, 1991; Grayson et al., 1992; Brooks et al., 2004].
Hydrologists usually conceptualize preferential ﬂow as moving through visually apparent macropores, but
that was not the case here. No visual macropore ﬂow was observed at the trench face during this experiment or previous natural rainfall events. Nevertheless, dye transport indicated a network of higher conductivity zones and features through which the rapid preferential ﬂow moved.
4.4. Downslope Travel Distances
This hillslope was underlain by a permeable sandy clay loam argillic Bt horizon with a substantial saturated
conductivity (2.5 mm/h) relative to low intensity rainfall rates. Nevertheless, the slope featured a strong
contrast between the average conductivities of the topsoil (460 mm/h) and that of the impeding layer
(2.5 mm/h)—enough to drive interﬂow when the soil moisture and subsurface detention storage thresholds
were exceeded. However, the low slope of this hillslope segment counteracted the high ratio (159) of topsoil to impeding layer conductivities, limiting average downslope travel distances to at most 12 m at the
base of this segment (calculated following Jackson et al. [2014]). Because of the ensemble of hydraulic conductivity values, there was also a distribution of downslope travel distances, and solutes moving through
the preferential ﬂow system (K values in the range of 2000 mm/h) might move nearly 40 m downslope
before percolating through the Bt horizon. In either case, interﬂow on this slope would mostly act to redistribute percolation downslope from the point of inﬁltration, rather than transport water all the way to the
riparian valley (200 m from the irrigated slope). Since the downslope travel distance is a function of the
thickness of the perched water table, the water table proﬁle observed in this experiment suggests that ﬂow
from only about half the irrigated hillslope would reach the trench (Figures 5 and 6), which roughly matches
our observation that the total trench ﬂow was equal to 49% of the total irrigation input.
4.5. Nutrient Cycling and Transport
Cycling processes differed by nutrient (ammonium, nitrate, and phosphorus) over the timescale of this
event. Concentrations of ammonium in interﬂow were much lower than nitrate, despite similar concentrations in the tank water, suggesting greater removal (via sorption or uptake) of ammonium relative to nitrate.
Further, low concentrations of soluble reactive phosphorus (SRP) and ammonium in interﬂow relative to the
concentrations in tank water suggest that removal rates of ammonium and SRP were high. The various
pathways by which ammonium and phosphorus could be taken up include assimilation, nitriﬁcation (for
ammonium), and sorption; however, we could not determine which process was most dominant.
Outﬂow nitrate concentrations varied temporally throughout the experiment, and these dynamics may
reﬂect variation in soil water chemistry across the hillslope and continued mixing as the contributing area
of hillslope changed over the experiment (as illustrated in Figure 10). We were not able to measure nutrient
concentrations in soil water prior to the irrigation experiment because the sampling piezometers were dry;
however, mean nitrate concentration in trench ﬂow for 2 storms in 2011 and 4 storms in 2012 ranged from
40 to 104 mg N/L with a peak concentration across all storms of 190 mg N/L [Grifﬁths et al., 2016]. These
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nitrate concentrations measured prior to the experiment were lower than nitrate measured in the trench
outﬂow during the irrigation experiment (range: 161–462 mg N/L; Figure 7) suggesting the nitrate in trench
ﬂow reﬂected the added nitrate (mean concentration in tank 5 902 mg N/L). d18ONO3 also corroborated this
observation as trench water nitrate increased linearly throughout the irrigation experiment in a similar temporal pattern to that observed for bromide (Figure 3), suggesting nitrate movement along the hillslope was
more similar to a conservative tracer. Overall, the irrigation experiment revealed different characteristics in
nutrient cycling and transport in a hillslope, and suggests that nitrate is a mobile nutrient [e.g., Bormann
et al., 1968; Mitchell et al., 1996].
4.6. Value of the Multitracer Approach: Water and Solute Transit Time Differences
Individually, several of our tracers might have led us to different and somewhat contradictory conclusions.
By themselves, the dye tracers would have caused us to overestimate the average conductivity of the topsoil. When coupled with conductivity estimates based on mass balance and Darcy’s law, the dye tracers suggested the existence of preferential ﬂowpaths not associated with visually apparent macropores, and
revealed a wide distribution of conductivity values within an apparently homogenous soil mantle (also
observed by Kung et al. [2005]). The event water fraction determined from the bromide outﬂows would not
have revealed the high end of the hydraulic conductivity range nor the pooling and mixing of event water
in argillic depressions. The stable water isotope data helped substantiate the inference from the bromide
data, but in isolation would not have provided a clear time series of the event water fraction. The nutrient
tracers revealed relatively rapid assimilation, sorption, and uptake processes for ammonium and

Figure 11. Hillslope exports of water and solutes integrate spatially and temporally varying processes controlled by the interactions of the
distributions of conductivities, soil depths, and subsurface detention features. (1) Dominant hillslope controls exist as continuous distributions. (2) Interactions of these distributions across space create semiindependent ﬂow paths with unique interﬂow thresholds; downslope
connectivity that varies with moisture content (cascading thresholds); and spatially variable recharge. (3) The cumulative hillslope ﬂow and
solute hydrograph integrates the responses of the ensemble of pathways.
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phosphorus that affected outﬂow chemistry even during a massive precipitation event. In contrast, nitrate
transport was much more conservative.
So what does this all mean? Our ﬁndings suggest that one’s view of hillslope ﬂow processes depends on
the scale, number, and frequency of observations of state variables and outputs. Less frequent and/or less
numerous observations of fewer tracers would have produced different inferences about hydrologic processes within the slope. Flow and solute transport on this hillslope encompasses a distribution or ensemble
of thresholds and ﬂow paths that vary over space (Figure 11). Furthermore, the time series of ﬂows and solute ﬂuxes integrate a number of relatively independent ﬂow paths with variations in their controls and
internal storages. These ﬁndings suggest re-thinking the standard approach to end member mixing and
source apportionment at the catchment outlet [e.g., Steenhuis et al., 1994]. Our ﬁeld has suffered from interpretations biased by speciﬁc techniques. A classic example is the work at the Maimai catchment where consideration of the behavior of multiple tracers (separately and over the many years of study), resulted in
many different interpretations of system behavior. Early work by Mosley [1979] using dye tracers suggested
a macropore-dominated system with rapid movement of event water to streams. However, subsequent
isotope-based 2-component mixing revealed outﬂows dominated by old water [Pearce et al., 1986; Sklash
et al., 1986]. Other work at Maimai examining interﬂow hydrographs across the hillslope illustrated variable
and complex responses to storms. Weiler and McDonnell [2007] showed how using combined Br and isotope
tracers on the same hillslope over many weeks could reconcile event-driven preferential ﬂow mobilization
and between-event advective-diffusive ﬂow and transport. Merging and synthesizing these separate lines
of enquiry has been challenging but ultimately has yielded a more complete system understanding
[McDonnell, 1990; McGlynn et al., 2002].
Hillslope controls on ﬂow pathways exist in a continuum, and the relative magnitude and importance of
processes depends on the topography and lithology of each slope. This hillslope lies on the opposite end of
the spectrum from the steep, bedrock-controlled, and very wet Maimai catchments [see McGlynn et al.,
2002], but subsurface ﬂow processes in both are partly controlled by the topography and nature of the subsurface impeding layer and not the surface topography. In both of these contrasting hillslopes, the subsurface ﬂow dynamics and mixing processes are much more complicated than surface topography would
suggest.

5. Conclusions
Conductivities determined from dye travel times and bulk conductivities determined from steady-state
ﬂows together revealed a distribution of hydraulic conductivities in relatively homogenous loamy sand topsoils that allowed some solute export through bypass ﬂow far in advance of the bulk of the wetting front.
Surface-applied dye tracers moved and arrived with the lead outﬂows, apparently along preferential ﬂowpaths, and concentrations peaked shortly after trench ﬂow initiated. This preferential network was not associated with visually apparent macropores. Conductivities of the toposils calculated from the dye tracer
velocities ranged from 864 to 2240 mm/h and were 1.9 to 4.9 times greater than the bulk conductivity
(460 mm/h) determined from mass balance at quasi steady-state. The bulk and the maximum conductivities
were much greater than the median value of 100 mm/h for surface conductivities previously measured at
this site using small-scale permeameters [Du et al., 2016], substantiating previous observations that smallscale conductivity measurements tend to be low-biased [Brooks et al., 2004].
Dye tracer arrivals, soil moisture time series, piezometric behavior, and trench outﬂows all suggested
sequential and spatially variable thresholds for perching and for interﬂow initiation. Along the same contour, both the amount of precipitation necessary to initiate perching and the rate of drainage were highly
variable. Observations were consistent with the ﬁll and spill concept but suggested multiple successive ﬁll
and spill events that affected the progression of ﬂows and piezometer levels through the event. The subsurface depressional storage on the argillic surface contributed to large and spatially variable interﬂow generation thresholds of 131 and 208 mm. Even on a small and apparently homogenous hillslope segment,
interﬂow generation thresholds varied by 59% between the two collection drains, raising the question of
how interception trench length and segmentation affect inference.
Event water fractions of the trench outﬂows increased steadily with the irrigation depth, peaking at 50%.
The tight relationship between the depth of irrigation and the event water fraction indicates that high

JACKSON ET AL.

MULTITRACER HILLSLOPE IRRIGATION EXPERIMENT

6203

Water Resources Research

10.1002/2015WR018364

storm-to-storm variability in event water fractions in the same watersheds observed in past studies may be
substantially a function of storm size. The cumulative amount of preevent water in trench ﬂow exiting the
slope was greater than the estimate of preevent water in the A and E horizons. This suggests that there was
exchange of preevent water in the BE and Bt horizons with event water moving to the trench. The lack of
perching in most of the piezometers in the upper half of the plot suggests that some ﬂow moved through
higher conductivity layers in the BE transition and Bt horizons, below the level of the piezometers, and
some ﬂow moved as unsaturated ﬂow through the sand.
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Downslope travel distances on this hillslope were limited by the percolation of water through the argillic Bt
horizon. The cumulative water balance for this experiment, along with the piezometric behavior, agreed
with predictions by the simple downslope travel distance model proposed by Jackson et al. [2014] and by
the steady-state kinematic wave equation including percolation through the impeding layer. Cumulative
trench outﬂows equaled 49% of input water, suggesting that about half of the plot area contributed interﬂow that reached the trench. The observed range of conductivities suggests a distribution of interﬂow travel distances, so some solutes may travel much farther than would be predicted from the average velocities.
The differential behavior of nutrients applied in the irrigation suggests that cycling processes varied by nutrient (ammonium, nitrate, phosphorus) within the timescale of this artiﬁcial event. Nitrate moved rapidly downslope compared to ammonium and phosphorus, and was likely less inﬂuenced by biological or physical
(sorption) processes. Nitrate concentrations and stable isotopes in the outﬂow suggested that nitrate moved
with interﬂow essentially as a conservative tracer during the event. Overall, ammonium and phosphorus
deposited in rainwater may be tightly cycled at the scale of a hillslope, but nitrate in rainwater may travel farther distances downslope and therefore would be the nutrient of greatest water quality concern if it reached
stream water. However, interﬂow travel distances are short in this watershed (12–40 m for this hillslope;
described above) [Jackson et al., 2014], suggesting the contributing area of interﬂow to stream water is small
so nitrate will likely not enter stream water via interﬂow but rather through the groundwater ﬂowpaths that
dominate in these low-relief watersheds [Du et al., 2016; Klaus et al., 2015; Grifﬁths et al., 2016].
The representative elemental volume concept predicts that the variability of average hydraulic conductivities will diminish and reach an asymptote with increasing spatial scales. The resulting average conductivity
is useful for modeling hillslope ﬂows, but the full distribution of hydraulic conductivities [Kung et al., 2006]
as well as the scale and connectedness of internal storage features (e.g., concavities in the impeding layer
surface) are necessary to explain the movement of solutes. We examined a planar hillslope with apparently
uniform soil and vegetation characteristics and found unexpected ﬂow and storage complexities over spatial scales of meters, similar to the observations of Bachmair and Weiler [2014].
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