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Abstract:

The Sleepers River Research Watershed (SRRW) in Vermont, USA, has been the site of active hydrologic research since
1959 and was the setting where Dunne and Black demonstrated the importance and controls of saturation-excess overland
flow (SOF) on streamflow generation. Here, we review the early studies from the SRRW and show how they guided our
conceptual approach to hydrologic research at the SRRW during the most recent 25 years. In so doing, we chronicle a shift
in the field from early studies that relied exclusively on hydrometric measurements to today’s studies that include chemical
and isotopic approaches to further elucidate streamflow generation mechanisms. Highlights of this evolution in hydrologic
understanding include the following: (i) confirmation of the importance of SOF to streamflow generation, and at larger
scales than first imagined; (ii) stored catchment water dominates stream response, except under unusual conditions such as
deep frozen ground; (iii) hydrometric, chemical and isotopic approaches to hydrograph separation yield consistent and
complementary results; (iv) nitrate and sulfate isotopic compositions specific to atmospheric inputs constrain new water
contributions to streamflow; and (v) convergent areas, or ‘hillslope hollows’, contribute disproportionately to event
hydrographs. We conclude by summarizing some remaining challenges that lead us to a vision for the future of research at
the SRRW to address fundamental questions in the catchment sciences. Copyright © 2014 John Wiley & Sons, Ltd.
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INTRODUCTION

The Sleepers River Research Watershed (SRRW) in
Vermont, USA, was established by the Agricultural
Research Service of the U.S. Department of Agriculture
in 1959. Throughout its history, research has focused
on the question of how hydrologic runoff is generated
in a rugged, post-glacial landscape with forest and
pasture cover. The research has been fundamental to
understanding how climate, landscape characteristics
and gradual land use change in the region affected
water yields, stormflow responses and water quality.
The earliest work at the SRRW was entirely hydro-
metric, and was followed by studies utilizing suites of
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isotopic and chemical methods that emerged in later
decades. Here, we review the research during the
55-year history of the SRRW with the goal of
illustrating how evolving measurement approaches have
led to an evolution in understanding of streamflow
generation processes. We begin with a review of the
widely cited Dunne and Black (1970b) paper that
outlined the mechanics of saturation overland flow. We
then review the past 20 years of combined hydrometric-
isotopic-geochemical analysis that has continued to
refine our runoff process understanding at the catch-
ment scale, at the hillslope–riparian interface and across
the nested basin scales that comprise the SRRW. In
pursuing these objectives, we commemorate the 30th
anniversary of the original publication in Sweden of
‘Water’s Way from Rain to Stream’ (Grip and Rodhe,
1985, 1994) in a landscape with strong similarities to
the original Swedish research sites.
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SRRW RESEARCH: EARLY RESEARCH ON
RUNOFF GENERATION PROCESSES

Dunne and Black (1970a, b, 1971), hereafter ‘D&B’,
investigated runoff generation in a small catchment just
outside the lower catchment boundary of the SRRW
(Figure 1). The work was an attempt to express the
variable source area (VSA) of Hewlett and Hibbert
(1967) in terms of runoff mechanisms, and thereby to
generalize it (Figure 2). Although VSA dynamics had
been shown earlier (Hursh and Brater, 1941; Hewlett
and Hibbert, 1967; Ragan, 1968) and the main role of
the expanding variable near-stream saturated areas as a
control on streamflow generation had been conceptual-
ized (Betson, 1964), D&B showed mechanistically how
rain or snowmelt on saturated areas combined with
return flow of groundwater and subsurface stormflow
(SSF) at the base of slope to contribute to the runoff
response (Figure 2). The work demonstrated that in a
region with infiltration capacities higher than rainfall
and snowmelt rates, stormflow from small watersheds
is contributed by various amounts of SSF over
impeding horizons that were 0.3 to>2m deep, and
overland flow from limited portions of the watershed
(Dunne and Black, 1970b, a). In particular, the work
Figure 1. Map of Sleepers River Research Watershed showing study sites
and surrounding areas

Copyright © 2014 John Wiley & Sons, Ltd.
demonstrated the extent of, and controls on, the
saturation-excess overland flow (SOF) mechanism of
streamflow generation (Figure 2) in certain landscapes.
Saturation-excess overland flow develops because there

is a hydrogeological/topographic limit to the conveyance
capacity of the subsurface, which depends on soil
transmissivity, topographic gradient and the planform
curvature of the landscape (Beven, 1978). Where that
limit is exceeded, exfiltration (return flow) occurs and is
augmented by rainfall or snowmelt onto saturated areas,
which can expand seasonally and during individual
stormflow events (Figure 2). These processes occur in
zones that are identifiable or at least interpretable from
geomorphology and hydrogeology (Dunne et al., 1975;
Dunne, 1978), and the distribution and amounts of SOF
and SSF are together important for stormflow, solute
fluxes and pollutant transport. The extensive nature of
SOF generation (<5 to ≤50% of catchment area) reflects
the post-glacial character of the Vermont landscape,
which includes significant areas of shallow, low-
permeability soils, impeding horizons, gentle gradients
and topographic convergences. The D&B studies,
together with contemporaneous and subsequent work at
the SRRW (Comer and Zimmermann, 1969; Hendrick
and Comer, 1970; Engman, 1981; DeAngelis et al., 1984)
collectively linked runoff mechanics to landscape struc-
ture, and vice versa, by demonstrating feedbacks of runoff
mechanisms on landscape formation (Dunne, 1980).
The principles of D&B were broadly applicable to

humid areas, where infiltration capacities typically exceed
rainfall or snowmelt intensity (Dunne, 1978). Thereafter,
SOF studies proliferated around the world from the 1970s
to the 1990s (Dunne et al., 1975; Anderson and
Burt, 1978; Beven, 1978; Mosley, 1979; Taylor and
Pearce, 1982; O’Loughlin, 1986; Eshleman et al., 1993;
Buttle, 1998). These insights also influenced the devel-
opment of hydrologic models (Freeze, 1974; Beven and
Kirkby, 1979) and studies of nutrient flushing
(Hornberger et al., 1994; Creed and Band, 1998),
geomorphology (Montgomery and Dietrich, 1988), land-
atmosphere interactions (Entekhabi and Eagleson, 1989)
and tropical hydrology (Bonell and Gilmour, 1978; de
Moraes et al., 2006). However, the early studies left many
questions open, such as how runoff responses from small
areas should be scaled up to predict hydrologic responses
of heterogeneous subwatersheds across the broader
landscape. Research into these questions at the SRRW
and elsewhere advanced understanding by combining
hydrometric methods with newer chemical and isotopic
techniques (Bishop et al., 1990; Christophersen et al.,
1990; McGlynn et al., 2002; McGlynn and McDonnell,
2003; McGuire et al., 2005; Soulsby et al., 2006; Jencso
et al., 2010).
Hydrol. Process. 29, 3447–3459 (2015)



Figure 2. Schematic of flow generation mechanisms and timeline of hydrologic research at Sleepers River Research Watershed
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THE SRRW LANDSCAPE

Sleepers River originates in the N-S trending Kittredge
Hills west of St. Johnsbury, Vermont, and flows generally
SE (Figure 1) to the Passumpsic River, which shortly
joins the Connecticut River. Sleepers River drains a
landscape of rolling hills (elevation range 201–820m)
that become increasingly rugged, more forested and less
populated to the northwest. Lower elevations support a
mix of forest and dairy farms, although most land above
500m is forested. The Wisconsinan glaciation ended
~10 000years ago and left variably thick deposits of till,
outwash and lacustrine clay (Springston and Haselton,
1999). The watershed averages 1000–1500mm of
elevationally controlled precipitation annually.
Newell (1970) illustrated that the topography and

geological materials that influence hydrologic responses
in the SRRW are controlled by the pre-glacial and glacial
history of the landscape. He also demonstrated that the
topographic grain of the ridges, hillslopes and stream
channels reflects the regional patterns of jointing in the
calcareous schist bedrock. He mapped glacial till cover,
demonstrating the influence of the underlying bedrock
surface. Ridge tops and upper slopes generally have a thin
(<2m) till cover, including sandy ablation till in some
places. A dense silty basal till cover generally thickens
Copyright © 2014 John Wiley & Sons, Ltd.
downslope and downvalley. The lower elevations also
contain sandy outwash and lacustrine clay deposits
(Springston and Haselton, 1999). The geological substrate
is reflected in regional soil patterns, which thus are
indicators of baseflow regimes and water-table responses
(Comer and Zimmermann, 1969; Shanley et al., 2003).
The D&B site (Figure 1) was a fluvioglacial terrace on

a structurally controlled bedrock valley sidewall, with
both steep and gentle gradients; deep, permeable and
shallow, low-permeability soils; and convergent, planar
and divergent hillslopes (Figure S2). The site had not
been forested for ~30 years, but retained high infiltration
capacities and impeding horizons at shallow depth on
some parts (but not all) of the monitored catchment,
similar to forested soils on various parts of the SRRW.
Shortly after the D&B studies, a highway relocation
project compromised the site for any subsequent
work (Figure S3).
Watershed 9 (W-9, 41ha), the main research focus

since 1991, has 155m of relief, a mix of steep and gentle
hillslopes, midslope benches, pocket wetlands and gently
sloping riparian zones. The till, up to 4.5m thick (Shanley
et al., 2003), is locally derived from the calcareous Waits
River Formation (Springston and Haselton, 1999). It is
readily weathered and calcite is absent from the upper
1–2m (Newell, 1966). W-9, W-3 (837ha) and W-5
Hydrol. Process. 29, 3447–3459 (2015)
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(11 125ha) form a nested basin sequence with forests in
the headwaters to mixed forest and pastures downstream.
W-2 (59 ha) is a pasture-dominated low-elevation
catchment.
Figure 3. Snowmelt hydrograph at Sleepers River showing new water
component (light blue shading) based on isotopic hydrograph separation.
The separation stops when isotopic separation between new and old water

is lost

Figure 4. Bivariate Si-Ca plot for W-9 streamwater and potential end
members for end-member mixing analysis. Data are from Kendall et al.

(1999) and Hjerdt (2002)
SRRW RESEARCH: THE PAST 20 YEARS

We begin our review of runoff research at the SRRW at
the small catchment scale, where we show how
hydrologic and biogeochemical processes have been
inferred from the timing and amplitude of signals
(chemical, isotopic, hydrologic) at the catchment outlet.
To support these inferences, we review work that has
investigated internal catchment dynamics with detailed
studies of water movement from hillslopes to stream and
mixing models with potential source waters. Finally, we
move back downstream, scaling up the findings through
review of work in the nested basins (Figure 1).

Small catchment scale findings

Isotopic hydrograph separation (IHS) at the SRRW has
repeatedly underscored the notion that water stored in a
catchment prior to an event dominates the event
hydrograph (Sklash et al., 1976; Bonell, 1998; Buttle,
1998). Nonetheless, the debate on how old water is
delivered to streams has continued (Kirchner, 2003;
Bishop et al., 2004). At the SRRW, we have applied IHS
to constrain sources, pathways and mechanisms of both
water and solute movement to streams, which we interpret
with respect to VSA dynamics and the contribution of
SOF to streamflow generation.
Much of the IHS work at the SRRW has focused on

snowmelt, when VSA extent tends to be the highest.
Approximately one third of precipitation at the SRRW
falls as snow that typically accumulates starting in
December until snowmelt in late March or April. Up to
half of the annual runoff occurs during the approximately
2-month snowmelt window. On the basis of a two-
component IHS (using meltwater as new water and
baseflow as old water), the new water component of the
snowmelt period streamflow typically begins as a few
percent and gradually increases to a sustained 20–40%
with peaks sometimes exceeding 50% (Figure 3) (Shanley
et al., 2002). This progressive increase of new water in
early melt periods is consistent with increasing direct
precipitation inputs and SOF as VSAs expand with
increasing cumulative melt inputs (Dunne et al., 1975;
Shanley et al., 2002).
Analyses of the chemical signature of streamflow at the

SRRW have complemented and supported IHS results.
Principal components analysis of conservative chemical
tracers (e.g. calcium, magnesium, strontium and silica
concentrations) has been used to develop multivariate
Copyright © 2014 John Wiley & Sons, Ltd.
end-member mixing analysis (EMMA) (Christophersen
and Hooper, 1992). This modelling approach has been
used to quantify fractions of source waters (end members)
that mixed to form W-9 streamwater (Kendall et al.,
1999; Sebestyen et al., 2008). End members typically
used were precipitation (rain and meltwater), soil water
and groundwater. Groundwater and soil water chemical
compositions tend to vary more over space than time in
contrast to precipitation composition, which varies
strongly over time but is fairly uniform spatially. Smith
(1997) used these three end members and found that
groundwater dominated the hydrograph and that the
groundwater fraction from EMMA closely agreed with
the old water fraction from IHS. Kendall et al. (1999)
sampled many additional potential end members, such as
different depths in riparian and hillslope groundwater
(nested wells) and saturation overland flow (Figure 4), to
Hydrol. Process. 29, 3447–3459 (2015)



Figure 5. W-9 snowmelt showing differential response of nitrate (supply
limited) and dissolved organic carbon (DOC) (transport limited)

3451WATER’S WAY IN VERMONT – FLOW GENERATION IN A POST-GLACIAL LANDSCAPE
test for their possible contributions. They concluded that
mixing of groundwater and meteoric water could explain
94% of the variance in streamwater composition,
suggesting minimal contributions from other source
waters, such as soil water or throughfall.
Certain solutes or pairs of solutes, isotopic indicators or

compositional metrics serve as distinctive tracers that
provide an alternative to a multivariate EMMA. At the
SRRW, these tracers include dissolved organic carbon
(DOC), δ18O of nitrate and sulfate, cosmogenic isotopes
and optical properties of dissolved organic matter. For
example, nitrate and sulfate are nutrients that enter a
catchment in precipitation and are cycled by plants and
soil microbes (Likens and Bormann, 1995). Microbes
break N–O and S–O bonds while assimilating inorganic
nutrients into biomass (i.e. organic matter). Upon
subsequent mineralization, the nitrate and sulfate com-
pounds include new O atoms from air and water sources
(Aleem et al., 1965; Mitchell et al., 1998), which causes a
sharp decrease in the δ18O of the catchment-derived
nitrate and sulfate relative to that of the atmospheric
input. These isotopic shifts during terrestrial processing
can provide robust tracers of atmospheric versus
‘catchment-processed’ nitrate and sulfate (Mitchell
et al., 1998; Kendall et al., 2007).
The δ18O of atmospheric nitrate at the SRRW is +80 to

+100 permil, whereas the δ18O of soil-nitrified nitrate is
�10 to +10 permil (Ohte et al., 2004; Sebestyen et al.,
2014). This broad separation allows calculation of
unprocessed atmospheric nitrate in streamwater. Unpro-
cessed atmospheric nitrate comprised 30–50% of stream
nitrate during several snowmelt and some rainfall-runoff
events (Sebestyen et al., 2014). The presence of unaltered
atmospheric nitrate in streamwater provides strong
evidence of new water input. Sebestyen et al. (2008,
2014) invoked both SOF and shallow SSF with
unprocessed atmospheric nitrate originating from melt
and rainfall on VSAs. This interpretation was further
supported by concurrent patterns of streamflow,
water-table elevation, chemical indicators and isotopic
composition that collectively showed large inputs of
unprocessed atmospheric nitrate originating from riparian
areas at times when nitrate sources on hillslopes were
largely disconnected from the stream. This finding
reinforces a basic premise of the D&B studies that some
proportion of the water entering streams flows overland
and transports particles and solutes.
Like nitrate, sulfate has a sharp contrast in δ18O

between atmospheric and biologically processed fractions
that can be exploited to estimate meteoric inputs to
streamwater (Shanley et al., 2008). But unlike nitrate,
sulfate adsorbs to soil grains, which may cause
underestimates of meteoric water input. Meteoric sulfate
Copyright © 2014 John Wiley & Sons, Ltd.
also contains 35S, a cosmogenic isotope with an 87-day
half life. 35S is detectable in the SRRW streamwater at
low activities relative to precipitation. Stream 35S
complements IHS by placing an upper bound on new
water contributions, but some 35S is lost by sulfate
retention and uptake (Shanley et al., 2005). A strong shift
to negative δ34S values, which accompanied a tripling of
stream sulfate concentrations following a high return-
period drought, indicated oxidation of secondary sulfides
during soil exposure to air when groundwater levels were
unusually low in 2001 (Mayer et al., 2010). This newly
oxidized sulfate, unmistakably labelled by its distinct
negative δ34S, was present only at depths below typical
summer minimum groundwater levels. That this sulfate
was released to streamwater relatively quickly during
only moderate fall rainstorms but maintained a prolonged
8-month period of elevated concentrations in the stream
(Mayer et al., 2010) suggests both rapid and slow
pathways of this deep groundwater. The sulfate isotopes
thus reveal information about specific flow path depths
(both shallow and deep), complementing information
from IHS, EMMA and the nitrate isotopes.
The relations between solute concentrations and

streamflow have provided additional insight into chang-
ing water sources during high-flow events. Solutes
derived from the readily weathered calc-silicate rocks at
the SRRW (Bailey et al., 2004), including alkalinity,
silica, base cations and sulfate, are high in groundwater
and low in precipitation, so they dilute during storms and
snowmelt (Shanley et al., 2004; Doctor et al., 2008).
Nitrate and DOC are primarily derived from topmost
organic soil horizons and are flushed to the W-9 stream
during high flows (Shanley et al., 2004; Sebestyen et al.,
2008). Nitrate concentrations peak early in snowmelt
events, and then progressively decrease as snowmelt
proceeds (Figure 5; Sebestyen et al., 2009). We have
interpreted this pattern as source limitation (Sebestyen
et al., 2008; Pellerin et al., 2012) consistent with Creed
Hydrol. Process. 29, 3447–3459 (2015)



Figure 7. Approximation of variable source area expansion areas in W-9
based on terrain analysis. The shaded sections indicate watershed areas
less than 3m above the stream entry point along the flow path. (For

methods, see Jencso et al., 2010)
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et al. (1996). In contrast, DOC increases are fairly
proportional to streamflow peaks (Figure 5; Sebestyen
et al., 2009), and we have interpreted this as transport
limitation. Because DOC continues to increase with
successively increasing discharge peaks, corresponding to
expanding VSAs, DOC appears to be a strong indicator of
VSA extent and the magnitude of SOF inputs, at least
during snowmelt.
Insofar as DOC concentration is a useful indicator of

shallow flow paths and extent of near-surface saturation,
recording in-stream fluorescence sensors can greatly
enhance interpretation by providing high temporal
resolution signals (Saraceno et al., 2009; Pellerin et al.,
2012). Fluorescing DOM (FDOM) is a strong proxy for
DOC (Green and Blough, 1994). In particular, hysteresis
in the FDOM concentration–discharge relationship and its
variation over seasons and among storms may help
identify DOC sources in the catchment. For example,
hysteresis at the SRRW is consistently counterclockwise
(i.e. DOC peaks after the discharge peak) suggesting that
the primary DOC sources are distal from the weir, or
alternatively that return flow through DOC-rich organic
horizons (Sebestyen et al., 2014) is delayed (Pellerin
et al., 2012). The size of the hysteresis loop can vary
greatly, as illustrated here for snowmelt and a large fall
storm (Figure 6). The higher peak and larger loop in the
fall storm reflect the large input of fresh organic matter
during leaf fall (Sebestyen et al., 2014), and a large areal
source yielding a wide distribution of travel times to the
weir. Differentiating the effects of carbon source size and
distance on hysteresis loops is difficult, but catchment
terrain analysis (Figure 7) may help by revealing the
landscape positions most likely contributing to
streamflow generation. These runoff source areas are also
the primary sources of DOC, so knowledge of their
distribution is helpful to interpret the continuous
fluorescence signal at the catchment outlet. Sources and
Figure 6. Fluorescing dissolved organic carbon (FDOM)-discharge
hysteresis loops (from in-stream fluorometer)

Copyright © 2014 John Wiley & Sons, Ltd.
flow paths may be further constrained by stable water
isotopes. Our next research step at Sleepers River is to
tease out the ‘distance versus source’ question with
internal catchment measurements (e.g. longitudinal sur-
veys along streams, groundwater table monitoring) under
different hydrologic conditions.
The EMMA at the SRRW has typically indicated

contributions of surficial soil water and precipitation to
streamwater during events. These sources necessarily
followed fast flow paths – SOF or SSF in association with
surficial soils in VSAs. As such, we argue that the sum of
these two components is a measure of quickflow, or water
that directly ran off in response to an event (Sebestyen
et al., 2008). Quickflow may also be quantified from
hydrograph recession analysis (Hewlett and Hibbert,
1967; Jakeman et al., 1990). Among the various
approaches to separate hydrographs, recession analysis
is nearly a century older than IHS and EMMA and
includes numerous formulations (Hall, 1968). Hewlett
and Hibbert (1967) referred to hydrograph recession as
‘one of the most desperate analysis techniques in use in
hydrology’, because the mathematically derived flow
components offer little potential to identify flow paths
through catchment soils. The advantage, however, is that
these methods are objective and reproducible and
require only streamflow data, which are often readily
available. Chemical and isotopic approaches to
hydrograph separation are typically applied to a limited
number of events, which make them difficult to
generalize. In contrast, quickflow determination by
recession analysis (quickrecession) can be readily applied
to all events over a long time series and extend the
interpretability of flow paths during periods lacking
chemical and isotopic data.
Hydrol. Process. 29, 3447–3459 (2015)



Figure 8. Relationships among quickflow from recession analysis (quickrecession), quickflow from end-member mixing analysis (EMMA) (quickEMMA)
and new water (qnew) from isotopic hydrograph separation (IHS) for W-9. Several snowmelt events are shown with each data point representing a daily
value. Fewer data points for the qnew versus quickEMMA plot reflect periods when IHS and EMMA could not be calculated because of isotopic overlap

among end members or incomplete stream chemistry data

Figure 9. Relation between quickflow from recession analysis
(quickrecession) and new water (qnew) from isotopic hydrograph separation
at W-2, the agricultural catchment, during a deep-frost and low-frost year
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At the SRRW, we have rich data sets to assess
relationships between flow separations using IHS,
EMMA and recession analysis. Three independent
determinations of quickflow, (1) from recession analysis
(quickrecession) using the Eckhardt method (Eckhardt,
2005), (2) calculated as precipitation + soil water from
multi-solute EMMA (quickEMMA) and (3) computed as
new water (qnew) from IHS, were all strongly
intercorrelated (Figure 8). We used the Eckhardt method
to illustrate basic principles that may also be derivable
through other published methods (Horton, 1933; Hall,
1968; Brutsaert and Nieber, 1977; Eckhardt, 2008).
Correlations among the three hydrograph separation
approaches, along with concurrent hydrometrics
(Sebestyen et al., 2008; Sebestyen et al., 2014), show
links among metrics of quick flow, water sources and
flow path routing. The similarity of hydrograph separation
results provides validation for a physical interpretation of
Eckhardt method results for quantifying the magnitude of
SOF inputs to streams at several SRRW catchments
during snowmelt (Figures 8 and 9). By extension, we
have a new tool that allows us to estimate new water
inputs and flow path routing for other melt periods when
chemical or isotopic tracers were not measured. Our next
step is to calibrate the method for rainfall-runoff events. If
successful, we can apply the approach to assess water
sources throughout periods when streamflow measure-
ments are available.

Findings at the hillslope/riparian/stream interface

Thus far, we have interpreted water flow paths and
solute sources from observations at the catchment
outlet. Some a priori knowledge of ‘how the watershed
works’ was implicit in this discussion. Now, we
venture into the catchment to see how smaller scale
studies have informed these inferences. We present an
example of the multi-pronged approach that led to an
interpretation of streamflow generation different from
Copyright © 2014 John Wiley & Sons, Ltd.
that we would have made from hydrometric measure-
ments alone.
To better understand the sources and timing of water

and solute delivery to the stream, as well as chemical
evolution along hydrologic flow paths, Kendall et al.
(1999) instrumented W-9 with nested piezometers along a
hillslope–riparian transect. They measured hydraulic head
and sampled frequently for major ion chemistry before,
during and after the main spring snowmelt event. Water
tables in the riparian zone were already within 50 cm of
land surface when snowmelt began, and saturation rose to
the land surface and expanded outward as the melt
progressed (McGlynn et al., 1999). Water table elevations
in the upper hillslope position were at 3-m depth before
melt and rose to near-land surface during melt (Kendall
et al., 1999). The resulting increased hydraulic gradients,
coupled with measured increases in transmissivity upward
toward the land surface (Kendall et al., 1999), suggest
that hillslope water should have been a major contributor
to streamflow. However, the chemistry of the hillslope
water was markedly different from the stream, and there
Hydrol. Process. 29, 3447–3459 (2015)



3454 J. B. SHANLEY ET AL.
was no discernible shift in streamwater composition
toward the hillslope water composition during the melt
(Figure 4). In particular, hillslope waters had a large silica
(Si) excess relative to the stream. The contradictory
hydrometric and chemical data posed an enigma.
During this same snowmelt period, McGlynn et al.

(1999) studied a smaller scale hillslope/riparian transect
upstream of the Kendall et al. (1999) study. They used
five sets of nested piezometers for a detailed investigation
of the evolution of flow paths and chemistry during the
melt. Despite upward hydraulic gradients, riparian water
stratified because of the presence of a fragipan. Solute
chemistry became more concentrated toward the stream
and with depth, but diluted by a factor of two at peak
snowmelt, accompanied by a shift in δ18O toward that of
meltwater. This pattern suggests an initial displacement of
old water by infiltrating snowmelt and from transient
groundwater delivered from upslope (Rodhe, 1987). At
this smaller hillslope scale, excess Si again was present in
the hillslope groundwater, but less so than on the Kendall
et al. (1999) hillslope.
Attempting to resolve the paradox, Hjerdt (2002)

searched for the water that truly contributed to the stream
during snowmelt. Most sampling sites of Kendall et al.
(1999) were on planar or convex hillslopes, but one site in
a hillslope hollow (concave landform) had a groundwater
composition most like stream chemistry. Hjerdt (2002)
sampled several other hillslope hollows and found that
their groundwater composition was generally a viable end
member of stream chemistry. Some hillslope hollow sites
had slightly lower Si/calcium than streamwater, a
composition that would allow mixing with a small
percentage of hillslope waters to match the streamwater
composition (Figure 4). Bullen and Kendall (1998) had
also inferred a hillslope groundwater contribution to
streamflow at W-9 based on strontium isotope composi-
tions that reflected silicate weathering. But the high Si
concentration of the planar hillslope water ruled it out as a
major contributor to streamflow.
It was chemistry, rather than any hydrometric mea-

surements, that revealed the function of the hillslope
hollows. Groundwater chemistry from the planar hillslope
wells screened in the till reflects weathering of silicate
minerals rather than calcite (Bullen and Kendall, 1998;
Hjerdt, 2002). Groundwater chemistry from the planar
hillslope hollows, in contrast, reflects calcite weathering,
suggesting that water has travelled along a deeper flow
path (and/or has had a longer residence time) within the
lower unweathered till or the bedrock. A plausible
scenario is that the landscape setting of the hollows is
controlled by jointing in the bedrock (Newell, 1970) and
that most infiltrating water eventually enters fractures and
ultimately discharges in hillslope hollows or directly to
the stream/riparian zone. Storage and travel time within
Copyright © 2014 John Wiley & Sons, Ltd.
the fracture system must be sufficient for the chemistry to
evolve to a concentrated state.
Further support for the important role of hillslope

hollows comes from the western USA at the snowmelt-
dominated Tenderfoot Creek Experimental Forest, where
Jencso et al. (2009) found that the duration of hydrologic
connectivity of a hillslope is related to its upslope
contributing area, and hillslope hollows generally have
greater upslope areas. Streamflow contributions from
hillslopes are a function of variable riparian water
displacement/turnover (Jencso et al., 2010) due to
hillslope water mobilization following a predictable
sequence from larger to smaller hillslopes (hollows, to
planar, to divergent) during snowmelt. This hypothesis
provides an explanation for the seemingly paradoxical co-
occurrence of large fractions of old water from the
hillslope and reactive solutes from precipitation and
snowmelt (Kirchner, 2003). The hypothesis is also
consistent with the interpretation of Sebestyen et al.
(2008, 2014) that return flow of hillslope hollow water
across VSAs results in mixing of weathering-product
solutes in SSF with unprocessed atmospheric nitrate and
DOM in SOF. In sum, our smaller scale ‘within the
watershed’ investigations have supported the fundamental
role of the landscape setting as a first-order control on
hydrology, and validated the multiple-tracer approach by
revealing water sources and flow paths that were not
evident through a purely hydrometric lens.

Findings across nested basin scales

A central research theme at the SRRW in the 1990s
was how hydrologic processes and new water inputs
would change with catchment scale. The SRRW includes
several catchments, three of which formed a nested basin
sequence, which we used to address the scale question.
We hypothesized that the old water fraction would
increase with increasing catchment scale, as a conse-
quence of increasing groundwater contributions with
increasingly larger aquifers downgradient, as predicted by
the idealized Tóth (1963) regional groundwater model.
The hypothesis was not supported; percent new water

contributions during snowmelt and a summer storm were
either constant or generally increased with basin scale
(Smith, 1997; Shanley et al., 2002). Stream chemistry, e.
g. the extent of dilution of baseflow alkalinity, followed
the identical pattern. In contrast, there is support for the
hypothesis in other settings, e.g. the Catskill Mountain of
New York (Brown et al., 1999) and Scotland (Tetzlaff
et al., 2011). The latter study found that overland flow
inputs are important in headwaters, but are less important
downstream where groundwater inputs and other sources
mix to damp isotopic signatures, suggesting diminished
new water inputs with increasing catchment size. A
possible explanation for the lack of the expected scale
Hydrol. Process. 29, 3447–3459 (2015)



Figure 10. Differential isotopic response at W-2 in (a) 1993 (deep ground frost) and (b) 1994 (low ground frost)

Figure 11. Nine-year time series of δ18O in precipitation as well as
streamwater at W-9, W-3, W-5 and W-2
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effect at Sleepers River is that the relatively narrow
valleys in rugged topography do not support extensive
aquifers, yet these valleys have well-developed flood
plains that allow SOF over extensive VSAs. A topo-
graphic analysis of the Sleepers River landscape by
Wolock (1995) further helped to explain a lack of scale
effect. He showed that topographic variability, and by
inference hydrologic flow paths and stream chemistry,
stabilized at catchment areas greater than 5km2.
Soil compaction and patterns of snow accumulation/

ground frost development in pastures, which are a greater
fraction of the SRRW landscape area at larger spatial
scales, may have contributed to increases in new water
runoff (Shanley and Chalmers, 1999). A notable result from
that study was the finding of much greater new water runoff
in one of the two snowmelt years studied, which they
attributed to deep ground frost that prevented the infiltration
of meltwater in spring. Overall, new water inputs ranged
from 41 to 74% in the deep-frost year compared with 30 to
36% in the low-frost year (Shanley et al., 2002). Overland
flow on frozen ground was directly observed at the small
agricultural W-2 catchment, which had the highest fraction
of open land (73%) and the highest fraction of new water
(74%). The isotopic response at W-2 was quite muted in the
low-frost year in comparison with the deep-frost year, when
the streamwater isotopic signal approached that of meltwa-
ter (Figure 10). Direct runoff over frozen ground also
explained the larger qnew amount relative to quickflow
estimated from recession analysis in the deep-frost year
(Figure 9). Ground frost is minimal in the SRRW forest but
develops in many winters in open land because of less
insulating organic duff, lower insulating snow cover and
greater radiational cooling at night (Shanley and Chalmers,
1999). Dunne and Black (1971) likewise documented
infiltration-excess overland flow of meltwater, even on the
steep, permeable grassy hillslopes of their plots, due to
concrete frost. A summer storm had lower new water inputs
of 28–46% (Shanley et al., 2002), but in the same catchment
order as the deep-frost year snowmelt, i.e. more new water
runoff in agricultural lands. This summer pattern may have
Copyright © 2014 John Wiley & Sons, Ltd.
resulted from a greater tendency for overland runoff on
compacted soils in the agricultural fields.
Multi-year time series (2003–2011) of water isotopes

across sites provided an additional assessment of scale
and land use effects on water residence times in the
SRRW. The isotopic pattern of monthly streamwater at
the three nested basins and at W-2 compared with the
pattern of weekly precipitation show that the stream
signal is strongly damped relative to the precipitation
signal (Figure 11). The standard deviation of δ18O in
precipitation was nearly an order of magnitude greater
than that for any of the streams, which all had quite
similar standard deviations. Applying the approach of
Soulsby et al. (2000), an ~8 : 1 ratio in standard deviations
suggests a mean residence time (MRT) for water in the
catchments of about 1.3 years. The similarity in MRT and
variability of δ18O in the three nested basins and the small
agricultural catchment is consistent with the lack of a
strong scale or land use effect (at least in the typical low-
frost year) in new water contributions (Shanley et al.,
2002). Thus, surprisingly, the chemical and isotopic
approaches confirm that the runoff processes (SOF, SSF)
Hydrol. Process. 29, 3447–3459 (2015)
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demonstrated by D&B on the hillslope scale proved also
to be important at the 100-km2 scale of the greater
Sleepers River watershed.
SUMMING UP

More than 50 years have passed since the SRRW was
established for hydrologic research. The early
investigations of D&B linked runoff generation
processes to the topographic and hydrogeological
characteristics of the landscape. D&B illustrated the
functioning of the VSA concept as it relates to
landscapes that have extensive areas with a
hydrogeological/topographic limit to the conveyance
capacity of the shallow subsurface. When and where
that limit was exceeded, return flow/exfiltration oc-
curred and was augmented by rainfall and/or snowmelt
as SOF. This work has resonated with hydrologic
researchers in other glaciated as well as non-glaciated
landscapes (Bonell, 1998; Grip and Rodhe, 1985,
1994; Walter et al., 2000; Grayson et al., 2002; Verry
and Kolka, 2003). In turn, subsequent studies in
glaciated landscapes employing isotopic techniques,
such as Water’s Way (Grip and Rodhe, 1985, 1994),
inspired later research at the SRRW, bringing the research
path full circle. The more recent isotopic and chemical
approaches applied at the SRRW have complemented the
hydrometric approaches of D&B, constraining the flow path
possibilities and thereby improving understanding of
streamflow generation mechanisms.
Like the Scandinavian catchments of Water’s Way

(Grip and Rodhe, 1985, 1994), hydrology at the SRRW
is profoundly influenced by the glacial deposits that
mantle the landscape. In particular, the dense silty basal
till provides high storage capacity in a low-permeability
material, which sustains baseflow. However, spatial
heterogeneity in slope, soil drainage class and presence
of a fragipan gives rise to contrasting hydrograph
recession characteristics even in adjacent catchments at
the SRRW (Comer and Zimmermann, 1969; Engman,
1981). Relative to the Scandinavian catchments of
Water’s Way, the SRRW has more rugged topography;
thus, steeper hydraulic gradients are a greater consider-
ation in water delivery from hillslope to stream. Another
important factor in the hydrology is the jointing and
fracturing, which form primary controls on drainage
patterns (Newell, 1970) and spring locations (Dunne,
1980). The glacial advances scoured and re-deposited
material in patterns determined by the direction of ice
flow over the pre-existing topography (Newell, 1970).
The post-glacial hydrology likely reflects only minor
adjustments from pre-glacial drainage patterns, but
major shifts in storage capacity, permeability and
hydrologic flow paths.
Copyright © 2014 John Wiley & Sons, Ltd.
Our review demonstrates how the latest generation of
studies has used solute transport to directly link when
and where SOF develops in portions of the landscape.
These findings provide mechanistic explanation to the
double paradox in catchment hydrology and geochem-
istry (Kirchner, 2003) that is consistent with routing of
water along shallow flow paths and flushing of solutes
during storm events (Burns et al., 1998; Bishop et al.,
2004). In the Swedish catchment studied by Bishop
et al. (2004), SSF along shallow, highly transmissive
flow paths to incised stream channels explained the
double paradox. At the SRRW, mixing of return flow
and direct precipitation to generate SOF provides an
explanation for variation in stream chemistry and new
water and solute inputs while old water dominates
stormflow. Such processes were theorized through
streamflow generation mechanisms explored by Dunne
and Black (1970a,1970b, 1971) and hydrogeologic
controls of the landscape by Newell (1970).
Of course, the portion of the double paradox related to

differences in hydrograph and conservative tracer re-
sponse (Kirchner, 2003; Bishop et al., 2004) is really not
a paradox at all. As McDonnell and Beven (2014) note,
these responses are differences between celerity (i.e. the
propagation of hydraulic potentials) and velocity (i.e. the
movement of particles). It is interesting to note that
perhaps the clearest exposition of these celerity-velocity
distinctions exists within the Water’s Way textbook. Grip
and Rodhe (1985, 1994) were ahead of their time in
making this distinction and applying conservative tracer
approaches to the understanding of Nordic catchments.
LOOKING AHEAD

At the SRRW, we have expanded on the early VSA work
of Dunne and Black with targeted studies aimed at
identifying or at least constraining specific pathways of
water and solute movement to the stream. Our advance-
ments have been incremental, shaped largely by inference
from the stream hydrograph and chemograph, guided by
limited, at best, understanding of internal catchment
plumbing.
One way forward is to exploit emerging sensor

technologies to increase the frequency of information
acquisition. Despite our high-frequency discrete sampling
(limited by labour, event stochasticity, budgets and
laboratory capacity), we have lingering questions about
flow pathways, solute sources and mixing dynamics. By
measuring tracers at high-frequency using new tools such
as in-stream fluorometers for DOC (as we have started to
do) and embracing possibilities for field deployment of
laser spectrometry for continuous water isotopes
(McDonnell and Beven, 2014), we hope to better
Hydrol. Process. 29, 3447–3459 (2015)
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constrain discrete water sources and discover how
‘packets of water’ move and mix. We may need to
deploy these instruments on the scale that these processes
operate such as hillslope transects. Even still, solving the
age-old question of just how water moves to the
stream, and being able to transfer this knowledge to
other settings, will require further innovations in
analytical approaches.
We imagine future work at the SRRW exploring three

related fronts. (i) Examination of the time-varying transit
time of water through the SRRW catchments. This is the
grand challenge for determining how different catchment
states store and release water. The community challenge
in this regard is to unpack the transit time distribution to
understand in time and space how velocity and celerity
are manifested at the catchment outlet (McDonnell et al.,
2010). For snowmelt-driven systems like the SRRW, this
is an especially vexing challenge because the inputs are
highly variable and have evolving isotopic signatures
during the melt period. (ii) Examination of the hierarchy
of influences on streamflow generation across flow states
that may shift from topographically driven redistribution
of water at wet states, to vegetation and geologic structure
influences at lower flow states (Jencso and McGlynn,
2011). The relative strength of these influences and their
reordering through time highlight direct and quantifiable
linkages between catchment structure (topography,
vegetation, geology, their topology) and streamflow
dynamics (Jencso and McGlynn, 2011; Nippgen et al.,
2011). (iii) Perhaps in the end, the perceived differences
between runoff dynamics across different sites are really
expressions of the same fundamental processes related to
fill and spill, transmission losses, connectivity and
thresholds (McDonnell, 2013). New work at the SRRW
will seek to better quantify controls on these characteristic
forms of non-linearity at the catchment scale and in so
doing, improve our understanding of the temporal
and spatial sources of water and solutes at the
catchment outlet.
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