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Abstract. The time and geographic sources of streamwater

in low-relief watersheds are poorly understood. This is partly

due to the difficult combination of low runoff coefficients and

often damped streamwater isotopic signals precluding tra-

ditional hydrograph separation and convolution integral ap-

proaches. Here we present a dual-isotope approach involv-

ing 18O and 2H of water in a low-angle forested watershed

to determine streamwater source components and then build

a conceptual model of streamflow generation. We focus on

three headwater lowland sub-catchments draining the Savan-

nah River Site in South Carolina, USA. Our results for a 3-

year sampling period show that the slopes of the meteoric

water lines/evaporation water lines (MWLs/EWLs) of the

catchment water sources can be used to extract information

on runoff sources in ways not considered before. Our dual-

isotope approach was able to identify unique hillslope, ripar-

ian and deep groundwater, and streamflow compositions. The

streams showed strong evaporative enrichment compared to

the local meteoric water line (δ2H= 7.15 · δ18O +9.28 ‰)

with slopes of 2.52, 2.84, and 2.86. Based on the unique

and unambiguous slopes of the EWLs of the different wa-

ter cycle components and the isotopic time series of the in-

dividual components, we were able to show how the riparian

zone controls baseflow in this system and how the riparian

zone “resets” the stable isotope composition of the observed

streams in our low-angle, forested watersheds. Although this

approach is limited in terms of quantifying mixing percent-

ages between different end-members, our dual-isotope ap-

proach enabled the extraction of hydrologically useful infor-

mation in a region with little change in individual isotope

time series.

1 Introduction

The spatial and temporal sources of runoff in low-angle,

forested headwater watersheds are poorly understood. Most

of what we know of runoff generation in forested terrain

comes from steep humid sites where elevation potential dom-

inates and runoff responses are high (for a review, see Bach-

mair and Weiler, 2011). Much recent work has focused

on the threshold sequencing of spatial sources in upland

forested watersheds (Sidle et al., 2000; Seibert and Mc-

Donnell, 2002), hillslope–riparian connectivity (McGlynn

and McDonnell, 2003), and the importance of spatial pat-

terns of hillslope–riparian–stream connectivity (Jencso et

al., 2009; Jencso and McGlynn, 2011). Such connectivity

may be strongly nonlinear (Buttle et al., 2004; Zehe et al.,

2007; Penna et al., 2011). Consequently, streamflow chem-

istry in upland forested watersheds is often determined by

volume ratios of water sourcing in the hillslopes compared to

riparian-zone water (McGlynn and McDonnell, 2003), with
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many watersheds showing only brief expressions of adjacent

hillslope water chemistry during large rainfall and snowmelt

events (Burns et al., 2001).

Unlike the distinct watershed components found in steeper

headwater counterparts (hillslope, hollow, riparian), low-

angled terrain blurs the boundary between the riparian zone

and hillslope and presents little in the way of obvious geo-

morphic units that might be considered for model construc-

tion. Early work in low-angled terrain showed how matric

potential (rather than elevational potential) dominates total

potential and the resulting subsurface runoff flow paths (An-

derson and Kneale, 1982). More recent work in lowland

forests has shown that runoff may be generated from only

small proportions of the watershed (Devito et al., 2005a).

Lowland areas often exhibit a complex groundwater–surface-

water interaction. Water fluxes between slopes and wet-

lands are generally small (Devito et al., 2005a; Branfireun

and Roulet, 1998), and hillslope–stream connectivity is rare

(Redding and Devito, 2010; Ali et al., 2011). These features

in lowland forested watersheds appear to be controlled by

the complex, and poorly understood, interplay of climate,

soils, and geology (Devito et al., 1996, 2005b; Slattery et

al., 2006; Sun et al., 2002). Furthermore, topography is not a

clear driver of runoff generation (Buttle et al., 2004; Devito

et al., 2005b) since vertical subsurface flow often dominates

over lateral subsurface flow (Todd et al., 2006). Saturation

excess overland flow often dominates the runoff response in

these areas (Eshleman et al., 1994; Slattery et al., 2006; La

Torre Torres et al., 2011), but the linkages between hillslopes,

riparian zones, and the stream are difficult to observe, con-

ceptualize, and quantify.

Ordinarily, streamwater stable isotope tracing and isotope

hydrograph separation would help with questions of source

components of streamflow (Klaus and McDonnell, 2013).

However, areas with low runoff coefficients, small event wa-

ter contributions, or long transit times have stream isotopic

signals that are difficult to decipher due to the damping of

the atmospheric input signal. Despite this, La Torre Torres et

al. (2011) have noted the pressing need for isotope studies

to “identify the sources of storm flow and base flow to bet-

ter understand flow generation mechanisms” in watersheds

in low-relief areas (in their case, the Atlantic Coastal Plain

of the USA).

So what can be done in low-relief areas to quantify runoff

sources when streamwater isotope signals are muted and the

flow itself in headwater streams is often very ephemeral?

Here, we present new work that addresses this fundamen-

tal question using a dual-isotope approach involving 18O and
2H. While numerous studies have used water lines based

on dual isotopes in various water cycle applications (Gon-

fiantini, 1986; Gibson et al., 2008, 2010; Yi et al., 2010;

Zhang et al., 2013), we are unaware of any to date that have

used this approach to determine streamwater source compo-

nents and, hence, use them to build a conceptual model of

streamwater generation. We concentrate our efforts here on

the lowland forested watersheds draining the Savannah River

Site (SRS) in the Coastal Plain of South Carolina, USA,

and show the relationships of 2H and 18O for various wa-

ter cycle components in three headwater catchments over a

3-year observational period. We show proof of concept of

this approach to quantify the source(s) of streamflow, par-

ticularly during baseflow conditions. We present evidence

that the slopes of the meteoric water lines/evaporation wa-

ter lines (MWLs/EWLs) of the catchment water sources may

be used to extract information on runoff sources in ways not

considered before. We then show how these distinct slopes

may be an aid to separate and quantify where streamwater

comes from in our low-angle, forested watersheds and de-

velop a conceptual understanding of where water comes from

in these catchments. Lastly, we use a combination of δ18O

and δ15N of nitrate to compare to our dual-isotope interpre-

tation of water contributions to streamflow.

2 Study site and methods

2.1 Study area

The study was conducted in three adjacent forest headwater

watersheds that are tributaries to Upper Fourmile Branch, at

the Savannah River Site, a National Environmental Research

Park. The three watersheds have areas of 0.45 km2 (R wa-

tershed), 1.69 km2 (B watershed), and 1.17 km2 (C water-

shed). The watersheds are located within the Aiken Plateau

of the Upper Atlantic Coastal Plain in South Carolina, USA

(Fig. 1). Average annual precipitation is 1225 mm distributed

evenly throughout the year (Fig. 2). The climate is charac-

terized by long, hot summers with an average daily max-

imum temperature of 32.3 ◦C and relatively mild winters

with an average temperature of 8.6 ◦C (Rebel, 2004). The

measured average annual pan evaporation over 30 years

was 1448 mm (Blacksville, SC, ∼ 25 km distance from SRS)

(Kilgo and Blake, 2005) and the calculated average an-

nual potential evapotranspiration is 1443 mm, based on the

Priestley–Taylor equation (Rebel, 2004). Actual evapotran-

spiration is approximately 90 % of the potential (Riha and

Rebel, 2004; Samuelson et al., 2006). Potential transpiration

is about 95 % of potential evapotranspiration in the summer

and 82 % in the winter (Rebel, 2004). On six experimental

plots throughfall was reduced by 10.1 to 16.4 % compared

to open precipitation (Hitchcock and Blake, 2003). Annual

runoff coefficients are as low as 0.01 (Du et al., 2014). The

R watershed ranges from 70 to 106 m a.s.l. (meters above

sea level), the B watershed from 80 to 108 m a.s.l., and the

C watershed from 70 to 103 m a.s.l. The upslope areas are

characterized by gently rolling hills with an average slope of

∼ 2–3 %; stream valleys (representing the riparian zone) con-

sisted of long, flat, forested wetlands as well as Carolina Bay

wetlands that are characteristic of the Upper Atlantic Coastal

Plain. The hillslopes and ridges are covered by longleaf
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Figure 1. Study site with the three watersheds (R, B, C), the trenched hillslope, streams, instrumentation, the distribution of hydric soils, and

the location within the US.

Figure 2. Average monthly precipitation and monthly pan evapora-

tion for the study area (data from Kilgo and Blake, 2005).

pine (Pinus palustris), loblolly pine (P. taeda), and slash

pine (P. elliottii), while mixed hardwoods, mainly sweet gum

(Liquidambar styraciflua), dominate the riparian areas. The

soils are well-drained, loamy, siliceous, thermic Grossarenic

Paleudults (Rasmussen and Mote, 2007), with an argillic

Bt horizon. Hydric soils occupy the riparian zone and depres-

sions such as wetlands and Carolina Bays. Surface soils con-

tain 80–90 % sand; the clay content increases to 35 % or more

in the Bt horizon (Kilgo and Blake, 2005). In situ hydraulic

conductivity (Ksat) measurements with a compact constant

head permeameter indicate medians around 10 cm h−1 in the

topsoil and 0.5 cm h−1 in the argillic horizon, with anoma-

lies of clearly higher Ksat (Du et al., 2014) allowing vertical

recharge. Mapping of the depth to the argillic horizon in a

40 m× 40 m plot (2 × 1 m grid) in the R watershed revealed

an average depth of 0.76 m (ranging from 0.19 to 1.62 m).

At three excavated trenches (30–121 m), the depth to clay

showed median values of 0.5–0.8 m and ranged from 0.15 to

2.0 m, and the thickness of the argillic layer varied from 1.3

to 3.0 m, with a mean thickness of 2.1 m (Du et al., 2014).

From bottom to top, the underlying geology consists of Late

Cretaceous quartz sand, pebbly sand, kaolinitic clay, Pale-

ocene clayey and silty quartz sand, glauconitic sand, and silt

(Wyatt and Harris, 2004).

2.2 Sampling and isotope analysis

Sampling at the site is an ongoing process. In this paper we

chose to limit the data to that collected until mid May 2012

(records started in mid 2010 in watersheds B and C and 2007

for watershed R), as a harvest of 40 % of the forests in water-

sheds B and C was performed in spring 2012 and completed

by May 2012.

At the outlet of each watershed, an H flume and automatic

sampler (ISCO 6712, Teledyne ISCO, Lincoln, NE) were

installed to collect streamwater samples and record water

level for calculation of streamflow. Sampling of streamwa-

ter was done by the automated sampler and grab samples on

a weekly basis. The R stream was sampled from April 2007

and the B and C streams from March 2010 until the streams

fell dry during May 2011. Adjacent to each stream gauge

(Fig. 1), two shallow piezometers were installed in the ripar-

ian zone to sample riparian groundwater from the hydric soil

at monthly intervals. Event-based (six events between Febru-

ary 2011 and May 2012) lateral subsurface flow was sampled

at a 120 m trenched hillslope (0.057 km2) in the R watershed,

either as composite samples for events or with several dis-

crete samples per event. Precipitation was sampled at approx-

imatley weekly intervals with a bulk sample (February 2007

until May 2012). Evaporation-influenced samples were re-

moved from the data set (deuterium excess< 0 and precipi-

tation amount< 3 mm). Throughfall was sampled weekly to

biweekly at three locations within each catchment (starting

November 2010), where a ∼ 200 cm2 funnel collected the

water. Groundwater was sampled from 14 wells, all located

in the same strata, between 2 and 12 times per well over an 8-

month period from September 2011 to May 2012. The water

samples were analyzed for stable isotopes of water; the ratio
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Figure 3. (a) Daily precipitation amount and δ18O of precipitation; (b) streamflow and δ18O in the R watershed; (c) streamflow and δ18O in

the B watershed; (d) streamflow and δ18O in the C watershed; (e) trenchflow and δ18O in the hillslope trench of the R catchment.

of 2H/1H and 18O/16O of liquid water samples was mea-

sured with a Los Gatos Research (LGR) liquid water isotope

analyzer (LWIA) that utilizes off-axis integrated cavity out-

put spectroscopy (Baer et al., 2002) and was converted to

δ2H and δ18O using the VSMOW.

For stable isotopes of nitrate, water samples were collected

in the field from streamwater, riparian groundwater, through-

fall, and lateral flow from the trenches. Water samples were

immediately filtered (GF/F, Whatman Inc.) into acid-washed,

HDPE bottles and frozen until analysis. Nitrate concentra-

tions were measured using the cadmium reduction method

(APHA 2005) on a SEAL Analytical AA3 autoanalyzer. Sta-

ble isotopes of nitrate were measured using the denitrifier

method with Pseudomonas aureofaciens and P. chlororaphis

bacteria (Sigman et al., 2001; Casciotti et al., 2002) at the UC

(University of California) Davis Stable Isotope Facility. The

ratios of 15N/14N and 18O/16O were measured on a Thermo

Finnigan Gas Bench and PreCon trace gas concentration sys-

tem with a Thermo Scientific Delta V Plus isotope-ratio mass

spectrometer, and a minimum of 1 µM NO3 was required

for analysis. δ15NNO3
and δ18ONO3

were determined against

standards USGS 32, USGS 34, and USGS 35 and were re-

ported relative to N2 in air for δ15NNO3
and relative to the Vi-

enna Standard Mean Ocean Water (VSMOW) for δ18ONO3
.

3 Results

3.1 Hydrological and isotopic dynamics

Precipitation totaled 1373 mm in 2009, 964 mm in 2010, and

989 mm in 2011 (Fig. 3a). The below-average annual pre-

cipitation amount in 2010 and 2011 led to dry streams from

spring 2011 until the end of the observation period. Gener-

ally, streamflow in all three streams was intermittent with

zero-flow periods. Streamflow was usually generated when

the wetland zone in the valley bottom was saturated. Some of

the precipitation (Fig. 3a) events generated short-lived hydro-

graph peaks in the three watersheds and the hillslope trench

(Fig. 3b–e). Overall, storm runoff ratios were extremely low

(< 2.3 %) and streams, even when flowing, were very muted

in the response to heavy rainfall (Fig. 3b–d). While some

deeper groundwater wells showed groundwater depths of

∼ 10 m, the well in the riparian zone of the C watershed ap-

proached the soil surface (< 1 m) during wet periods.

The isotopic ratios in precipitation varied between

−17.3 and +3.9 ‰ for 18O and −122.7 and +37.4 ‰ for 2H

(Figs. 3a and 4a). The δ18O and δ2H values for streamwa-

ter were much less variable, and averaged around −4 and

−23 ‰, respectively, for all three streams. The streamwa-

ter values varied between −5.5 and −2.3 ‰ (18O) and

−26.6 and −18.0 ‰ (2H) for the R stream, −4.9 and
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Figure 4. 2H versus 18O and the meteoric and evaporation water lines for (a) precipitation, (b) streamflow of the three streams, (c) the

groundwater in the riparian piezometers in each watershed, and (d) subsurface stormflow in the R watershed and groundwater. Note the

different x and y axes in panel (a) vs. panels (b–d).

−1.7 ‰ (18O) and −26.7 and −14.7 ‰ (2H) for the

B stream, and −4.6 and −2.7 ‰ (18O) and −24.4 and

−17.2 ‰ (2H) for the C stream (Fig. 3b–d, 2H not shown).

We attempted to fit an input–output transfer function between

observed precipitation and runoff isotope ratios (McGuire

and McDonnell, 2006) to determine catchment transit times.

Only very poor fits were possible, suggesting that the tran-

sit time is much longer than the data series length and likely

beyond the scope of naturally occurring stable isotopes, con-

sistent with water balance calculations of stream transit time

(Du et al., 2014).

3.2 Isotopic water lines of water cycle components

The δ2H–δ18O relation for precipitation, streamwater,

groundwater, and subsurface stormflow is shown in Fig. 4

and summarized in Table 1. These data show that the slopes

of each of these lines are systematically offset from local pre-

cipitation (Fig. 4a). The local meteoric water line (LMWL)

and the global meteoric water line (GMWL) are compared in

Fig. 5.

Throughfall (not shown) was slightly enriched compared

to open precipitation. The slope of the throughfall water lines

varied between 6.00 and 7.03 and intercepts between 5.51

and 8.96 for different locations. The EWLs of the of the three

streams (Fig. 4b) showed very strong evaporative enrichment

of heavy isotopes, based on measured slope and intercept as

presented in Table 1. The EWLs of the riparian groundwa-

ter (Fig. 4c, Table 1) were very similar to the EWLs of the

streams and showed the same strong enrichment. We do not

present the regression relations between 18O and 2H for the

samples of the two piezometers in the riparian zone of the

B stream since the regression was not significant (p> 0.05).

Water collected as lateral subsurface stormflow (SSF)

from the hillslope trench (shown in Fig. 1) in watershed R

combined soil water and event precipitation. The EWLs

of these mobile, shallow subsurface waters (Fig. 4d, Ta-

ble 1) fell between the slope of precipitation and streamwater.

Groundwater from the 14 wells also showed distinct evapora-

tive enrichment (Fig. 4d, Table 1). We did not further differ-

entiate the EWLs of different groundwater wells due to the

low number of samples for each well. The δ18O (and δ2H, not

shown) values of the riparian-zone water were closely linked

to the values observed in the corresponding streams (Fig. 6).

Especially in the R watershed, δ18O from both piezometers

was very similar to the observed values in the stream over the

observation period (Fig. 6a). The same pattern was observed
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Table 1. Summary of the MWLs/EWLs of the different hydrological compartments, including their regression equation, the coefficient of

determination (R2) and p value of the regression, and the number of samples available for the regression. R, B, and C stand for the three

watersheds, stream indicates streamflow, riparian stands for the riparian groundwater, SSF for subsurface stormflow, and groundwater for the

deeper groundwater at SRS.

Compartment Regression equation R2 p value Number of

samples

LMWL δ2H= 7.15 · δ18O+ 9.28 ‰ 0.93 � 0.01 145

R stream δ2H= 2.52 · δ18O− 11.88 ‰ 0.40 � 0.01 134

B stream δ2H= 2.86* · δ18O− 9.66 ‰ 0.78 � 0.01 38

C stream δ2H= 2.84 · δ18O− 9.95 ‰ 0.55 � 0.01 76

R riparian δ2H= 2.09 · δ18O− 14.89 ‰ 0.67 � 0.01 38

C riparian δ2H= 2.52 · δ18O− 12.21 ‰ 0.62 � 0.01 35

SSF δ2H= 4.58 · δ18O− 2.11 ‰ 0.75 � 0.01 22

Groundwater δ2H= 3.53 · δ18O− 8.27 ‰ 0.45 � 0.01 117

Table 2. Values of p to evaluate the differences between the LMWL/EWLs of the different water compartments used to constrain the

conceptual model.

B stream C stream Riparian-zone Groundwater R stream Precipitation Riparian-zone SSF

C watershed R watershed

B stream NA 0.58 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

C stream 0.58 NA < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Riparian-zone C watershed < 0.01 < 0.01 NA < 0.01 0.99 < 0.01 < 0.01 < 0.01

Groundwater < 0.01 < 0.01 < 0.01 NA < 0.01 < 0.01 < 0.01 < 0.01

R stream < 0.01 < 0.01 0.99 < 0.01 NA < 0.01 < 0.01 < 0.01

Precipitation < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 NA < 0.01 < 0.01

Riparian-zone R watershed < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 NA < 0.01

SSF < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 NA

Figure 5. The Global Meteoric Water Line (GMWL) compared to

the Local Meteoric Water Line (LMWL) of the study site.

in the B watershed (Fig. 6b), while the δ18O values of ripar-

ian groundwater in the C watershed were often lower than

the corresponding streamwater (Fig. 6c). During March 2011

some differences between the piezometers and the stream

values were observable. Stream discharge was very low at

this point so that some direct precipitation onto the channel

itself may explain this effect. In March, we observed one pre-

cipitation sample with a very heavy δ18O value of 3.9 ‰.

Further, it is important that the various compartments have

significantly different EWLs. This would eventually allow to

unambiguously differentiate between them. We used a two-

sample t test to evaluate this. The results are summarized in

Table 2 and indicate that most components are indeed signif-

icantly different from each other.

3.3 Isotopes of nitrate in water cycle components

The dual-isotope plot of δ18ONO3
vs. δ15NNO3

(Fig. 7)

showed distinct differences in the signatures of nitrate in the

different water cycle components in the R watershed. The

signatures of the streamwater overlap with those of the ri-

parian zone. In contrast, nitrate isotope signatures of subsur-

face stormflow from the trench can reach high values that ap-

proach the signatures in throughfall, suggesting a fast trans-

formation of throughfall into subsurface stormflow.
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Figure 6. Temporal dynamics of the streamflow exemplified by the R stream (a) and of 18O in riparian groundwater and the stream outlet

for the R (b), B (c), and C (d) watersheds.

Figure 7. Biplot of δ15NNO3
and δ18ONO3

of nitrate (‰) in water

samples collected from the intermittent stream (white square), ri-

parian groundwater (black circle), throughfall (light grey triangle),

deep groundwater (dark grey triangle), and trench flow water (grey

diamond) in the R watershed.

4 Discussion

The three watersheds showed very low annual runoff ratios

during the 3-year record, combined with long spells of zero

flow. This is similar to the findings in Sun et al. (2002), who

showed highly ephemeral stream discharge patterns for their

coastal plain site. Like Amatya et al. (1996) and Slattery et

al. (2006), we found that soil properties, especially buried

argillic horizons with low permeability (i.e., the throttle for

lateral flow), strongly influenced runoff generation in these

low-relief coastal plain regions. In related work at our site,

Du et al. (2014) observed that the trenched hillslope (drain-

ing 13 % of the R watershed) can generate higher discharge

peaks than measured at the catchment outlet. For another

catchment in the Atlantic Coastal Plain, La Torre Torres et

al. (2011) showed the importance of evapotranspiration on

runoff generation, due to its effect on water table position and

its subsequent control on runoff. They also found a strong

seasonality in runoff ratios based on the seasonality in evap-

otranspiration and rain amount during wet periods, consistent

with the catchment behavior in our study.

Our site, like that reported by Devito et al. (2005a),

showed that dry catchment conditions frequently led to dis-
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Figure 8. Conceptual model of baseflow runoff generation and enrichment in heavy isotopes from rainfall to streamflow. Key element is the

disconnectivity between the hillslopes and the riparian-stream systems, which is likely sustained by precipitation and deeper groundwater.

connectivity of the uplands with the valley bottom and

stream. This resulted in low runoff coefficients and the domi-

nance of evaporation in the water balance. In addition, direct

precipitation on the stream channel can alter the isotope sig-

nal, when flow is close to zero. This was observed during

March 2011, when very heavy precipitation (δ18O= 3.9 ‰)

led to a deviation between stream isotope signals and riparian

isotopic signals adjacent to the streams throughout the area.

Figure 8 conceptually summarizes the runoff generation and

isotopic signature at the study site. A key element is the rare

or nonexistent connectivity in the hillslope–riparian–stream

continuum and the enrichment in heavy water isotopes in the

riparian zone/wetlands that supplies baseflow. Further, the

deeper groundwater system can interact with the groundwa-

ter of the riparian zone during wet conditions and is likely a

major contributor to the riparian groundwater.

4.1 What do the slopes of different source components

mean and are they realistic?

Evaporation between rain events had a significant effect on

the isotopic composition of streamflow. Isotopic fractiona-

tion via evaporation leads to a stronger kinetic effect for 18O

compared to 2H, resulting in evaporative enrichment of the

water along an evaporation water line with a lower slope rela-

tive to the original water (Gonfiantini, 1986). While the vari-

ability in stream 18O and 2H is low over time, the isotope data

exhibited a strong enrichment in heavy isotopes compared to

precipitation and throughfall. Our samples of groundwater,

subsurface stormflow, and streamflow all exhibited signifi-

cant (p≤ 0.05) isotopic enrichment compared to the local

precipitation. The observed slopes are lower than expected

for South Carolina, based on the work of Gibson et al. (2008),

who modeled a slope of 4–5 for open water bodies and 3–4

for soil water for the region. The strong evaporative enrich-

ment of groundwater suggests groundwater recharge influ-

enced by enriched soil water. Streams and riparian ground-

water were even more enriched in heavy isotopes, suggesting

further isotopic enrichment of the riparian groundwater as it

reemerged in the low-relief and slow-moving stream flood-

plain. Our measured isotopic enrichment and the low annual

runoff coefficients suggest that evapotranspiration strongly

influences the runoff dynamics in the R, B, and C watersheds,

consistent with the behavior of other lower-relief watersheds

in the Atlantic Coastal Plain of the USA (La Torre Torres et

al., 2011) and elsewhere (Devito et al., 2005a).

To our knowledge such shallow slopes for streamwater

have not been reported in the literature. We think that mea-

surement errors are unlikely since the slopes of the LMWL

of our precipitation sample fit the expectations. The statisti-

cal significance of the relationship of 2H and 18O was sig-

nificant (p≤ 0.05) for all three streams, indicating that these

EWLs describe the streamflow. Furthermore, the removal of

several relatively high isotopic values from the stream EWL

(Fig. 4) does not significantly change the slope, suggesting

the relationship is robust across the measured 18O and 2H

values. Surface water sampled from two Carolina Bay wet-

lands also showed strong evaporative enrichment, suggest-

ing that the observed stream EWLs are not simply a mixing

line between an evaporative-groundwater and a rain-fed wet-

land that suddenly becomes connected to the stream outlet.

Lower slopes than predicted by Gibson et al. (2008) could
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also derive from water vapor mixing processes between ter-

restrial and oceanic air masses leading to evaporation lines

with lower slopes. Further work to explore the exceptionally

low slopes is needed as this is an interesting phenomenon in

and of itself.

4.2 The dual-isotope approach for conceptualizing flow

sources in low-angled terrain

The use of stable isotopes of water has been a valuable

tool for determining the geographic sources and temporal

components of hydrographs (Klaus and McDonnell, 2013).

When isotopes are combined with chemical tracers, they may

also be useful for determining the importance of different

landscape elements in the generation of flow at catchment

scale (Burns et al., 2001; McGlynn and McDonnell, 2003;

Ocampo et al., 2006). Key prerequisites for all of these ap-

proaches are distinct end-members and an isotope time series

that deflects from pre-event conditions through time (Sklash

and Farvolden, 1979). Our streamwater isotopic time se-

ries showed (with few exceptions) few deflections through

time and, consequently, provided little insight into time- and

source-components and hillslope–riparian–streamflow con-

nectivity. Furthermore, our isotope time series did not yield

a meaningful transit time estimate, suggesting that transit

times are longer than the range used for stable isotopes, likely

> 5 years.

In the low-relief watersheds at the SRS, where the clas-

sical methods of isotope hydrology are limited by the lack

of temporal dynamics of the stable isotope time series, our

dual-isotope approach was useful for determining the con-

nectivity/disconnectivity between different water cycle com-

ponents. The use of the individual water lines adds value to

our understanding of runoff generation in this low-angled ter-

rain and is consistent with hydrometric observations (Du et

al., 2014) and nitrate stable isotopes. The use of the water

line approach clarifies the close link between the groundwa-

ter, the riparian water, and the stream and shows that the ri-

parian zone controls the isotopic composition of streamflow.

This method is useful to constrain the linkages in low-

angled terrain but also allows additional insight into data-

scarce catchments; this can provide a fundamental under-

standing of where water comes from. While the water line

approach is able to constrain a general conceptual model

(Fig. 8) of where water comes from, the approach exhibits

clear limitations. The mixing of two water types with clearly

different isotopic enrichments can lead to mixing lines in the

resulting water that can interfere with a meaningful interpre-

tation of the resulting water lines. The relative position of a

sample along this mixing line indicates the contribution of

multiple water sources with a different degree of evaporative

enrichment. This will prohibit a quantitative mixing calcula-

tion based on the characteristics of the water lines for a dis-

tinct sample of streamwater. Nevertheless, the approach pre-

sented in this paper can clearly constrain where water comes

from during baseflow conditions in a watershed at different

antecedent conditions, confirmed by nitrate isotope data.

5 Conclusions

We examined the source of runoff in a set of lowland forested

watersheds in South Carolina, USA. Streamflow was very

ephemeral and the time series of the stable isotopic com-

position of streamwater showed minimal temporal dynamics

compared to rainfall. Notwithstanding, our dual-isotope ap-

proach based on the water lines was able to isolate and sepa-

rate hillslope, riparian and deep groundwater, and streamflow

compositions. The streams in each of our watersheds showed

strong evaporative enrichment compared to the local me-

teoric water line (δ2H= 7.15 · δ18O+ 9.28 ‰), with slopes

of 2.52, 2.84, and 2.86. Based on the unique and unambigu-

ous slopes of the EWLs of the different water cycle com-

ponents and the isotopic time series of the individual com-

ponents, we were able to show how the riparian zone con-

trols baseflow in this system and how the riparian zone “re-

sets” the stable-isotope composition of the observed streams

in our low-angle, forested watersheds. Deeper groundwater

likely supplies the riparian-groundwater system. These find-

ings were supported by the overlap of nitrate stable isotope

signatures (18ONO3
and 15NNO3

) of riparian groundwater and

streamwater in the R watershed. Our approach allowed for a

general description of long-term sources to streamflow, espe-

cially baseflow, even though in situ mixing calculations were

not possible.
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