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Abstract

Ephemeral and intermittent streams comprise the majority of stream channel length

worldwide. These non-perennial streams are important landscape features in that

they transport materials and solutes from the terrestrial landscape to downstream

aquatic systems, provide unique ecological habitats, and transmit, transform, and

retain chemical species. Although these streams serve a myriad of hydrological and

biogeochemical functions, the mechanisms that drive runoff generation as well as

the hydrological and biogeochemical contributions of these non-perennial streams

to downstream perennial stream systems are poorly understood. To address this

knowledge gap, this dissertation focused on investigating dominant runoff sources,

flowpaths, and stream-groundwater interactions across an ephemeral-to-perennial

drainage network located in the humid Piedmont landscape of the Duke Forest,

North Carolina, USA. Not only does this research work to fill an important knowledge

gap, but it was conducted in a low relief landscape, which is a highly understudied

landscape type.

A 48.4 hectare research watershed was designed, fully instrumented, and con-

tinuously managed to address the objectives of this dissertation. Through this, the

timing and magnitude of precipitation, runoff, and the dominant runoff generating

flowpaths were monitored across watershed scales at 5 minute intervals for two years.
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The first chapter of this dissertation is a road map and synthesis of motivation and

results. In the second chapter of this dissertation, observations of hydraulic gradients

between groundwater and the stream were used to show event- and seasonal-driven

bidirectional flow between these two systems. The results of this work indicated

that non-perennial headwater streams can both lose to and gain water from the deep

groundwater system. Calculations from an annual water balance in the headwater

catchment confirmed this temporally shifting flow system that resulted in signifi-

cant annual stream water loss to the groundwater system. In the third chapter, a

data-driven visualization of the bidirectional stream-groundwater interactions across

a characteristic hillslope that built on Chapter 2 results was presented. This ani-

mation and supporting text provided visualization of a shallow, perched, transient

water table that drove runoff generation during periods of losing stream gradients.

Chapter 4 built on these results through introduction of a conceptual model of the

dominant runoff generating processes in this headwater catchment during ephemeral

and intermittent runoff regimes. This chapter focused on two intensively sampled

precipitation events to demonstrate that distinct runoff generating mechanisms dom-

inate runoff regimes across different catchment storage states. Finally, in the fifth

chapter, observations of dissolved organic carbon fluxes, runoff contributions, ac-

tive surface drainage network length, and groundwater across different landscape

elements (headwaters and lowlands), were used to investigate the balance of longi-

tudinal, lateral, and vertical runoff processes on runoff and carbon export dynamics

across watershed scales. Overall, these findings shed light on dominant runoff gen-

eration mechanisms in low relief, highly weathered landscapes, which are a globally

understudied landscape type. These findings also fill a knowledge gap about the
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mechanisms that drive runoff generation and stream-groundwater interactions sur-

rounding non-perennial streams and the resulting influences on carbon and water

fluxes in downstream, perennial waterways.
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1

Introduction

Catchment hydrology has evolved substantially over the last several decades as our

understanding of water fluxes and stores in landscapes continues to improve. One of

the prominent building blocks of watershed hydrology was the concept of Hortonian

overland flow (Horton, 1933, 1941). This was defined as surface runoff produced when

precipitation intensity exceeded infiltration capacity at the ground surface, which

led to runoff generation in the stream channel. From there, it did not take long for

researchers to identify the role of subsurface flowpaths to runoff generation (Hewlett

and Hibbert, 1964; Weyman, 1970). The concept of variable source area, which

combined subsurface flow accumulation with overland flow, soon became the widely

accepted conceptual framework under which runoff generation process research in

headwaters was, and still is, structured (Hursh, 1936; Hewlett and Hibbert, 1967;

Dunne and Black, 1970).

Historically, the majority of catchment hydrology was conducted in steep and
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relatively homogeneous headwater catchments. There is still a large knowledge gap

regarding the variability in runoff generation processes across different terrain and

climates. In steep landscapes, the redistribution of water across watersheds has

been shown to be driven predominantly by topography (Montgomery and Dietrich,

1988; McGuire et al., 2005; Jencso and McGlynn, 2011). Relatively little research

has focused on low relief systems, such as the Piedmont region of the USA, where

the shape of the land surface is not necessarily the main control on catchment hy-

drology (Devito et al., 2005). These low relief regions are prone to development

pressure and historic disturbance (Dreps et al., 2014), which may negatively impact

the functionality of headwater connectivity to downstream systems (Freeman et al.,

2007). Researchers have begun to explore the controls on runoff generation in low

relief landscapes (e.g. Klaus et al. 2014; Jackson et al. 2014; Du et al. 2016), but

there is still much to learn about the nature, magnitude, and composition of runoff

generation in these complex systems.

Ephemeral and intermittent streams comprise the tips of headwater drainage

networks and account for the majority of stream channel length worldwide (Acuña

et al., 2014). These non-perennial streams transport, transform, and retain materi-

als and solutes from the terrestrial landscape as well as contribute them to down-

stream aquatic systems. The mechanisms that drive runoff generation as well as

the hydrological and biogeochemical contributions of these non-perennial streams to

downstream perennial stream systems are poorly understood.

This dissertation addresses these knowledge gaps through field and quantitative

research related to runoff and stream chemistry dynamics in a Duke Forest research

watershed located in the low relief Piedmont region of North Carolina, USA. This
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dissertation presents innovative results through the utilization of common hydro-

logical and biogeochemical measurements. Fluxes, stores, and chemical signatures

of water in this landscapes were monitored through automated measurements and

manual samples from a dense suite of variable depth groundwater wells, in-stream

runoff and biogeochemical gauging stations, precipitation collectors and gauges, and

soil water probes and lysimeters.

This dissertation is divided into four additional standalone chapters that culmi-

nate in a synthesis of important processes and knowledge gaps in catchment hydrol-

ogy. Each chapter builds on the last, which results in a much more synthetic systems

understanding, through integration of iterative process-based research across spatial

and temporal scales.

Chapter 2 challenges our longstanding assumption that streams in humid head-

water landscapes net gain groundwater. This chapter coupled analysis of the an-

nual water balance of a headwater catchment with monitoring of annual, seasonal,

and event-based stream-groundwater flow directions across a characteristic stream-

hillslope transect. Water table, runoff, and precipitation were monitored using

groundwater wells, in-stream gauging stations, and a tipping bucket. On an annual

scale, groundwater recharge was similar in magnitude to that of runoff. Bidirectional

stream-groundwater flow gradients shifted in direction based on catchment storage

state. Following these findings, a new understanding of stream-groundwater inter-

actions suggested non-perennial streams can be both gaining and losing water with

the groundwater system in humid headwater landscapes.

Chapter 3 presents an innovative data visualization to showcase runoff genera-

tion processes during both stream gaining and losing conditions. This chapter uti-
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lized runoff data from the headwater catchment outlet and groundwater data from

a nearby transect of variable depth wells to showcase activation, gradients, and du-

ration of shallow, perched transient water table and a deeper, more seasonal water

table. This visualization demonstrated the complicated nature of runoff generation

and subsurface flowpath activation in a landscape with highly weathered, complex

surface and subsurface structures and sets the motivation for Chapter 3.

Chapter 4 introduces a data-driven conceptual model of dominant runoff genera-

tion processes in non-perennial stream systems in low relief landscapes. Results show

that storage state, which was driven by seasonal evapotranspirative demand, and the

subsurface structure and stratigraphy in this landscape were the dominant drivers of

shallow and deep groundwater dynamics that led to characteristic runoff regimes and

responses to precipitation. Data from two intensively sampled precipitation events

in distinct catchment storage states were used as examples of the dominant processes

laid out in the conceptual model.

Chapter 5 integrates lateral, vertical, and longitudinal runoff generating processes

introduced throughout Chapters 2-4 to describe how dominant processes leading to

runoff and carbon export aggregate across watershed scales. Here, a high frequency

active surface drainage network was derived at two spatial watershed scales to link

the watershed flow system into a three-dimensional framework, which is rarely done

in catchment hydrology. From this, dominant runoff generating flowpaths seen across

different landscape elements were used to describe water and dissolved organic carbon

flux dynamics across watershed scales.

Finally, in addition to these core chapters of this dissertation, Appendix 1 includes

a manuscript in preparation that is from research in collaboration with the Office of

4



Water Quality within the United States Geological Survey (funded through the Na-

tional Science Foundation Graduate Research Internship Program). This manuscript

investigates the temporal relationship between daily nitrate concentrations and dis-

charge in three large rivers systems, the Potomac, Connecticut, and Mississippi. Re-

sults indicated that these large river systems were highly chemodynamic and driven

by climatic forcings as well as specific internal watershed dynamics. While Appendix

1 focuses on watersheds much larger in size than those focused on in Chapters 2-5,

it further suggests that a process-based understanding of runoff generation is neces-

sary to understand controls on in-stream dynamics, such as fluctuations in chemical

concentrations, given watersheds of disparate sizes.
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2

Bidirectional stream-groundwater flow in response
to ephemeral and intermittent streamflow and

groundwater seasonality

Zimmer, M. A., and B. L. McGlynn (Accepted with minor revisions), Bidirectional

stream-groundwater flow in response to ephemeral and intermittent streamflow and

groundwater seasonality, Hydrological Processes.

It is often assumed that the net groundwater flow direction is toward the channel

in headwater streams in humid climates, with magnitudes dependent on flow state.

However, studies that characterize stream-groundwater interactions in ephemeral

and intermittent streams in humid landscapes remain sparse. Here, we examined

seasonally-driven stream-groundwater interactions in response to temporary stream-

flow based on field observations of streamflow and groundwater on an adjacent hill-

6



slope. The direction of hydraulic head gradients between the stream and ground-

water shifted seasonally. The stream gained water (head gradients were toward

the stream) when storage state was high. During this period, streamflow was per-

sistent. The stream lost water to the groundwater system (head gradients were

away from the stream) when storage state was low. During this period, stream-

flow only occurred in response to precipitation events and head gradients remained

predominantly away from the stream during events. This suggested mechanisms

other than deep groundwater contributions produced runoff when storage was low,

such as surface and perched subsurface flowpaths above the water table. Analysis

of the annual water balance for the study period showed that the residual between

precipitation inputs and streamflow and evapotranspiration outputs, which was at-

tributed to the loss of water to the deeper, regional groundwater system, was similar

in magnitude to streamflow. This, coupled with results that showed bi-directionality

in stream-groundwater head gradients, indicated that headwaters comprised of tem-

porary (e.g. ephemeral and intermittent) streams can be important focal areas for

regional groundwater recharge and both contribute to and receive water, solutes, and

materials from the groundwater system.
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2.1 Introduction

Historically, headwater streams in humid regions have been generally viewed as gain-

ing systems. Several subsurface-focused benchmark studies (e.g. Pinder and Jones

1969; Sklash et al. 1986) built on the surface-focused variable source area frame-

work for streamflow generation (Hewlett and Hibbert, 1967) and influenced how

researchers studied subsurface flow contributions to streams for decades. At the

receiving end of groundwater flowpaths, streams were largely viewed as pipes, accu-

mulating and transporting water to the oceans. Increasingly by the 1990s, however,

researchers argued that the complex pathways water take do not stop once in the

stream channel (Bencala, 1993; Winter et al., 1998). This shifted the longstanding

conceptual framework toward the idea that surface water and groundwater were in-

terconnected components of the landscape (Bencala, 1993; Brunke and Gonser, 1997;

Winter et al., 1998). Since then, stream-groundwater interaction studies greatly in-

creased in number as researchers focused on understanding the controls and variabil-

ity of water movement across the stream-groundwater interface (Fleckenstein et al.,

2010).

While substantial research on stream-groundwater interactions has been con-

ducted at the local or reach scale (Harvey and Gooseff, 2015), there is still a large gap

in knowledge regarding the role of streams in the hydrogeology of basins (Hayashi

and Rosenberry, 2002; Dahl et al., 2007; Ivkovic, 2009). For instance, some regional

climate models route water at the base of the soil column directly into rivers, which

bypass deeper storage and flowpaths, en route to the ocean. Recently, however, re-

search has suggested flowpaths that originate in headwaters can be important for
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deeper storage and regional scale subsurface flowpaths. For example, Schaller and

Fan (2009) used hydrologic data to show that headwaters can be important for

deep groundwater recharge and regional scale subsurface flowpaths, which may not

resurface as stream water at the headwater catchment scale. However, there are

still mechanistic gaps in our understanding of where regional groundwater recharge

occurs in headwater landscapes.

There has historically been a divide in the conceptualization of stream-groundwater

interactions between catchment hydrology and hydrogeology frameworks within the

headwaters of humid landscapes. Catchment hydrology has traditionally described

streamflow generation processes within the variable source area concept (Hursh, 1936;

Hewlett and Hibbert, 1967). Researchers have demonstrated that the degree and ex-

tent of surface and subsurface contributions to streamflow in headwaters can fluctu-

ate, but predominantly in a unidirectional framework of gradients toward the stream

(Hewlett and Hibbert, 1967; Dunne and Black, 1970). Research documenting rever-

sal in flow direction (e.g. stream discharge to groundwater) in humid landscapes

has been limited. One exception is the reversal of flow direction due to tempo-

rary bank storage (Todd, 1956; Cooper Jr. and Rorabaugh, 1963). This reversal

in gradients has been shown to occur during high stormflow (e.g. floods), which

temporarily raises the stream height above the floodplain groundwater level. This

gradient reversal has been suggested to modify the stream hydrograph by diminish-

ing the magnitude of peak flow (Pinder and Sauer, 1971). As the stream hydrograph

recedes faster than floodplain groundwater levels, the direction of flow reverses back

toward the stream, which can extend baseflow duration (Whiting and Pomeranets,

1997). Although bank storage can produce bidirectional gradients between streams
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and shallow groundwater on an event basis, it has been typically observed in higher

order streams (Bates et al., 2000; Squillace, 1996). While this mechanism can lead

to temporary shallow water storage in the riparian zone, it is unclear how it could

influence deeper groundwater recharge and whether it is an important mechanism

within ephemeral and intermittent headwater streams of humid landscapes. In this

study, an ephemeral stream is defined as a channelized or unchannelized portion of

the landscape that only flows temporarily in direct response to precipitation inputs.

An intermittent stream is defined as a channel that flows seasonally (i.e. flow for

three months or longer) in response to the seasonal rise in the water table. That

said, any streamflow that activates in direct response to precipitation during dry pe-

riods in an intermittent stream channel is classified as ephemeral flow. A temporary

stream is terminology used to encompass both ephemeral and intermittent streams

in this study.

From a traditional hydrogeology point of view, streams represent the surficial

expression of groundwater. The dynamic expansion and contraction of the stream

network within headwaters has been suggested to be in response to the seasonal rise

and fall of the water table (De Vries, 1995; Winter et al., 1998). Within this conceptu-

alization of stream-groundwater interactions, Winter et al. (1998) suggested that the

location where the water table and the geomorphic stream channel first meet must

be downstream of dry reaches. The seasonal rise in the water table thus shifts this

interface upstream, which can activate streamflow in previously dry channels. That

said, more mechanistic research in the headwaters of humid landscapes is needed to

confirm this conceptual explanation of stream-groundwater interactions surrounding

temporary stream activation.
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Most mechanistic research on stream-groundwater interactions in ephemeral and

intermittent streams has taken place in arid and semi-arid regions (Bull, 2002), where

these temporarily flowing channels are the predominant fluvial system. In these

water-limited environments, ephemeral and intermittent streams are often perched

above the water table and undergo substantial transmission losses through the unsat-

urated zone to the saturated zone (Lane, 1983). The quantification of transmission

losses can provide valuable information about aquifer recharge and much effort has

been put toward developing methodologies to better quantify recharge estimates for

assessments of water resources and potential contamination in these arid landscapes

(Scanlon et al., 2002; Niswonger et al., 2008; Shanafield and Cook, 2014). While

transmission losses along ephemeral and intermittent streams in arid regions are

commonly observed, studies documenting groundwater recharge characteristics in

temporary streams in humid landscapes are uncommon.

This study used field-collected hydrologic data from October 1, 2014 to June 20,

2016 from a headwater catchment in the humid Piedmont region of North Carolina,

USA, to present new understanding as well as a call for new research related to

the bi-directionality of stream-groundwater flow surrounding temporary streamflow

activation. This study relates streamflow dynamics at the outlet of an ephemeral-

to-intermittent drainage network to the seasonal water table dynamics observed in-

ternally to the catchment. This study also presents a water balance approach to

quantify the magnitude of regional groundwater recharge occurring in this charac-

teristic headwater catchment.
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2.2 Methods

2.2.1 Study site

This study took place in a 3.3 hectare (ha) headwater catchment with an ephemeral-

to-intermittent drainage network located in the Duke Forest Research Watershed

(North Carolina, USA; Figure 2.1), which is a satellite site of the Calhoun Critical

Zone Observatory in the Piedmont of South Carolina. Spatial extent of intermittent

and ephemeral channels (Figure 2.1) were determined from 77 repeated mapping

campaigns of the surface drainage network across a range of flow conditions (see

Zimmer and McGlynn view for more details on mapping campaigns). The intermit-

tent channel extent was coincident with the geomorphic channel extent, while the

ephemeral channel extent represented surface flow beyond the geomorphic channel.

Duke Forest has a humid subtropical climate with measured annual precipitation of

1136 mm, mean annual temperature of 15.5o C, and mean annual evapotranspiration

of 720 mm (Novick et al., 2015). There is negligible seasonality in monthly precipita-

tion and it is almost entirely rain-dominated with a long growing season from April

to October (Figure 2.2).

The catchment is located within the Carolina Slate Terrane, which is composed

of fine-grained felsic, metamorphic rock, overlain by Ultisol soils of the silt loam

Georgeville series (Bradley and Gay, 2005). These soils are characterized by an

argillic B horizon, which is classified by an increase in clay content and a rapid

decrease in saturated hydraulic conductivity with depth (Soil Survey Staff, 2016).

Based on installation of 12 groundwater wells, the depth to hand-auger refusal, which

was indicative of the upper bedrock weathering front (sensu Anderson et al. 2007),
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Figure 2.2: Time series of (a) precipitation (blue bars), soil water content (grey
line), and evapotranspiration (black line), (b) runoff at catchment outlet in semi-log
space to highlight variability in flow magnitudes. Blue periods indicate persistent
flow that occurs when catchment storage is high and red periods indicate when
streamflow is active only in response to precipitation events, when catchment storage
is low. (c) Elevation of groundwater at lower hillslope (grey line) and upper hillslope
wells (black line). Orange line represents periods when runoff is present and is set
at the elevation of streambed at the base of the hillslope well transect.

was observed to generally deepen away from the stream, with shallow depths in

the lower hillslopes (�1 m) and greater depths in the upper hillslopes (¡9 m). This

increasing regolith depth away from the stream is indicative of a near horizontal upper

bedrock weathering zone, which has also been observed in geophysical assessments

of the highly weathered subsurface landscape at the nearby Calhoun Critical Zone
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Observatory in the South Carolina Piedmont (St Clair et al., 2015).

Forest age is approximately 80-100 years (Oishi et al., 2008) and the forest is

comprised of a mix of mature natural and planted pine (predominately loblolly pine,

Pinus taeda) as well as numerous species of deciduous hardwoods, including oaks

(Quercus spp.), hickories (Carya spp.), elms (Ulmus spp.), sweetgum (Liquidambar

styraciflua), and tulip poplar (Liriodendron tulipifera). Historical land use activity

includes widespread agricultural practices, such as farming and cotton production,

common across the southeastern United States of America, occurring predominantly

in the 18th through early 20th centuries (Richter et al., 1999).

2.2.2 Hydrometric installations and measurements

This study utilized field-collected data, including streamflow magnitudes, precipita-

tion inputs, and groundwater levels from October 1, 2014 to June 20, 2016. Five

minute stage data from a stilling well within an engineered 3 foot H-flume at the

catchment outlet (Figure 2.1) was recorded using a capacitance water level recorder

(+/- 1 mm resolution; TruTrack Inc., New Zealand) and converted to discharge using

the field verified geometric relationship between water height and runoff in the flume

(U.S. Department of Agriculture, 1972). Throughfall and rainfall were recorded at 5

min intervals using a 0.1 mm increment tipping bucket (Campbell Scientific, USA). A

tipping bucket measuring throughfall was located near the catchment outlet (Figure

2.1), while a rainfall tipping bucket was located in a forest clearing 200 m outside

the catchment (not pictured in Figure 2.1). The rainfall time series was used in this

study due to the potentially high spatial variability in throughfall amounts across the

catchment, which could not be captured from just one throughfall tipping bucket.
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Table 2.1: Flux components of the 2015 water year water balance. Residual was
calculated as difference between precipitation inputs and evapotranspiration and
streamflow outputs.

water balance water year flux potential
flux component amount (mm) deviation (mm)

precipitation
this study 2015 1136 -

evapotranspiration
Novick et al. (2015) 2001-2008 720 78

streamflow
this study 2015 220 -
residual
this study 2015 196 78

Groundwater levels were monitored at 5 min intervals in 12 groundwater wells

using a combination of capacitance water level recorders (+/- 1 mm resolution; Tru-

Track Inc., New Zealand) and pressure transducers (+/- 0.1 mm resolution; Solinst,

California, USA). The wells were installed to hand-augered refusal depths, which

represented the transitional zone between saprolite and more competent weathered

bedrock, and were screened to within 10 cm of the ground surface. The wells were

distributed across a range of landscape positions, including lower hillslope, mid hill-

slope, and upper hillslope locations in valley hollows and convergent and planar

hillslopes (Figure 2.1). This study utilized characteristic groundwater data from one

transect along a convergent hillslope, located 25 m upstream of the catchment outlet

(Figure 2.1). As clarified by 77 surface drainage network mapping campaigns across a

range of flow conditions Zimmer and McGlynn (In review), streamflow at the base of

the hillslope groundwater well transect always occurred when there was measureable
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streamflow at the catchment outlet. Therefore, this study could use flow dynamics

at the catchment outlet to investigate relationships between streamflow at the base

of the hillslope transect and groundwater flow in the hillslope. A 12 cm soil water

content reflectometer (Campbell Scientific, USA) was vertically installed from 5-17

cm depth below ground at the lower hillslope location of this transect to capture

shallow soil water content dynamics at 5 min intervals. This study utilized the 3

day soil moisture minimum to represent a generalized catchment storage state while

ignoring flashy responses to individual precipitation events (Figure 2.2a).

Lateral hydraulic head gradients across the hillslope were calculated by dividing

the difference in water level in two wells by the distance between the two wells (A and

A’ in Figure 2.1). Stream-groundwater head gradients were calculated by dividing

the difference in elevation between the streambed (when streamflow was present) and

the groundwater in the lower hillslope well by the distance between the center of the

streambed and well. All instrument locations were surveyed using a Nikon Nivo 5.M

total station (  1 cm resolution, Nikon-Trimble Co., Toyko, Japan).

An annual water balance for the 2015 water year (October 1, 2014 - September

30, 2015) was calculated using data collected on-site as well as from local datasets

(Table 2.1), such that:

precipitation � streamflow � evapotranspiration� residual (2.1)

Measured precipitation at the study site totaled 1136 mm for the 2015 water year.

This annual precipitation amount was compared to a ten-year precipitation time

series from a NOAA station  14 kilometers from the study site (National Oceanic

Atmospheric Administration National Climatic Data Center, 2016), which showed
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average annual precipitation of 1141 +/- 137 mm. 2010 was the most recent water

year in which precipitation fell below the standard deviation of the average (995 mm),

thus it is unlikely that there was significant annual change in catchment storage

between the 2014 and 2015 water year. Average annual evapotranspiration was

calculated to be 720 mm +/-78 mm from eight years of 30 min data collected from

an eddy covariance flux tower within the Duke Forest (Novick et al., 2015). A

daily time series of evapotranspiration was derived from averaging daily values from

four consecutive non-drought years within that dataset (Figure 2.2; Figure 2.3).

Annual streamflow of 220 mm was measured at the catchment outlet and error in this

value was assumed minimal as discharge calculates were confirmed through manual

instantaneous discharge measurements across a variety of flow states. A mass balance

approach (Equation (2.1); Table 2.1) was used to estimate the residual water in the

2015 water year not accounted for by measured precipitation (1136 mm), average

local evapotranspiration (720 mm), and measured streamflow (220 mm) to be 196

mm (Figure 2.3).

2.3 Results

2.3.1 Annual and seasonal soil moisture, stream, and groundwater dynamics

The catchment was classified as in either a high or low storage state, which was

determined by shallow soil water content in a lower hillslope position (Figure 2.1;

Figure 2.2a). In general, when evapotranspiration was low, catchment storage was

high, the water table was elevated, and streamflow was persistent (Figure 2.2). When
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evapotranspiration was high, catchment storage was low, water table elevations were

low, and streamflow occurred only in response to precipitation inputs.

Streamflow was present during 44% of the 2015 water year. Sixty-three percent

of that time occurred when catchment storage state was high (mid-January through

April), comprising 83% of annual streamflow (183 mm). This was a period of per-

sistent streamflow with baseflow present during inter-storm periods, classified as

intermittent streamflow (Figure 2.2b). Approximately 32% of annual precipitation

(346 mm) fell in this time and 19% of annual evapotranspiration occurred (117 mm;

Figure 2.2). The remaining 37% of the time when streamflow was present occurred

when catchment storage state was low (May through January) and represented 17%

of annual runoff (37 mm), 81% of annual evapotranspiration (500 mm), and 68% of

annual precipitation (790 mm; Figure 2.2d). During this period, no baseflow was

present and the runoff only occurred in direct response to individual precipitation

events (e.g. ephemeral streamflow).

Water table observations in wells were limited to at and above hand-augered

refusal depths (Figure 2.2c), which were suggestive of proximity to the transition be-

tween the saprolite base and the weathered upper portions of the competent bedrock.

Groundwater in the lower and upper hillslope wells was present 47 and 31% of the

2015 water year, respectively; the majority occurred when catchment storage state

was high.

At the onset of increasing evapotranspiration in April 2015, the water table across

the hillslope lowered rapidly (Figure 2.2c). By late May, the water table fell below the

bottom of all the groundwater wells and was no longer observable. The water table

did not rise high enough to be measured again in the upper hillslope until early winter.
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Figure 2.3: Cumulative water fluxes (precipitation, groundwater recharge, runoff,
and evapotranspiration) as a fraction of precipitation for 2015 water year, with totals
for each flux on the right. Precipitation and runoff are from 5 min field measured data
and average daily evapotranspiration was calculated from the dataset by Novick et al.
(2015). The residual is the input fluxes (precipitation) minus output fluxes (runoff
and evapotranspiration) on a daily basis and represents groundwater recharge.

In the lower hillslope, episodic saturation occurred in response to precipitation events

throughout the growing season, but a sustained water table did not form again until

early winter (Figure 2.2c). Although the transitional period between absence and

sustained presence of a water table for the lower hillslope was prolonged, there was a
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much shorter transitional period captured in the upper hillslope well. The streambed

elevation at the transect base was plotted in Figure 2.2c to provide reference for when

the water table elevation was above or below the streambed, which indicated gaining

or losing stream gradients, respectively.

2.3.2 Stream-groundwater head gradients

The seasonality of catchment storage state induced by evapotranspiration and re-

flected in catchment runoff dynamics (Figure 2.2) played an important role in the

timing, characteristics, and direction of stream-groundwater head gradients in these

headwater hillslopes (Figure 2.4). This study examined stream-groundwater head

gradients between the groundwater in the lower hillslope and the adjacent stream

(Figure 2.4a) as well as the lateral head gradients in the groundwater system across

the hillslope (Figure 2.2b).

During periods when evapotranspiration was low and catchment storage state

was high, the predominant hydraulic head gradient was toward the stream (blue

sections in Figure 2.4). During the 2015 water year, head gradients were toward

the stream 68% of the time when streamflow was present. When evapotranspiration

was high and catchment storage state was low, the predominant hydraulic head

gradient was away from the stream (red sections in Figure 2.4). No head gradients

could be calculated between the upper and lower hillslopes during the red sections

of the time series shown in Figure 2.2b, due to lack of groundwater present in the

upper hillslope well. That said, given the periodic presence of groundwater in the

lower hillslope throughout this period, it is clear lateral head gradients were away
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from the stream during this time. During the 2015 water year, head gradients were

away from the stream 32% of the time when streamflow was present. During the

transitional wet-up period (October to January), the catchment began to accumulate

water due to decreased evapotranspiration (Figure 2.2a). During this period, the

hydraulic head gradient fluctuated between toward the stream and away from the

stream (grey sections in Figure 2.4). There was also a transitional dry-down period

as the seasonal water table declined due to increased evapotranspiration (Figure 2.2).

During this period, the hydraulic head gradient reversed direction rapidly (blue to

red transition in Figure 2.4) and the stream-groundwater head gradients (Figure

2.4a) and the lateral head gradients across the hillslope (Figure 2.4b) showed similar

directionality.

2.4 Discussion

In traditional hydrogeology, streams have been suggested to represent the dynamic

surficial expression of the water table (De Vries, 1995; Winter et al., 1998). Stream

channels upstream of this surficial water table expression have been thought to be

zones where transmission losses to the unsaturated subsurface (e.g. losing streams)

occurred when streamflow was activated by localized precipitation inputs (Winter

et al., 1998), though few studies have confirmed this in humid regions. The impor-

tance of these transmission losses to regional groundwater recharge in humid regions

is largely unknown. In addition, catchment hydrology has conceptualized streamflow

generation processes within the variable source area concept (e.g. gaining stream

framework), which focused on the characterization of the degree and extent of sub-
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surface contributing areas to the stream (Hursh, 1936; Hewlett and Hibbert, 1967;

Dunne and Black, 1970). Historically, there has been less focus on the interactions

between stream water and groundwater once the contributing waters reach the chan-

nel. As a result, little is known about stream-groundwater interactions and regional

groundwater recharge during temporary (i.e. ephemeral and intermittent) stream ac-

tivation in the headwaters of humid landscapes. To address this knowledge gap, we

used field collected data on stream and water table dynamics within an ephemeral-

to-intermittent drainage network to conceptually understand stream-groundwater

interactions during periods of non-perennial streamflow. Through this, we provide

hypotheses for dominant flowpaths leading to streamflow activation dependent on

the directionality of the stream-groundwater head gradient.

2.4.1 Conceptual framework for groundwater recharge and runoff generation sources
under losing and gaining stream conditions

Our results show that seasonality in evapotranspiration caused a rise and fall in the

water table across the study period (Figure 2.2), which produced bi-directionality

in both stream-groundwater head gradients as well as in lateral head gradients in-

ternally within the study hillslope (Figure 2.4). When evapotranspiration was low

and catchment storage state was high (Figure 2.2), there was seasonally persistent

streamflow and hydraulic head gradients were toward the stream (Figure 2.4). We

highlighted this portion of the water year in blue in Figure 2.5a. We hypothesize

these dynamics represent a seasonal period when water table contributions dominate

runoff and provide sustained baseflow during inter-storm periods (Figure 2.5). Much

catchment hydrology has been focused on quantifying streamflow generation pro-
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cesses in this gaining stream framework (Weyman, 1970; Jencso et al., 2009; Blume

and Van Meerveld, 2015). As the seasonal water table rose in direct response to

precipitation events during this period, we hypothesize activation of surface and

shallow subsurface flowpaths played an important role in contributions to stream-

flow, although these processes were not characterized in this study (see Zimmer and

McGlynn (In review) for detailed analysis).

When evapotranspiration was high and storage state was low, streamflow oc-

curred in direct response to precipitation events and stream-groundwater head gra-

dients were away from the stream (Figure 2.4; Figure 2.5a). We highlighted this

portion of the water year in red in Figure 2.5a. Since there was no direct evidence

of water table contributions to streamflow during this period due to either calcu-

lated head gradients away from the stream or lack of any calculated gradients due

to absence of the water table, another water source must have activated streamflow.

Although Winter et al. (1998) suggested streams in humid regions can lose water

to the subsurface when the water table is below the streambed, they did not provide

details about the mechanisms for streamflow activation during these periods. We

hypothesize shallow surface or subsurface flowpath contributions perched above the

water table drove streamflow when stream-groundwater head gradients were away

from the stream (Figure 2.5). The argillic B horizon seen in many soil types, includ-

ing highly weathered soils characteristic of the Piedmont region where this study was

conducted, has been shown to provide conditions for activation of transient, perched,

shallow water tables (Chittleborough, 1992; Elsenbeer, 2001; Johnson et al., 2006).

Previous studies conducted in proximate regions (e.g. margin of Blue Ridge phys-

iographic province) with similar saprolite development to the neighboring Piedmont
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physiographic province have shown these flowpaths to be important to streamflow

generation (Scanlon et al., 2000, 2001). While our study highlighted that stream-

groundwater interactions can be bidirectional in response to temporary streamflow

activation, more process-based research is needed to better understand the temporal

and spatial dynamics of both deep and shallow perched water table contributions to

streamflow across fluctuating stream-groundwater head gradient directions in order

to better manage these connected resources and understand source water contribu-

tions to downstream flow.

The magnitude of regional and deep groundwater recharge happening across

ephemeral and intermittent drainages of headwater catchments that dominate Pied-

mont landscapes is not yet known. To address this and to quantify the ramifications

of reversing stream-groundwater head gradients, we employed a simple catchment wa-

ter balance analysis (Equation (2.1); Table 2.1), taking advantage of a five year period

of relatively stable precipitation and evapotranspiration in the area. Water balance

approaches are commonly employed to quantify gains and losses in small stream

reaches (Covino and McGlynn, 2007; Payn et al., 2009; Bergstrom et al., 2016),

quantify transmission losses in ephemeral stream reaches to regional groundwater in

semi-arid and arid landscapes (Abdulrazzak et al., 1989; Covino and McGlynn, 2007;

Walter et al., 2012), indirectly calculate evapotranspiration at the catchment scale

(Sivapalan et al., 1996; Zhang et al., 2008), and to assess short and long term changes

in catchment storage state (Nippgen et al., 2016). In humid regions, it is less com-

mon to use water balances to estimate regional groundwater recharge in headwaters

since losses to deeper groundwater are often assumed to be minor fluxes relative to

streamflow and evapotranspiration (Bormann and Likens, 1967; Likens et al., 1967).
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However, we used a water mass balance approach for the 2015 water year to estimate

water fluxes not accounted for by measured precipitation (1136 mm), average local

evapotranspiration (720 mm), and measured streamflow (220 mm). The positive

residual in the water balance amounted to 196 mm (Figure 2.3), only 11% less than

measured streamflow.

Positive or negative residuals in catchment water balances can be due to changes

in catchment storage from one year to the next (e.g. Nippgen et al. 2016), water

budget error in calculating or measuring precipitation, evapotranspiration, or stream

discharge, or unaccounted components that most often include gains from or losses

to the groundwater system (e.g. Genereux et al. 2005). In this study, regional

annual precipitation amounts have not been below the ten year average of 1141

+/- 137 mm (see Methods Section 2.2.2) since 2010, suggesting catchment storage

recovery from recent drought does not explain this large residual. Periodic instan-

taneous discharge measurements across a multitude of flow states corroborated the

stream stage-discharge rating curve for the engineered 3 foot H-flume and therefore

streamflow measurement error was minimal. Oishi et al. (2008) showed relatively

invariant dynamics of annual evapotranspiration based on four years of continuous

eddy-covariance measurements in a similar setting in a deciduous tree stand in the

Duke Forest ( 8 kilometers from our study site). They calculated a standard devi-

ation of 26 mm ( 5% of reported mean), suggesting there is minimal year-to-year

variability in evapotranspiration at this site. Similar studies conducted in the Duke

Forest in both hardwood and deciduous forests over 4 and 8 year periods found stan-

dard deviations of annual evapotranspiration to be 11.3% (σ = 74 mm) and 10.8%

(σ = 78 mm) of the mean, respectively (Stoy et al., 2006; Novick et al., 2015). These
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studies include drought years as well as high rainfall years, which could cause larger

standard deviations than expected during our study period, which had a typical an-

nual rainfall amount. Thus year-to-year variability in evapotranspiration does not

appear to explain this large residual.

Our results suggest that the magnitude of groundwater recharge that does not

resurface as streamflow at the headwater catchment scale is an important and sub-

stantial vertical flux from non-perennial headwater systems, effectively recharging

the local deep groundwater system with significant implications for regional ground-

water recharge. In fact, at this headwater catchment scale, we calculated that annual

groundwater recharge is similar in magnitude to annual streamflow (within 11%; Ta-

ble 2.1). We suggest that this mechanism is often overlooked in humid regions and

warrants more attention, especially within a larger watershed and regional context.

2.5 Implications and Conclusions

For this study, we characterized streamflow and water table dynamics in a non-

perennial headwater catchment in a humid landscape in order to improve our concep-

tual understanding of stream-groundwater interactions during temporary streamflow

activation. This research provided three important findings for stream-groundwater

interactions in this low relief landscape, (1) non-perennial (e.g. ephemeral and in-

termittent) streams can act as both groundwater recharge and discharge focal areas

in these humid regions, (2) shallow and deep flowpath contributions to streamflow

shift in dominance with changes in the direction of stream-groundwater head gradi-

ents, and (3) on an annual basis, groundwater recharge can be similar to measured
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streamflow across non-perennial headwater catchments, which are prevalent across

this region.

Our results showed bi-directionality in stream-groundwater head gradients de-

pendent on catchment storage as well as a substantial positive residual in the 2015

annual water balance. These results strongly suggest temporary streams can act as

both sources and sinks for groundwater across humid headwater landscapes such as

the Piedmont. At this study site, which is characteristic of the headwaters of the

Piedmont, we have recorded drainage densities of up to 8.6 km/km2 (Zimmer and

McGlynn, In Review), driven largely by channels supporting non-perennial stream-

flow. These drainage densities fall at the upper end of the range observed worldwide

in catchments varying in geomorphology, climate, and size (Godsey and Kirchner,

2014), suggesting this and potentially other highly weathered systems have stream

networks comprised disproportionally of ephemeral and intermittent stream sections.

Therefore, the stream and groundwater dynamics observed in this headwater catch-

ment are integral and prominent aspects of not only this Piedmont landscape, but

likely the hydrology of other highly weathered regions extensive worldwide. It is clear

more research on this topic is needed to understand the extent of stream-groundwater

interactions in these landscapes.

Both the bi-directionality of stream-groundwater head gradients and capacity for

deep groundwater recharge that can occur in ephemeral and intermittent streams in

highly weathered headwater landscapes can have substantial impacts on the redis-

tribution of water across larger watersheds and regions. The local recharge dynam-

ics characterized in this study indicate non-local influences on downstream systems

through regional groundwater recharge with subsurface flowpaths that do not ap-
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pear to resurface at headwater catchment scales. While these widespread, common

landscape features have the potential to have a substantial effect on regional hydrol-

ogy, the mechanisms represented in this study for groundwater recharge and shifting

stream source waters are often overlooked. We suggest that more process-based re-

search is needed to understand groundwater recharge focal areas and runoff genera-

tion processes during periods when groundwater gradients are away from the stream.

This is critical for understanding recharge dynamics and shifting stream source water

contributions across larger watersheds that are comprised of many ephemeral and

intermittent headwater catchments.
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3

Bidirectional stream-groundwater flow in response
to ephemeral and intermittent streamflow and

groundwater seasonality

Zimmer, M. A., and B. L. McGlynn (2017), Time-lapse animation of hillslope

groundwater dynamics details event-based and seasonal bidirectional stream-groundwater

gradients, Hydrological Processes doi: 10.1002/hyp.11124. Reproduced with permis-

sion from John Wiley and Sons.

Download manuscript and MPEG-4 file here
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3.1 Description

Stream water-groundwater (SW-GW) interactions and hydrological connectivity are

two important processes that drive much of the variability seen in streamflow charac-

teristics. Measurement snapshots of hillslope flowpath connections (Bracken et al.,

2013; Nippgen et al., 2015) and SW-GW gradients and associated biogeochemical

patterns (Vidon and Hill, 2004; Lautz and Fanelli, 2008) are commonly used to cat-

egorize different characteristics or states of catchment and stream response. Studies

that have fine resolution or long term datasets still often distill this information by

displaying representative periods or events (e.g. Nippgen et al. 2015). While these

snapshot approaches provide useful information, they can oversimplify complex in-

teractions or conceal the varying time scales (e.g. event responses nested within

seasonal dynamics) of hillslope connectivity and SW-GW interactions, shifts, and

flow reversals. Due to these issues, catchment hydrologists have been encouraged to

move beyond the snapshot approach (e.g. Bracken et al. 2013).

Perennial streams in headwaters of humid climates are a common foci for catch-

ment hydrology. In these perennial reaches, the degree of hillslope connectivity and

SW-GW gradient magnitudes and directions can temporally shift on seasonal- or

event- bases dependent on hydrological characteristics such as catchment storage

and hydromorphology (Todd, 1956; Jencso et al., 2009; Rodhe and Seibert, 2011;

Nippgen et al., 2015). While these perennial streams are often viewed within a gain-

ing stream system framework (Winter et al., 1998), little work has characterized

temporal SW-GW interactions and hillslope connectivity within the ephemeral and

intermittent sections of these headwater catchments.
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This study sought to address a lack of understanding regarding the temporal

dynamics of SW-GW interactions and process-based stream-hillslope connectivity

within ephemeral and intermittent drainages. Our study site is located in the Pied-

mont region of North Carolina, USA, which is characterized as low relief with highly

weathered, deep soils. While this landscape type is underrepresented in hillslope

connectivity studies (Bracken et al., 2013), it is a globally ubiquitous landscape type

that is undergoing increasing development and land use pressure (Terando et al.,

2014). This study uses the power of animated data visualization to highlight a

novel application of groundwater levels in uncovering event- and seasonally-driven

(dis)connections between temporary streamflow and the complex groundwater sys-

tem common in highly weathered landscapes.

We monitored fine temporal resolution (5-min) streamflow and groundwater lev-

els across an adjacent hillslope for one year within a 3.3 hectare ephemeral-to-

intermittent drainage network in the Duke Forest, North Carolina, USA (36o213.47282

N, 79o4152.7522W ; see Zimmer and McGlynn (In review) for more site details).

Groundwater wells were hand-augered to refusal depths at lower, mid, and upper

hillslope positions along a representative convergent hillslope. At these sites, we also

installed shallow wells to the depth of the most prominent confining soil horizon

(A/Bt horizon or Bt/C horizon interfaces), confirmed by field-saturated hydraulic

conductivity measurements using a constant head permeameter (Amoozegar, 1989).

Water levels were monitored using pressure transducers (+/- 0.1 mm resolution,

Solinst) and capacitance recorders (+/- 1 mm resolution, TruTrack, New Zealand).

Due to the minimal range in observed stream level (0-0.18 m) relative to hillslope

length (76 m), the streambed elevation was used as the stream elevation, regardless
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of discharge magnitude.

The MPEG-4 file (with narration) shows a data-driven animation of streamflow

and hillslope groundwater dynamics from October 1, 2015 through September 30,

2016 to highlight the various time scales of the dynamic SW-GW interactions and

hillslope connectivity associated with temporary streamflow. The temporal dynam-

ics of two groundwater tables are shown in the lower plot; the shallow, transient,

perched water table (light blue) and the deeper water table (dark blue). Through

this animation, we can track the (dis)connections vertically in the soil profile between

water tables (shallow and deep) as well as laterally across the hillslope. When there

was streamflow present, about two-thirds of it was characterized as intermittent or

seasonal streamflow (blue portions of the streamflow hydrograph; top plot). This

occurred when catchment storage was high. About one-third of streamflow occurred

when catchment storage was low and was characterized as ephemeral (i.e. only flows

in response to precipitation inputs; red portions of the streamflow hydrograph).

During intermittent streamflow, the deeper groundwater gradient was toward

the stream. This evidence of a gaining stream system is in line with the common

framework of streamflow generation in humid regions (Winter et al., 1998). In the

upper hillslopes, the deeper and perched water tables stayed vertically disconnected,

i.e. no saturated continuum between groundwater zones. In the lower hillslope,

the deeper water table was elevated into shallow soil horizons and no perching of a

shallow water table occurred. During ephemeral streamflow, the gradient between

the stream and the deeper water table was away from the stream (i.e. losing stream

system), which is a novel observation surrounding SW-GW interactions in temporary

streams in humid regions. This suggests streamflow enhanced groundwater recharge
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can be a prominent process in headwaters systems. During this period, perched,

shallow water tables were driving streamflow.

This data-rich time series reveals many complex hydrological processes at both

long- (i.e. seasonal) and short- (i.e. individual events) time scales, including the con-

nectivity of both shallow and deep groundwater and the bi-directionality in SW-GW

gradients through time. This novel visualization has the power to highlight the com-

plexities of groundwater connectivity across a hillslope and provide a more complete

process-based understanding of streamflow generation processes in this landscape.

These system complexities are often simplified through traditional forms of data vi-

sualization (e.g. time and space snapshots), but are important to consider when

addressing questions related to seasonal and event-driven catchment hydrology.
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4

Ephemeral and intermittent runoff generation in a
low relief, highly weathered catchment

Zimmer, M. A., and B. L. McGlynn (In review), Ephemeral and intermittent runoff

generation in a low relief, highly weathered catchment, Water Resources Research.

Most field-based approaches that address runoff generation questions have been

conducted in steep landscapes with shallow soils. Runoff generation processes in

low relief landscapes with deep soils remain less understood. We addressed this

by characterizing dominant runoff generating flowpaths by monitoring the timing

and magnitude of precipitation, runoff, shallow soil moisture, and shallow and deep

groundwater dynamics in a 3.3 hectare ephemeral-to-intermittent drainage network

in the Piedmont region of North Carolina, USA. This Piedmont region is gently

sloped with highly weathered soils characterized by shallow impeding layers due to
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decreases in saturated hydraulic conductivity with depth. Our results indicated two

dominant catchment storage states driven by seasonal evapotranspiration. Within

these states, distinct flowpaths were activated, resulting in divergent hydrograph

recessions. Groundwater dynamics during precipitation events with different in-

put characteristics and contrasting storage states showed distinct shallow and deep

groundwater flowpath behavior could produce similar runoff magnitudes. During an

event with low antecedent storage, activation of a shallow, perched, transient water

table dominated runoff production. During an event with high antecedent storage,

the deeper water table activated shallow flowpaths by rising into the shallow trans-

missive soil horizons. Despite these differing processes, the relationship between

active surface drainage length (ASDL) and runoff was consistent. Hysteretic behav-

ior between ASDL and runoff suggested that while seasonal ASDLs can be predicted

based on runoff, the mechanisms and source areas producing flow can be highly vari-

able and not easily estimated from runoff alone. These processes and flowpaths have

significant implications for stream chemistry across seasons and storage states.
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4.1 Introduction

Much of catchment hydrology over the last several decades has focused on deciphering

the components of runoff in small catchments (Horton, 1933; Hewlett and Hibbert,

1964; Betson, 1964). Researchers have shown that runoff can be comprised of fluctu-

ating combinations of baseflow and stormflow contributions depending on antecedent

catchment storage state (Pearce et al., 1986; Sklash et al., 1986). Stormflow contribu-

tions were often shown to be comprised of shallow subsurface stormflow (Tsukamoto,

1963; Weyman, 1970), saturation-excess overland flow (Dunne and Black, 1970), and

infiltration-excess overland flow (Horton, 1933). These stormflow contributions were

typically couched within the variable source area conceptual model (Hursh, 1936;

Hewlett and Hibbert, 1967), which often focuses on the lateral expansion of source

areas in response to precipitation inputs. While most studies invoked these processes

to explain the stormflow component of runoff at a catchment outlet, few have linked

these processes to the longitudinal expansion of the surface drainage network (sensu

Day 1983).

Surface drainages expand and contract beyond their perennial channels in re-

sponse to precipitation events (Day, 1983) and fluctuating seasonal catchment stor-

age states (Godsey and Kirchner, 2014; Whiting and Godsey, 2016). Historically,

researchers have focused their attention on capturing the dynamism of stream net-

works (Roberts and Archibold, 1978; Blyth and Rodda, 1973; Roberts and Klinge-

man, 1972; Spence and Mengistu, 2016), but only recently have researchers focused

on explaining the mechanisms behind it (Biswal and Marani, 2010; Godsey and

Kirchner, 2014; Shaw, 2015). Although this surface drainage expansion and contrac-
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tion behavior is globally ubiquitous, there is still a wide gap in our understanding of

how, why, and where streams expand and contract across landscapes.

The longitudinally dynamic portions of surface drainage are typically classified by

ephemeral and intermittent streams. In this study, ephemeral streams are defined as

portions of the drainage network that activate in direction response to precipitation

events. Intermittent streams are defined as reaches with persistent runoff of three

month duration or longer, which is activated by the seasonal rise in the water table.

There is minimal consensus for the major drivers of activation or dry down of non-

perennial reaches that lead to surface drainage expansion and contraction. Biswal

and Marani (2010) argued that the contraction of a stream network could be rep-

resented by a geomorphological recession flow model, where the spatially constant

drainage of an unconfined aquifer could explain stream length recession. In con-

trast, Shaw (2015) compared runoff recession characteristics to field mapped stream

network contraction and concluded that network contraction did not directly con-

trol hydrograph recession rates. Godsey and Kirchner (2014) presented field col-

lected data which highlighted discontinuities in runoff across the stream network,

suggestive that the persistence of longitudinal flow was from an imbalance between

geomorphology/transmissivity of the subsurface and the discharge contributions to

the stream. Godsey and Kirchner (2014) effectively argued that the stream net-

work longitudinally varied between a gaining and losing system depending locally

on the aforementioned characteristics. More field validations of surface drainage

network lengths together with runoff generation process investigations across differ-

ent catchment storage states, landscapes, and climates are imperative to test these

contradicting models.
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The majority of our understanding of runoff contributions from hillslopes is based

on studies conducted in steep landscapes with thin soils (Burt and McDonnell, 2015).

This makes it difficult to compare and contrast runoff generation processes across

landscapes with different geomorphology. In steep systems, the redistribution of

water across the landscape has been shown to be predominantly driven by topog-

raphy (Montgomery and Dietrich, 1988; Jencso et al., 2009; Detty and McGuire,

2010; Jencso and McGlynn, 2011) and hillslope contributions depend on a storage

state-driven connectivity between the more responsive riparian zones and the less hy-

drologically active upper hillslopes (McGlynn and McDonnell, 2003; Ocampo et al.,

2006; Jencso et al., 2009; Jencso and McGlynn, 2011).

In contrast, Devito et al. (2005) argued that the slope of the land surface is

not necessarily the main control on hydrologic response in low relief landscapes. In

fact, researchers have shown hydrologic response in hillslopes has been linked to soil

characteristics (Sidle et al., 2000; Buttle and McDonald, 2002; Gannon et al., 2014)

and soil confining layers due to contrasting hydraulic conductivities across horizons

(e.g. Weyman 1973; Elsenbeer 2001; Tromp-Van Meerveld and McDonnell 2006).

The layers with contrasting hydraulic conductivities that can lead to perched water

tables, include, but are not limited to, the O/A horizon interfaces (Ragan, 1968; Bet-

son and Marius, 1969), B to B/C soil horizon interfaces (Weyman, 1973), fragipans

(McDaniel et al., 2008), glacial till (Rodhe and Seibert, 2011) and the underlying

bedrock (Woods and Rowe, 1996; Burns and McDonnell, 1998; Tromp-Van Meerveld

and McDonnell, 2006). In fact, there is a substantial body of literature focused

on water table development in duplex soils, or a diagnostic soil type with texture

contrasts between the A and B horizons (Chittleborough, 1992). Specific to highly

41



weathered soils, Elsenbeer (2001) advanced the concept of hydrologic end members

in tropical landscapes, by categorizing soil types by whether or not they promote

shallow flowpath partitioning. While researchers have utilized this conceptual water

source partitioning to connect internal catchment dynamics to physical and chemical

stream characteristics in tropical landscapes (e.g.Kinner and Stallard 2004; Johnson

et al. 2006; Crespo et al. 2011), few studies include direct observations of internal

processes or connect flowpaths to network dynamics.

While topography has been shown to override the influence of soil horizonation

(Hammermeister et al., 1982), soil stratigraphy can play an important role in the

redistribution of water in low relief landscapes (Chow et al., 1964; Weyman, 1973;

Cox and McFarlane, 1995). For example, in arid South Australia, almost 90% of total

subsurface flow was shown to occur as shallow subsurface lateral flow (Hardie et al.,

2012). That said, Smettem et al. (1991) and Brouwer and Fitzpatrick (2002) have

shown that macropores distributed within the soil matrix allowed for by-pass flow to

occur, which prevented subsurface lateral flowpath development at the A/B horizon

interface. And while many of these disparate studies have quantified the nuances

of flowpaths along individual hillslopes, few studies have linked these findings to

catchment outflow or stream network scale dynamics.

The soil-bedrock interface in steep, forested landscapes with humid climates has

been shown to be an important impeding layer to fuel runoff generation (Woods and

Rowe, 1996; Brammer and McDonnell, 1996; Tromp-Van Meerveld and McDonnell,

2006; van Verseveld et al., 2008; Graham et al., 2010). The mechanisms driving

these lateral subsurface flowpaths at the soil-bedrock interface have been likened as

well as contrasted to the mechanisms driving lateral flowpaths at the ground surface
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and in the shallow subsurface (Hardie et al., 2012; Ameli et al., 2016). While this

may be an important impeding layer in landscapes with shallow soils, recent work

by St Clair et al. (2015) has shown that bedrock topography can be substantially

different from surface topography, especially in landscapes with deep soils. Further,

in a landscape with highly weathered soils, the soil-bedrock boundary is separated

by sometimes meters of saprolite, or highly weathered bedrock. Therefore, in these

landscapes, the sharp boundary or rapid change in saturated hydraulic conductivity

between weathered and unweathered material can be indistinct and may not serve

as a platform for lateral subsurface flow to accumulate. In fact, Tromp-van Meerveld

and Weiler (2008) suggested that the assumption in field- and model-based studies

that bedrock is impermeable to vertical flow has potentially slowed scientific progress

in catchment hydrology over the last several decades. As a result, more work is

required to compare and contrast shallow and deep subsurface flowpath activation

in landscapes with highly weathered, deep soils.

Further still, the storage state of a catchment, which is often defined as the

wetness of a catchment as measured by soil moisture or groundwater levels, has been

shown to not only impact runoff response (Western et al., 1999; Penna et al., 2011),

but also impact preferential flowpaths (Sidle et al., 2000), lateral subsurface flowpaths

on impeding layers (Hardie et al., 2012), and recession event characteristics (Shaw

et al., 2013). Researchers have shown threshold responses in runoff with increasing

catchment storage states (e.g. Western and Grayson 1998). Sidle et al. (1995)

showed that a zero-order hollow, which was inactive during dry conditions, became a

significant contributor to runoff at a high enough catchment storage state threshold.

Detty and McGuire (2010) showed a threshold response in runoff with increasing
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antecedent catchment storage and precipitation. They attributed a linear response

above this threshold to the activation of preferential flowpaths and utilization of

more transmissive upper soil horizons with a rise in groundwater levels. Grayson

et al. (1997) showed spatial patterns of shallow soil moisture displayed either a wet

or dry state, with a minimal transitional period between the two states. In their

study, lateral water movement along surface and subsurface flowpaths dominated

the distribution of water in the landscape during wet periods, whereas vertical water

movement dominated during dry periods. Their study was conducted in a temperate

landscape where the hydraulic conductivity of the soil profile decreased sharply with

depth and a seasonal imbalance between precipitation and evapotranspiration was

extensive. Although soil depths there were less than 2 m at their study site, these are

otherwise generally similar soil and climatic characteristics to the Piedmont region,

USA and other low relief landscapes across the globe. It is unknown, however, if

similar separation between vertical and lateral subsurface flowpath characteristics

can be drawn from seasonal changes in catchment storage state in other landscapes,

such as the humid Piedmont region in the southeastern USA. More research is needed

to understand the role of catchment storage state on the activation of subsurface

flowpaths in shallow and deep portions of the soil system.

In this study, we built on the work by Zimmer and McGlynn (2017) who found

that stream-groundwater head gradients in an ephemeral-to-intermittent drainage

network at the Duke Forest Research Watershed (North Carolina, USA) were bidi-

rectional dependent on catchment storage state. They found that when catchment

storage was high, stream-groundwater head gradients were toward the stream and

when catchment storage was low, stream-groundwater head gradients were away from

44



the stream. A shallow, transient, perched water table was hypothesized to be the

dominant runoff generation process when deeper groundwater gradients were away

from the stream and runoff was hypothesized to be a significant source of ground-

water recharge on an annual basis. Here, we investigated the process drivers of

active surface drainage length and runoff during different catchment storage states

and stream-groundwater head gradients. We investigated how soil structure and

stratigraphy across this low relief landscape coupled with regional climatic forcings

could drive the hydrology of the catchment. Specifically, we addressed the following

questions:

Q1: How does the stratigraphy and depth of soils in low relief landscapes influence

water flowpaths and runoff source areas?

Q2: What are the relative roles of a seasonally present, deep water table and shallow,

transient, perched water tables in runoff generation?

4.2 Methods

4.2.1 Study site

This study was conducted in a 3.3 hectare (ha) catchment within the Duke Forest

Research Watershed in the Piedmont region of North Carolina, USA (Figure 4.1).

This site is a satellite site to the Calhoun Critical Zone Observatory located in the

Piedmont region of South Carolina, USA. The catchment drains an ephemeral-to-

intermittent drainage network and the gently sloped terrain ranges in elevation from

182 to 208 m. Duke Forest is characterized by a subtropical, humid climate with a

45



mean annual temperature of 15.5oC, mean annual precipitation of 1136 mm/yr, and

mean annual evapotranspiration of 720 mm/yr (Novick et al., 2015). Daily evap-

otranspiration was estimated from historic 30 min latent heat flux values collected

from an eddy covariance flux tower located in the Duke Forest (Figure 4.2; Novick

et al. 2015). Four years (2003-2006) of the eight year (2001-2008) latent heat flux

collection period were used to calculate mean daily and annual evapotranspiration

values presented in this study. These years were selected because they exhibited cli-

matic and meteorological conditions most similar to the study period (e.g. removed

drought years). The climate regime is almost entirely rain-dominated with no sea-

sonality in monthly precipitation (Figure 4.2) and a long growing season, typically

from April to October (Figure 4.2). Forest communities present are characteristic

of the region, with natural and planted pine (predominately loblolly pine, Pinus

taeda) as well as many species of deciduous hardwoods, including oaks (Quercus

spp.), hickories (Carya spp.), elms (Ulmus spp.), red maple (Acer rubrum), sweetgum

(Liquidambar styraciflua), and tulip poplar (Liriodendron tulipifera). Forest age is

approximately 80-100 years (Oishi et al., 2008). Historical land use activity included

widespread agricultural practices, such as farming and cotton production, which was

common across the region and occurring predominantly in the 18th through early

20th centuries (Richter et al., 1999).

4.2.2 Subsurface characteristics

The catchment is located within the Carolina Slate Terrane, which is composed of

fine-grained felsic, metamorphic rock (Bradley and Gay, 2005), overlain by Ultisol
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soils of the Georgeville silt loam series (Soil Survey Staff, 2016). Based on hand-

augered installation of 12 wells to refusal depths across the catchment (Figure 4.1),

soil depth is characterized as non-uniform, with shallow soils in lower hillslopes (�1

m) and deeper soils in upper hillslopes (¡ 9 m; Figure 4.3). Increasing soil depth

groundwater well nest
tipping bucket
soil moisture probe
flume
well nest used in
this study

Duke Forest

Piedmont region

T1

T1’

N

0 100 meters

T2

T2’

186 m

192 m

198 m

204 m

contour interval 3 m

Figure 4.1: Instrumentation map of 3.3 hectare research catchment, with bottom
inset map indicating location of Duke Forest in North Carolina, USA with shaded
area indicating Piedmont physiographic region. Blue dashed lines indicate observed
maximum extent of ephemeral streamflow and blue solid line indicates observed
maximum extent of intermittent streamflow. Groundwater transects used in this
study labeled at T1 to T1’ (convergent hillslope) and T2 to T2’ (zero order hollow).
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Table 4.1: Clay content (%) and saturated hydraulic conductivity (Ksat, mm/hr) for
select soil depth intervals in the soil profile of a characteristic lower hillslope (T1) and
upper hillslope (T1’; see Figure 4.1 for site location). Depth to refusal was indicative
of the upper bedrock weathering front. All Ksat measurements were from a constant
head permeameter, except those designated with an asterisk, which were measured
from bail tests. See Figure 4.4 for vertical range of subsurface covered in bail tests.

Depth(m)
Soil horizon

Lower hillslope Upper hillslope

clay content
(%)

Ksat
(mm/hr)

clay content
(%)

Ksat
(mm/hr)

0-0.15 A 5 47.5 15 29.3
0.15-0.30

A/Bt
13 4.2 21 4.4

0.30-0.45 14 1.5 42 1.8
0.45-0.60 14 0.2 43 1.7
0.60-0.75 Bt 14 0.5 41 1.8
0.75-0.90 8 0.6 40 0.2
0.90-1.05 5.5* 39 39 0.3
1.05-1.50 C refusal refusal 34 0.3
1.50-2.00 depth depth 20 -
2.00-3.00 25 0.4
3.00-4.00 saprolite 27 -
4.00-5.00

weathered
16 1.9*

5.00-6.00
bedrock

18 -
6.00-7.00 21 1.2

away from the stream (Figure 4.3) is suggestive of a bedrock topography that does not

follow surface topography and is instead relatively horizontal. Similar observations

of weathered and unweathered bedrock topography were confirmed by geophysical

techniques at the nearby Calhoun Critical Zone Observatory (St Clair et al., 2015).

Vertical profiles of field-saturated hydraulic conductivity (Ksat; Figure 4.4; Table

4.1) were characterized through different methods for saturated and unsaturated soil
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conditions. A compact constant head permeameter (Ksat, Inc., North Carolina, USA;

(Amoozegar, 1989)) and Glover’s analytical solution (Elrick and Reynolds, 1992)

were used to calculate Ksat at 15 cm depth intervals in unsaturated soil conditions.

In saturated conditions, bail tests in groundwater wells (Bouwer and Rice, 1976)

were used to calculate an integrated Ksat measurement across the screened interval

where the water table was present (Figure 4.4; Table 4.1). These variable depth Ksat

measurements were taken at one lower hillslope site and at one upper hillslope site

coincident with the groundwater well nest transect T1-T1’ (Figure 4.1; Figure 4.3).

These measurements showed contrasting Ksat between the A and Bt horizons and

the Bt and C horizons (Table 4.1; Figure 4.4). This is in agreement with the soil

series description by the Soil Survey Staff (2016), which defined the local Georgeville

soil series to have multiple argillic Bt horizons. For example, at the upper hillslope

site (T1’), Ksat shifted from 29.3 mm/hr in the A horizon to an average 2.4 mm/hr

across the Bt horizons (Table 4.1). This break in Ksat has been shown to limit the

majority of the rooting zone to the upper 35 cm (Oren et al., 1998). Within the Bt

soil horizons, Ksat decreased with depth, reaching a profile minimum in the lower Bt

horizon of 0.2 mm/hr (Figure 4.4; Table 4.2). Within the C horizon/saprolite layer,

Ksat increased slightly from the lower Bt horizon. Similar breaks in Ksat coincident

with soil horizon interfaces were seen in the lower hillslope measurement site (T1),

although the refusal depth for sampling and well installation was just below the Bt/C

horizon interface (Figure 4.4; Table 4.1). Constant head double ring infiltrometer

(Soilmoisture Equipment Corp., California, USA) experiments (Johnson et al., 1963)

yielded infiltration rates that exceeded precipitation intensities measured during the

study period.
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Figure 4.2: (a) Daily precipitation (blue bars), 3 day minimum volumetric water
content (grey line) in the A horizon at lower hillslope on T1 transect, and daily
evapotranspiration (black line) as adapted from Novick et al. (2015). (b) Runoff
ratios (grey circles) with time series of runoff separated into baseflow (light blue)
and stormflow (black) components (methods adapted from ?. (c) Runoff in semi-log
scale to highlight seasonality in flow dynamics.

4.2.3 Physical hydrology

Active surface drainage length surveys

Surface drainage length (ASDL) was recorded during 77 surface drainage network

mapping campaigns over a wide range of runoff magnitudes (Figure 4.6; Figure
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4.5). Surveys were conducted seasonally, represented by circles in Figure 4.6, as

well as in high resolution snapshots across the rising and receding limbs of stormflow

hydrographs, as represented by triangles and diamonds in Figure 4.6. Each surface

drainage network inventory included a width measurement of the visible flow and a

depth measurement in the thalweg at defined locations every 10 m along the network,

from the catchment outlet to the farthest upstream presence of surface flow. This

included flow within the geomorphic channel extent, which was characterized by an

incised channel with banks and a definable channel head, as well as any observed

overland flow beyond the geomorphic channel head. The geomorphic channel network

length was 124 m and consisted of one unbranched channel. Overland flow beyond

the channel originated at the channel head as well as at the beginning of a zero order

hollow that intersected the main channel roughly 110 m upstream of the catchment

outlet (Figure 4.1). These ephemeral surface flowpaths showed presence of displaced

leaves and debris, but with only minor sediment displacement and no discernable

channel head. Within each 10 m survey interval, the degree of stream connectedness

was recorded, i.e. how many meters of the 10 m survey length had surface flow

(0-10 m scale). For each 10 m section, if the degree of stream connectedness was

greater than 5 m, that section was categorized as fully connected, as macropores and

other subterranean features often connected surface flow over short distances. For

each surface drainage network inventory, the total active surface drainage length was

calculated by summing each consecutive 10 m section length with flowing stream

water (Figure 4.6).
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Precipitation and runoff measurements

Precipitation and throughfall at 5 min intervals were recorded using 0.1 mm incre-

ment tipping buckets (Campbell Scientific, USA). Throughfall was recorded near the

catchment outlet (Figure 4.1), while rainfall was recorded in a forest clearing 200 m

outside the catchment (not pictured in Figure 4.1). Due to a small spatial area, with

minimal potential for orographic effects and small spatial scale heterogeneity (e.g.

small scale convective cells), precipitation was assumed uniform across the study

catchment. As canopy interception causes throughfall to be spatially variable, the

precipitation time series was used in this study. Stage level in the stilling well of a

0.9144 m (3 foot) H flume located at the catchment outlet was recorded every 5 min

using a Tru Track Inc. (+/- 1 mm resolution, New Zealand) capacitance water level

recorder. Manual measurements of flume stage were conducted monthly using visual
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stage readings to corroborate capacitance rod measurements. Stage was converted

to runoff using the conversion equation related to the specific flume geometry (U.S.

Department of Agriculture, 1972) and confirmed with periodic instantaneous runoff

measurements.

Groundwater measurements

Groundwater dynamics were monitored at 5 min intervals in 12 nests of variable

depth wells and piezometers using a combination of capacitance rods (Tru Track,

New Zealand) and pressure transducers (+/- 0.1 mm resolution, Solinst, USA). The

well nests were distributed across a range of landscape positions, including lower hill-

slope, mid hillslope, and upper hillslope locations in valley hollows and convergent

and planar hillslopes (Figure 4.1). At each nest, wells were installed to the A/Bt

horizon interface (�25 cm depth, coincident with a sharp decrease in Ksat) and to a

refusal depth (upper bedrock weathering front, depth variable; Figure 4.3). Piezome-

ters were coupled with the deepest well at each nest (Figure 4.3). All piezometers

were solid PVC pipe open at the bottom, while wells were fully screened to within

10 cm of the ground surface. In locations where the refusal depth exceeded 3 m, in-

termediate wells were installed to 1 m depth, which was approximately at the Bt/C

horizon interface. In those locations, the deepest well was screened to 1 m of the

ground surface to isolate the deeper groundwater signal from any shallow flowpaths.

Data reported in this study were collected from October 1, 2014 through June 2016,

with specific focus on two precipitation events with contrasting catchment storage

states. For simplicity, data from four of the 12 groundwater nests installed in the
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catchment were used in this study (highlighted in Figure 4.1). These nests captured

shallow groundwater dynamics along transects installed in characteristic geomorphic

landscape features, specifically a convergent hillslope (Transect T1; Figure 4.1; Fig-

ure 4.3) and a zero order hollow (Transect T2; Figure 4.1). The zero order hollow

was characterized as a convergent hillslope with enough upslope area to accumulate

surface drainage that could displace leaves and debris.

Hydrologic metric calculations

Catchment storage state

Catchment storage state was defined as high, low, or transitional based on seasonal

evapotranspiration, soil moisture, and runoff dynamics. Daily evapotranspiration

was averaged from four years of data (2003-2006; see Methods 4.2.1) collected every

30 min from an eddy covariance flux tower located in the Duke Forest (Novick et al.,

2015). At the lower hillslope zone of T1, a 12 cm soil water content reflectometer

(Campbell Scientific, USA) was installed vertically from 5-17 cm depth below ground

to capture shallow soil water content dynamics at 5 min intervals. Shallow soil

water content was filtered to a 3 day antecedent minimum to represent generalized

catchment storage state conditions (Figure 4.2). A relatively short window was used

for calculating the representative shallow soil water content in order to correspond

with the flashy nature of the system.

Soil moisture was high and runoff was seasonally persistent (i.e. intermittent

flow) at the catchment outlet when evapotranspiration was low. This occurred ap-

proximately between mid-winter and early summer each year and catchment storage
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state was classified as high (Figure 4.2). Soil moisture was low and runoff at the

catchment outlet only occurred in direct response to precipitation (i.e. ephemeral

flow) when evapotranspiration was high (Figure 4.2). This occurred early summer

to mid-winter and catchment storage state was classified as low. The transitional

periods between high and low catchment storage states were minor and referred to

the brief period when groundwater and stream levels dropped or rose between states

(Figure 4.2). More details on these catchment storage state dynamics, including

detailed discussion of resulting stream-groundwater head gradients, can be found in

(Zimmer and McGlynn 2017, In review).

Hydrograph separation

Hydrograph separation of baseflow and stormflow components was conducted for

the period when catchment storage state was high and runoff was persistent (Figure

4.2; Figure 4.7). For the rest of the year, when storage state was low and runoff

occurred solely in response to precipitation, any runoff that occurred was assumed

to be entirely comprised of stormflow. For the applicable time periods, methods

presented by Hewlett and Hibbert (1967) were adapted to separate baseflow from

stormflow. Specifically, a linear increase (0.00012 mm/hr) in baseflow contributions

were used for each 5 min time step during each hydrograph response to a precipitation

event. For each precipitation event, the stormflow component ceased when baseflow

contributions intersected the hydrograph on the receding limb. All runoff between

precipitation events was assumed to be comprised entirely of baseflow contributions.

Runoff ratios and recession rates
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Runoff ratios (stormflow / precipitation) were calculated for 75 precipitation events

(¡8 mm input with ¡12 hours between precipitation events in order to accurately

isolate individual stormflow hydrographs), where stormflow was represented by total

runoff minus baseflow (see Methods Section 4.2.3 for baseflow calculations). Hydro-

graph recession rates were calculated for a subset of events following the methods

outlined by Brutsaert and Nieber (1977). Only events with no additional precipi-

tation inputs after the peak of the storm hydrograph were used (32 events) so that

recession rates were not impacted by new precipitation inputs. The period used for

recession rate analysis for each event was from the hydrograph peak to the end of the

stormflow hydrograph, either defined as when one or more of the following criterion

were met: runoff ceased when baseflow was not present, runoff decreased to 120%

of pre-storm magnitudes when baseflow was present, or precipitation from the next

event occurred. Of the 32 precipitation events used for this analysis, 10 occurred

when catchment storage state was low (no baseflow), 17 when storage state was high

(baseflow was present), and five occurred in transitional periods. Transitional peri-

ods occurred when flow was not persistent (no or minimal baseflow), but runoff was

fed by the deeper groundwater system. This characteristic is described in further

details in the Results.

4.3 Results

4.3.1 Active surface drainage length

From 77 surface drainage mapping campaigns, measured active surface drainage

length (ASDL) ranged between 0 when the stream channel was dry and 286 m at
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Figure 4.5: Exceedance probabilities for catchment outlet runoff across entire study
period, October 1, 2014 through June 20, 2016. Exceedance probability above 58%
indicate periods during the study when the stream at the catchment outlet was dry.
Red circles represent flow conditions when active surface drainage length surveys were
conducted. The two black diamonds represent the peak runoff for two precipitation
events highlighted in this study and introduced in Results Section 4.3.4 and described
in Table 4.2.

its observed maximum extent (Figure 4.6). Surveys occurred across a wide range

of flow conditions, represented by flow exceedance probabilities from 0.07 to 58%,

where percentages above 58 represented periods when runoff was nonexistent (Figure

4.5).

Runoff was positively correlated to ASDL (r 2 = 0.81, non-linear regression in the
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Figure 4.6: Measured active surface drainage length (ASDL) versus runoff at catch-
ment outlet at time of ASDL measurement. (a) ASDL measurements for all 77 surface
drainage mapping campaigns. (b) ASDL measurements across low and intermediate
runoff values to highlight counter-clockwise hysteresis in ASDL-runoff relationship.
Color gradient represents storage state at time of measurement, calculated from
daily evapotranspiration (Novick et al., 2015). Dark blue triangles represent surface
drainage length surveys conducted during a precipitation event when catchment stor-
age state was high (Event 1) and yellow diamonds represent surface drainage length
surveys conducted during an event when catchment storage state was low (Event 2).
Active surface drainage length values above 124 m represent surface flow beyond the
geomorphic channel network.

form of an exponential rise to maximum). At the longer observed ASDLs (¡280 m),

a wide range of runoff values were recorded (Figure 4.6). The geomorphic channel

network (defined in Methods Section 4.2.3) was 124 m long; ASDL measurements

greater than 124 m generally represented ephemeral saturated overland flow beyond

the geomorphic channel network. Some minor scatter in the relationship between
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ASDL and runoff occurred when runoff was between 0.1 mm/hr and 1.0 mm/hr and

ASDL was between 124 m and 268 m (Figure 4.6b). This scatter resulted from

counter-clockwise hysteretic behavior between ASDL and runoff across individual

stormflow hydrographs. In two of the three high temporal resolution snapshots of

ASDL during precipitation events, ASDL was higher on the receding limb than on the

rising limb (e.g. triangles in Figure 4.6b). These two precipitation events occurred

when catchment storage state was high. The other high temporal resolution snap-

shot mapping campaign that occurred during a precipitation event when catchment

storage state was low showed no hysteretic behavior in the ASDL-runoff relationship

(diamonds in Figure 4.6b).

4.3.2 Seasonal catchment storage, soil moisture, and runoff dynamics

With a lack of seasonality in monthly precipitation, changes in catchment storage

state were largely driven by evapotranspiration (Figure 4.2). During the dormant

season, approximately November through February, evapotranspiration rates were

low, which allowed for soil moisture accumulation (Figure 4.2). During the growing

season, approximately March through October, evapotranspiration rates were higher,

which lowered soil moisture (Figure 4.2). This seasonality in evapotranspiration pro-

duced two dominating catchment storage states (high or low) with rapid transitional

periods (Figure 4.2).

The evapotranspiration-controlled catchment storage state produced seasonality

in runoff persistence, runoff ratios (Figure 4.2), and recession characteristics (Figure

4.7). Runoff at the catchment outlet was seasonally persistent (i.e. intermittent flow)

from mid-winter to late spring (Figure 4.2), when catchment storage state was high.
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During this period, any inter-storm runoff was considered baseflow, which comprised

35 and 24% of total runoff during the 2014 and 2015 winters, respectively. During

the rest of the year when catchment storage state was low, runoff at the catchment

outlet was ephemeral and 100% of runoff was considered stormflow.
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Figure 4.7: The change in runoff per the change in time versus instantaneous runoff
across the stormflow hydrograph recessions of 32 precipitation events during the
study period (Section 4.2.3 for details on event selection). Color gradient represents
the general catchment storage state during each event.

Runoff ratios from 75 precipitation events ranged from 0.08 to 1.2, with a strong

seasonal pattern (Figure 4.2). Runoff ratios were generally low when catchment

storage state was low and high when the storage state was high (Figure 4.2). Large

ratios above 1 (more runoff than precipitation during an event) occurred due to
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several large successive precipitation events when catchment storage state was high.

Hydrograph recession rates for a subset of 32 precipitation events were greater during

events that occurred when catchment storage state was low when compared to events

that occurred when storage state was transitional or high (Figure 4.7).
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Figure 4.8: Total precipitation versus stormflow (total runoff-baseflow) for 90 pre-
cipitation events that occurred during the study period. Circle sizes were scaled to
the maximum hourly precipitation intensity for each event. The blue and red circles
represent the precipitation Events 1 and 2, respectively, highlighted in this study.
Horizontal dashed line highlights similar stormflow magnitudes for a wide range in
precipitation amounts and vertical dashed line highlights similar precipitation totals
for a wide range in runoff.
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While recession characteristics and runoff ratios varied dependent on catchment

storage state, similar stormflow magnitudes were produced from a wide range of

precipitation amounts and intensities (Figure 4.8). Inversely, similar precipitation

amounts produced a wide range in stormflow magnitudes. For example, the dashed

lines across Figure 4.8 highlight several events that had similar precipitation amounts,

but resulted in a wide range in runoff, or a wide range in precipitation with similar

runoff magnitudes. Storm intensity across 5 min, 15 min, and hourly periods did

not play an apparent role in controlling these patterns and discrepancies, as shown

by the variation in circle size in Figure 4.8, which represented maximum hourly

precipitation intensity for each event.

4.3.3 Shallow and deep water table partitioning

Seasonally persistent water table

The height of the water table was strongly controlled by evapotranspiration (Figure

4.2; Figure 4.9). Catchment storage state increased due to decreased evapotranspi-

ration (Figure 4.9), which allowed recharge of precipitation and soil water to the

water table. This was reflected in the seasonal rise in groundwater levels in the deep

wells (dark lines in Figure 4.9). During periods when the water table was present in

the hand-augered wells, runoff was persistent (Figure 4.2) and hillslope groundwater

head gradients were toward the stream, as evident in Figure 4.9 and described by

Zimmer and McGlynn (2017) and Zimmer and McGlynn (In review).

When evapotranspiration rates increased in late spring, the catchment storage

state decreased (Figure 4.2), the seasonal water table in the deeper wells dropped
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Figure 4.9: Top row: Time series of daily precipitation and runoff at catchment
outlet. Runoff time series is shown in semi-log space to highlight runoff seasonality.
Bottom row: Time series of groundwater dynamics in shallow, intermediate, and
deep wells across T1-T1’ transect. See Figure 4.1 for location in catchment and see
Figure 4.3 for conceptual schematic of well installation locations and depths along
transect. At the lower hillslope and mid hillslope sites, perched water tables in
shallow and intermediate wells occurred when runoff was ephemeral. Shallow and
deep water tables connected when runoff was persistent. At the upper hillslope site,
shallow perched water tables were always disconnected from the deeper water table.

(dark lines in Figure 4.9), and runoff at the outlet became ephemeral, in that runoff

occurred only in direct response to precipitation (Figure 4.2). During this period,

groundwater head gradients were away from the stream, as evident in Figure 4.9 and

discussed in Zimmer and McGlynn (2017) and Zimmer and McGlynn (In review).

Once the seasonal water table dropped below the deepest wells in the mid- and upper
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hillslope wells, it did not rise back into the wells until the start of the next dormant

season, when evapotranspiration decreased again (dark lines in Figure 4.9). In the

lower hillslope well nests, there was minimal groundwater response to precipitation

inputs in the deeper well when catchment storage state was low (dark line in Figure

4.9).

Shallow, transient, perched water table

While the wells installed to refusal depths captured the seasonal rise and fall of the

water table, wells in the intermediate and upper soil horizons captured shallow, tran-

sient, perched water table dynamics (Figure 4.9). These shallow flowpaths activated

in response to both increased seasonal catchment storage state and individual pre-

cipitation events (Figure 4.9). Due to strong contrasts in Ksat between soil horizons

(Table 4.1; Figure 4.4), evidence of a shallow, transient, perched water table occurred

both at the A/Bt and Bt/C horizon interfaces (Figure 4.9). This perching behavior

was seen in shallow wells at every landscape position, as demonstrated in the lower,

mid, and upper hillslope well nests of T1-T1’ (Figure 4.9).

When catchment storage state was low and runoff at the catchment outlet only

occurred in direct response to precipitation inputs (i.e. ephemeral runoff), the sea-

sonal water table was below the bedrock weathering front and did not contribute to

runoff (Figure 4.9). During that time, any groundwater seen in hillslopes was tran-

sient and perched at the A/Bt and Bt/C soil horizon interfaces in direct response to

precipitation inputs (Figure 4.9). When catchment storage state was high, the deeper

water table rose into the upper soil horizons at the lower and mid hillslope well nests.
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Due to this elevated water table, there was no perching of transient water tables in

these landscape positions when catchment storage was high. Instead, groundwater

was continuous with depth. In the upper hillslopes, however, the water table never

rose above the saprolite and into the upper soil horizons where the shallow, transient,

perched water tables were located. This produced consistently disconnected shallow

and deep groundwater flowpaths in the upper hillslopes, regardless of catchment

storage state (Figure 4.9; see Zimmer and McGlynn, In review for more details).

That said, the intermediate well installed to 1 m depth (�Bt/C horizon interface)

at the upper hillslope of T1’ showed a perched, seasonal water table (e.g. sustained

inter-storm saturation), not just a transient, storm-derived, perched water table as

seen in wells installed to the A/Bt horizon in other landscape positions.

Runoff response to water table development

Results showed distinct differences in the relationships between runoff and the water

levels of both the seasonally persistent, deep water table and the shallow, transient,

perched water table. To highlight these differences, data from the groundwater

levels in the deep and shallow wells at the upper hillslope well nest along the T1-

T1’ transect are presented in Figure 4.10 (Figure 4.1 for location). In the deep

well, which captured seasonal dynamics of the deeper water table, substantial runoff

occurred with or without contributions from this deeper water table (Figure 4.10).

Further, while the rise of this deeper water table was driven by catchment storage

state, high runoff occurred at a range of catchment storage states and water levels

(Figure 4.10). In contrast, in the shallow well, which captured the shallow, perched
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water table at the Bt/C horizon interface, presence of this water table was necessary

for substantial runoff (Figure 4.10). This relationship was not necessarily driven by

catchment storage state, as high water levels and runoff occurred across a range of

storage states.

4.3.4 Runoff and groundwater dynamics in contrasting catchment storage states

The next two sections describe the different shallow and deep groundwater dynam-

ics that produced similar runoff magnitudes across two distinct precipitation events

with contrasting catchment storage states. Event 1 was a mid-intensity precipitation

event that occurred when catchment storage state was high and was characteristic

of precipitation events that occur during the dormant season in the Piedmont, when

evapotranspiration is low (Table 4.2). Event 2 was a higher intensity precipitation

event that occurred when catchment storage state was low, representative of precip-

itation events that occur during the active growing season in the Piedmont, when

evapotranspiration is high (Table 4.2).

Precipitation event during a high catchment storage state

A precipitation event (Event 1) in March 2015 was intensively monitored when the

deep water table was elevated, catchment storage was high, and baseflow was present

(Table 4.2). Precipitation intensity was relatively uniform across the event period

(Figure 4.11; Table 4.2). Prior to the event, runoff was present longitudinally across

the entire geomorphic channel network for an active surface drainage length (ASDL)

of 124 m. During the event, the ASDL expanded beyond the geomorphic channel
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Table 4.2: Characteristics for two representative precipitation events highlighted in
this study. Antecedent water content was defined as three day average prior to the
event.

Event
characteristics

Event 1
High storage state

Event 2
Low storage state

Antecedent VWC (%) 30 13
Rainfall amount (mm) 19.8 86.6
Max hourly rainfall
intensity (mm/hr)

5.7 14.6

Max 5 min rainfall
intensity (mm/5min)

1.3 2.2

Stormflow (mm) 14.8 15.0
Runoff ratio 0.74 0.18
% flow exceedance
(study period)

2.8 2.1

network as saturated overland flow in two zero order hollows beyond the channel

head to a maximum ASDL of 286 m. After stormflow ceased, the ASDL receded

back to 124 m (Figure 4.6; Figure 4.11).

Prior to the precipitation event, the seasonal water table was elevated well into

the upper soil horizons across the lower hillslopes (Figure 4.11). In the lower hillslope

nests (T1 and T2), the water table was elevated into the zone of the shallow wells

(�25 cm depth). As a result, there was no perched water table present at these

locations during the precipitation event. In the upper hillslope groundwater (T1’

and T2’), the deeper water table was disconnected from the shallower water table

(Figure 4.11). As a result, there were perched water tables in the upper hillslopes of

the catchment both before, during, and after the precipitation event.

At the lower hillslope well nest (T1), groundwater levels rose above the ground

surface, which produced saturation-excess overland flow (Figure 4.11). The shallow
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Figure 4.11: Left column: (a) Runoff (black line), active surface drainage length
(black circles), precipitation (blue bars) and (b - e) nested groundwater response dur-
ing a precipitation event when catchment storage was high (Event 1). Right column:
(f) Runoff (black line), active surface drainage length (black circles), precipitation
(blue bars) and (g-j) nested groundwater response during a precipitation event when
catchment storage was low (Event 2). Dashed line represents when no groundwater
was detected at specific well. See Figure 4.1 for location of groundwater well nests.
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flowpaths at the upper hillslope well nests (T1’ and T2’) were at the soil surface,

suggesting saturation-excess overland flow across upper hillslopes in the catchment

may have occurred, although it was not observed in person. In all well nests, the

initial groundwater response was simultaneous with the initial runoff response (Fig-

ure 4.11). Macropore flow was a potential driver of rapid groundwater response at

depth, however macropore flow observations did not occur in this study. Overall,

groundwater levels had a more subdued response to precipitation inputs than the

stream hydrograph. In most wells, groundwater plateaued before the storm hydro-

graph peaked (Figure 4.11). In the lower hillslope well nests, groundwater levels

receded to pre-event levels within the time frame of the hydrograph recession. In the

upper hillslope well nests, groundwater levels took up to three days to recede back

to pre-event levels (Figure 4.11).

Precipitation event during a low catchment storage state

An additional precipitation event (Event 2) was intensively monitored in October

2015, when the seasonal water table was below the deepest well depth, catchment

storage was low, and baseflow was not present (Table 4.2; Figure 4.11). Storm inten-

sity was variable throughout the event period, which resulted in several hydrograph

peaks (Figure 4.11). Prior to the event, runoff was absent and the ASDL was 0 m.

During the event, the ASDL expanded beyond the geomorphic channel as overland

flow up the zero order hollows to an observed maximum length of 265 m (Figure 4.6;

Figure 14.1).

Before the precipitation event, groundwater was absent in all wells except the
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intermediate well (installation to �Bt/C horizon) in the upper hillslope nest of the

T1-T1’ transect (Figure 4.11). Both shallow and deep water tables responded to

the precipitation event, but stayed vertically isolated from each other (Figure 4.11).

The water table in the deeper wells at the lower hillslope locations (T1 and T2)

responded to precipitation before the perched water table in the shallow wells. In

contrast, the perched water table in the shallow well at the upper hillslope well nest

(T2’) responded to precipitation before the deeper water table and there was no deep

water table response at the upper hillslope (T1’). The shallow and intermediate wells

at the upper hillslope nest in T1-T1’ were vertically connected. In all shallow and

deep wells in the T2-T2’ transect, groundwater response was flashy and responsive

to increases in precipitation intensities (Figure 4.11). The deeper well in the lower

hillslope of T1-T1’ transect had a subdued response to precipitation inputs. Across

all nests, the perched shallow water table was only active when the stream was active,

while groundwater levels in the deeper wells declined until the next precipitation

event, which occurred five days after runoff ceased.

4.4 Discussion

To date, the majority of our understanding of runoff processes has originated from

studies that were conducted in steep landscapes with shallow soils. In addition, few

studies have linked knowledge about runoff generation processes to the longitudi-

nal expansion of stream networks. We sought to address this by investigating the

runoff generation processes leading to ephemeral and intermittent runoff and surface

drainage expansion in poorly understood, deeply weathered, low relief landscapes.
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To do this, we characterized the physical hydrology of a 3.3 ha catchment drain-

ing an ephemeral-to-intermittent drainage network in the humid Piedmont region of

North Carolina, USA. We observed process equifinality in that we observed a consis-

tent relationship between active surface drainage length (ASDL) and runoff despite

large variability in internal flowpath mechanisms, precipitation magnitudes and in-

tensities, and catchment storage states (Figure 4.5; Figure 4.8). Here, we discuss

and provide explanations, summarized by a conceptual diagram, for the mechanisms

driving process equifinality in the generation and characteristics of intermittent and

ephemeral runoff.

4.4.1 Shallow flowpaths drive runoff-active surface drainage length relationship

The ability to predict ASDL based on geomorphic or hydrologic parameters is a

task researchers have attempted to address for decades (Carlston, 1963; Blyth and

Rodda, 1973; Dingman, 1978), due in part to the tremendous ecological significance

of these network dynamics (Stanley et al., 1997; Larned et al., 2010). To many,

streams are conceptualized as a surficial expression of local groundwater (Winter

et al., 1998; Bencala et al., 2011), thus monitoring and predicting ASDL expansion

and contraction can also provide insight into subsurface processes (e.g. Godsey and

Kirchner 2014; Shaw 2015).

Based on data collected from 77 ASDL mapping campaigns across the study pe-

riod, we observed that ASDL was non-linearly correlated to runoff (r 2= 0.81; Figure

4.6). This ASDL-runoff relationship was not necessarily dependent on catchment

storage state, as both low and high catchment storage states were represented across
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a wide range of ASDLs. As runoff increased from 0 to 0.2 mm/hr, ASDL rapidly

increased from 0 to 124 m, which marked the full extent of the geomorphic chan-

nel network. Activation of surface flow beyond the geomorphic channel extent and

into zero order hollows (¡124 m ASDL) was coincident with substantial increases

in runoff (Figure 4.6). Beyond 124 m of ASDL, we observed an increasing rate of

runoff per meter of channel extension. We liken this behavior to the transmissivity

feedback mechanism of runoff generation seen in shallow soil horizons, where runoff

can increase markedly as the water table rises into highly transmissive soil layers

(Bishop, 1991). The observed logarithmic relationship with a maximum ASDL sug-

gests that increasing precipitation and widespread shallow subsurface and/or over-

land flowpaths rapidly delivered water to the stream channel leading to increased

runoff (Brown et al., 1999). With recent attention focused on the form and function

of temporary streams (Acuña et al., 2014), these results provide valuable insight into

the predictability of temporary stream activation through a commonly measured

parameter, runoff. However, we do not yet know if or how this relationship might

change with increasing catchment size and we suggest that more work is needed on

this topic.

There was scatter in the ASDL-runoff relationship at intermediate ASDL values

(�124-268 m), which we attributed to observed counter-clockwise hysteresis between

ASDL and runoff recorded across individual precipitation events (Figure 4.6). This

counter-clockwise event hysteresis only occurred when catchment storage was high;

there was no hysteretic pattern when catchment storage was low. We attributed this

hysteresis to changes in subsurface flowpath contributions across the storm hydro-

graphs. On the rising limb of the stormflow hydrograph, shallow, rapid flowpaths
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were activated, which we showed in two events with contrasting storage states in

Figure 4.11. The shallow flowpath contributions were either from shallow, tran-

sient, perched water table activation when catchment storage state was low (Event

2) or from the rising of the deeper water table into more transmissive, shallow soil

horizons when catchment storage state was high (Event 1). This interpretation is

consistent with other studies that have shown that shallow perched water tables in

an array of landscapes can deliver water to the stream rapidly at the onset of pre-

cipitation events (Brown et al., 1999; Kinner and Stallard, 2004; De Moraes et al.,

2006). On the receding limb of the stormflow hydrographs, the shallow flowpath

contributions decreased as the water tables dropped. When catchment storage was

high, the slower, potentially more spatially expansive deeper water table still con-

tributed to runoff even after shallow flowpaths ceased. This caused higher ASDLs on

the receding limb of the storm hydrograph. When storage state was low, the deeper

water table was not a substantial contributor to runoff (e.g. Figure 4.11), therefore,

there was no hysteretic behavior in the ASDL-runoff relationship when catchment

storage was low.

4.4.2 Event recession rates highight shifting streamflow contributrions with storage
state

Our results highlighted that dominant runoff contributions shift as the catchment

storage state shifts. When storage is high, runoff contributions are some combination

of both perched, shallow and deep water tables. When storage state is low, runoff

contributions are dominated predominantly by shallow, transient, perched water ta-

bles (e.g. Figure 4.10; Figure 4.11). We argued previously that this difference in
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flowpath dominance drove minor hysteresis seen in ASDL-runoff relationships for

individual precipitation events, in that the presence of both deeper water table and

shallow flowpath contributions produced counter-clockwise hysteresis (Figure 4.6).

These two water sources contributed different amounts to runoff at disparate times

throughout the storm hydrograph, producing this hysteresis pattern. These obser-

vations were further supported by sharp differences in hydrograph recession charac-

teristics between precipitation events that occurred across a range of storage states

(Figure 4.7). Results from a hydrograph recession analysis showed consistently faster

recession rates when catchment storage was low relative to when storage was high

(Figure 4.7). This is consistent with our interpretation that deeper, slower contribut-

ing flowpaths were not dominant water sources during drier periods. Instead, shallow

flowpaths located in more transmissive soil horizons drove stormflow when catchment

storage was low. This difference is also evident in the hydrograph recessions of the

precipitation events with contrasting catchment storage states highlighted in Figure

4.11.

4.4.3 Summary of mechanisms for non-perennial runoff generation

Climatic forcing drives seasonal differences in internal catchment runoff generation
processes

Our results showed that runoff at the catchment outlet was seasonally persistent

(i.e. intermittent flow) due to continual contributions from the deeper water table

when catchment storage was high (Figure 4.2; Figure 4.9). When catchment storage

state was low, ephemeral runoff occurred at the catchment outlet due to transient
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contributions from a shallow, perched water table activated by precipitation (Figure

4.2; Figure 4.9). While runoff occurred with or without a measureable rise in the

deeper water table, shallow flowpath activation was consistently coincident with

runoff activation (Figure 4.10). We observed that climatic forcings that mediated

evapotranspiration drove these seasonal water table dynamics.

Shallow soil moisture has been shown to often display either a wet or dry state,

with a minimal transitional period bridging the two states (Grayson et al., 1997).

This temporal soil moisture pattern can be used as a proxy to represent catchment

storage state. At our site, catchment storage state was driven by seasonal evapo-

transpiration (Figure 4.2). As a result, the shallow soil moisture, the deeper water

table, and the persistence of runoff displayed a pattern that reflected seasonal evap-

otranspiration (Figure 4.2; Figure 4.9).

When catchment storage state was high, the deep water table rose and con-

tributed substantially to sustain runoff (Figure 4.9; Figure 4.10). During precipita-

tion events, this water table rose further still, entering the upper, more transmissive

portions of the soil profile (Figure 4.11), where rapid lateral subsurface flow could

occur. This 2transmissivity feedback2 mechanism has been demonstrated in several

benchmark studies (Lundin, 1982; Bishop, 1991; Kendall et al., 1999). We believe

this mechanism also drove the asymptotic relationship between ASDL and runoff

described earlier (Figure 4.6). Evidence of this mechanism was clear in Event 1 (Re-

sults Section 4.3.4; Figure 4.11), where groundwater responses were coincident in the

shallow and deep wells in lower hillslope locations, suggesting no perching occurred.

Runoff and groundwater had simultaneous initial responses to precipitation inputs,

but water table levels plateaued while runoff continued to increase. This suggested
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subsurface flow was more rapid in the upper soil horizons due to high Ksat values

(Figure 4.4) in accordance with the transmissivity feedback mechanism of stormflow

generation.

As catchment storage state decreased, the deep water table declined and even-

tually ceased contributions to runoff (Figure 4.9; Figure 4.10). During this period,

streamflow and groundwater activation were only observed in direct response to pre-

cipitation events (Figure 4.2; Figure 4.9). Zimmer and McGlynn (In review) and

Zimmer and McGlynn (2017) showed in these periods, when runoff and groundwa-

ter were activated, the groundwater gradient was away from the stream, leading to

streamflow enhanced groundwater recharge. During these periods, the shallow, tran-

sient, perched water table was observed at multiple depths (A/Bt and Bt/C horizon

interfaces) in the soil profile across the upper hillslopes in direct response to pre-

cipitation (Figure 4.9). During Event 2 (Results Section 4.3.4), the shallow water

table stayed disconnected from the deeper water table in every landscape position

(Figure 4.11). Further, the shallow groundwater dynamics mirrored runoff dynamics,

which suggested a tightly coupled system with rapid hillslope contributions to the

stream. This was confirmed by the steeper recession characteristics for stormflow

hydrographs that occurred when catchment storage state was low (Figure 4.7). It is

clear the interaction of climate induced catchment storage state and subsurface soil

structure (Figure 4.4; Table 4.1) played a significant role in these observations.
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Soil characteristics drive internal catchment runoff generation processes

In this study, we observed process equifinality in that the mechanisms producing

shallow flowpaths varied seasonally, either due to perching when catchment storage

was low or to a rise in the deep water table into the shallow, transmissive soil hori-

zons when catchment storage was high. These shallow flowpaths had a significant

influence on runoff response, independent of catchment storage state. Figure 4.10

highlighted this relationship for one well nest at an upper hillslope location, however

this relationship was consistent across all 12 well nests distributed throughout the

catchment. Based on these observed hydrometric responses across the landscape,

we determined that shallow flowpaths created a hillslope-riparian-stream connection

that is relatively common and independent of catchment storage state and deeper

groundwater levels. This observation stands in contrast to several studies that have

shown connectivity was limited to brief periods when catchment storage state was

high (McGlynn et al., 2003; Jencso et al., 2009; Tromp-Van Meerveld and McDon-

nell, 2006; Detty and McGuire, 2010). In those studies, hillslope-stream connectivity

was determined based on the establishment of a water table that originated at or

below the soil-bedrock interface. In contrast, in this study the activation of shallow

flowpaths allowed for hillslope connectivity to occur independent of the presence of

the deeper water table.

Development of shallow flowpaths were possible due to the soil stratigraphy and

structure in this highly weathered landscape (Table 4.1; Figure 4.4). Based on our

soil characterization (see Methods Section 4.2.2), we observed abrupt decreases in

Ksat at soil horizon breaks, specifically at the A/Bt and Bt/C horizon interfaces
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(Table 4.1; Figure 4.4). These rapid decreases in Ksat promoted development of

shallow, transient, perched water in response to precipitation events in the lower

hillslopes when catchment storage state was low and throughout the year in the up-

per hillslopes (Figure 4.9). The development of transient, perched water tables due

to vertically non-uniform soil characteristics has been linked to catchment runoff re-

sponses in several other studies (Betson and Marius, 1969; Miller et al., 1971; Kirkby

and Chorley, 1967; Scanlon et al., 2000; Needelman et al., 2004; McDaniel et al.,

2008; Heller and Kleber, 2016). Elsenbeer (2001) advanced the concept of hydrologic

end members for highly weathered soils by categorizing soil types by whether or not

they promote shallow flowpath partitioning. Included in this conceptual model were

Ultisols, which are the dominant soil order in the Piedmont region of the southeastern

USA. Elsenbeer (2001) classified Ultisols as having rapid and laterally-focused flow-

paths due to an increase in clay content and decrease in Ksat with depth, which is in

alignment with the soil characteristics measurements from our subtropical Piedmont

field site. Elsenbeer (2001) called for more research in order to connect the presence

of shallow flowpaths to runoff generation dynamics. Researchers have begun to ad-

dress this challenge (e.g.Kinner and Stallard 2004; Crespo et al. 2011). For instance,

Johnson et al. (2006) and Godsey et al. (2004) conceptualized hydrologic flowpath

partitioning in weathered soils by relating and differentiating rapid, transient shal-

low flowpaths from deeper, slower flowpaths in tropical landscapes. However, few

studies include direct observation of internal processes, especially across contrasting

regions, climates, and storage states. To address this, we summarized our results in a

conceptual model of temporary (e.g. intermittent and ephemeral) runoff generation

mechanisms for low relief landscapes with deep soil. We aimed to not only further
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conceptualize the hydrologic flowpaths in weathered soils, but to extend this concep-

tualization to include the influences of climate and catchment storage on hydrologic

flowpaths and to the resulting active surface drainage length and runoff dynamics.

4.4.4 Conceptual model of ephemeral and intermittent runoff generation mecha-
nisms in a low relief, highly weathered landscape

Here we present a conceptual model (Figure 4.12) in order to summarize the results

of our work in the context of the two research questions we sought to address in

this study (see Introduction Section 1). Our results showed that seasonal evapo-

transpiration produced two dominant catchment storage states, either high (Figure

4.12a) or low (Figure 4.12b). Within each storage state, we saw different dominating

runoff generation mechanisms that produced process equifinality and distinct runoff

characteristics. When catchment storage was high (Figure 4.12a), flow originated

from both shallow and deep sources (Figures 4.9-4.11), which produced persistent

runoff at the catchment outlet (i.e. intermittent streamflow; Figure 4.2). Zimmer

and McGlynn (2017) and Zimmer and McGlynn (In review) demonstrated stream-

groundwater head gradients were consistently toward the stream during this period.

When catchment storage was low (Figure 4.12b), runoff at the outlet occurred

only in direct response to precipitation events (i.e. ephemeral flow; Figure 4.2).

Zimmer and McGlynn (2017) and Zimmer and McGlynn (In review) demonstrated

that stream-groundwater head gradients were consistently away from the stream

during this period. Those results suggested an alternative water source apart from

the seasonal water table must be generating streamflow. Our results confirmed this

hypothesis by showing that runoff was driven by soil structure-mediated perching
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Figure 4.12: Conceptual model of the runoff generation sources and processes that
drive runoff when catchment storage is either high or low. (a) When catchment stor-
age is high, shallow and deep flowpaths are contributing to runoff generation through
(c) a rise in the deep water table into shallow soil horizons mediated by seasonal soil
column storage. During this time, the stream is a gaining system. (b) When catch-
ment storage is low, shallow flowpaths contribute to streamflow generation through
(c) transient, perched water tables mediated by soil structure. During this time, the
stream is losing water to the deeper groundwater system.

of transient, shallow water tables (Figures 4.9-4.11). With no deep water table

contributions to runoff, the activation and magnitude of shallow flowpaths depended

on the intensity, timing, and magnitude of precipitation events (Figure 4.9). In either

storage state, a strong logarithmic relationship between runoff and active surface

drainage length (r 2 = 0.81; Figure 4.6) was driven by activation of shallow flowpaths

(Figure 4.11; Figure 4.12c).
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4.5 Implications

4.5.1 Catchment biogeochemistry controlled by internal catchment dynamics

From our results, we concluded that shallow flowpaths dominated runoff responses

and surface drainage network expansion and contraction in this low relief landscape.

We believe these results may help inform future runoff generation studies in land-

scapes with vertically non-uniform soils, resulting either naturally from pedogenesis

or from human-induced landscape change. In addition, this new understanding of

process equifinality in systems with dominant flowpaths driven by soil structure could

help explain observed stream biogeochemistry patterns.

Researchers have shown that substantial portions of annual solute export from

catchments occur during precipitation events (Inamdar and Mitchell, 2006; Hinton

et al., 1997; Creed and Band, 1998). This is often due to an increase in the water

table height in response to precipitation inputs, which can interact with and flush

materials, nutrients, and solutes from a relatively rich pool in shallow soil horizons

(Hornberger et al., 1994; Pacific et al., 2010). In landscapes with steep slopes and

thin soils, this shallow flowpath activation is controlled by catchment storage state

(e.g. Lundin 1982; Bishop 1991; Kendall et al. 1999; Detty and McGuire 2010; Pacific

et al. 2010). As a result, large pulses of materials, solutes, and nutrients are often

shown to be constrained to seasonally specific events, such as snow-melt, or periods

of the year with the highest catchment storage (Creed and Band, 1998; Inamdar and

Mitchell, 2006; Pacific et al., 2010; Pellerin et al., 2012).

In contrast, our results showed that in this landscape where soil stratigraphy

allows for the presence of transient, perched water tables, shallow flowpath activation
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was not necessarily limited by catchment storage state (Figure 4.9; Figure 4.12). In

fact, the presence of the deeper water table was not necessary for runoff generation

(Figure 4.6; Figure 4.10) and instead, shallow flowpath activation was the driving

process for increased runoff and active surface drainage expansion. Therefore, while

researchers often attribute large solute and nutrient pulses to seasonally specific

events, it is possible in landscapes dominated by frequent shallow subsurface flowpath

activation, such as the Piedmont, near-surface nutrient pools regularly flush from this

landscape independent of storage state. Although leaf litter decomposition rates are

high in subtropical humid regions such as this landscape, which allows for rapid

replenishment of nutrients and solutes at the ground surface (Meentemeyer, 1978),

it is unclear how high frequency of shallow flowpath activation influences catchment

export of solutes and nutrients. For instance, Burns and McDonnell (1998) attributed

a higher flushing frequency to greater overall leaching of base cations and thus lower

concentrations contributing to the stream. Boyer et al. (1997) showed rapid flushing

and subsequent depletion of dissolved organic carbon pools from near-surface soil

horizons during successive snowmelt pulses. Clearly more work is needed to quantify

the roles of shallow, transient, perched water tables and deeper, seasonal water tables

on nutrient and solute export at the catchment scale.

Societal need for a process-based understanding of temporary stream activation

There has been ongoing discussion over the need to lawfully protect temporary

streams in the USA (Acuña et al., 2014; Alexander, 2015) due to their important

role in biodiversity (Meyer et al., 2007) and downstream water quality (Gomi et al.,
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2002). This has prompted researchers to quantify the extent of these streams, which

in turn has highlighted the drastic underestimation of temporary streams in nation-

ally recognized datasets (Colson et al., 2008; Fritz et al., 2013). In this study, we

highlighted the predominant role of shallow, perched water tables in generation of

temporary streams in a Piedmont landscape. It is clear that the conveyance of wa-

ter through this landscape is highly sensitive to the upper 25 cm of the soil profile.

Land use change, such as urbanization or deforestation, may produce unrealized

consequences for the mechanisms that delivery water to streams, as these systems

are already near the threshold of perched water table development and rapid runoff

generation.

Flood mitigation is often cited in arguments for temporary stream protection

(Acuña et al., 2014). It is imperative that we understand runoff generation processes

in high drainage density landscapes in order to predict how land use change might

impact water quantity. We have recorded stream network drainage densities of up

to 8.3 km/km2 for a 150 ha study catchment associated with this field site, which

is in the higher range of recorded drainage densities globally (Godsey and Kirchner,

2014), suggesting this region is highly dynamic. However, it is unclear how the

pronounced soil stratigraphy of this landscape and resulting erosion and near surface

exposure of low conductivity soil horizons due to land use change might impact these

relationships. In addition, the urbanization in the Piedmont region, which comprises

much of North Carolina and other eastern states, is expected to increase by 165%

over the next 50 years (Terando et al., 2014). Due to the rapid runoff from shallow

flowpaths and high drainage densities associated with these temporary headwater

streams, more work is needed to understand how land use change may impact runoff
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generation in these and similar systems that are so globally extensive.

4.6 Conclusions

We linked internal catchment dynamics to surface drainage network expansion and

contraction. We characterized dominant hydrologic flowpaths in a 3.3 ha catchment

draining an ephemeral-to-intermittent drainage network in the nationally expansive

Piedmont region of North Carolina, USA. We differentiated the dominant water

sources and generation processes by monitoring the timing and magnitude of precip-

itation, runoff, shallow soil moisture, and shallow and deep groundwater dynamics

across characteristic hillslopes for 1.5 years. Through this work, we aimed to not

only further conceptualize the hydrologic flowpaths in deeply weathered soils, but

to extend this conceptualization to include the influences of climatic forcings and

catchment storage on these hydrologic flowpaths and to the resulting active surface

drainage length and runoff dynamics.

Our results revealed two dominant catchment storage states (high and low) driven

by seasonal evapotranspiration. In these two states, distinct subsurface flowpaths

contributed to runoff and were controlled by the soil structure and stratigraphy char-

acteristic of this highly weathered landscape. The seasonal water table contributed

to runoff when catchment storage state was high and the rise and fall of this wa-

ter table into shallow, more transmissive soil horizons drove runoff dynamics during

this periods (Figures 4.9-4.12). When catchment storage state was low, activation of

shallow, transient, perched water tables dominated runoff (Figures 4.9-4.12). High

runoff and surface drainage expansion/contraction occurred during both catchment
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storage states leading to process equifinality at this site

Despite different groundwater flowpath dynamics, the relationship between active

surface drainage length (ASDL) and runoff was consistent, independent of catchment

storage state (Figure 4.6). The dependence of runoff on shallow flowpath activation

across all catchment storage states appeared to drive this relationship (Figure 4.10).

This may suggest shallow flowpaths dominate runoff contributions, whereas deeper

flowpaths have temporally limited importance for runoff, and more work is needed to

quantify the contributions of these distinct sources. Evidence of counter-clockwise

hysteretic behavior between ASDL and runoff for individual precipitation events

suggested that while seasonal ASDLs are predicted based on runoff, the generation

mechanisms, source waters, and groundwater depths that control flow are highly

variable and not easily estimated from runoff dynamics alone. The process equifi-

nality seen internally in this catchment has significant implications for differences

in seasonal stream chemistry fluxes from headwaters. We suggest that characteri-

zation of internal catchment dynamics can help researchers or practitioners predict

flooding, longevity of high or low flows, hydrological impacts of land use change,

and associated water quality changes. We suggest that next steps include investigat-

ing the hydrological and biogeochemical influence of temporary runoff generation on

downstream, perennial watersheds.
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5

Lateral, vertical, and longitudinal source area
connectivity drive runoff and carbon export across

watershed scales

Zimmer, M. A., and B. L. McGlynn (In prep), Lateral, vertical, and longitudinal

source area connectivity drive runoff and carbon export across watershed scales, Wa-

ter Resources Research.

Runoff dynamics in watersheds reflect external climatic forcings, internal catch-

ment structure, and runoff generation mechanisms. Headwaters are three-dimensional

systems where the longitudinal expansion of stream networks, lateral source area

activation, and the vertical partitioning of shallow and deep groundwater systems

are important hydrologic processes for changes in downstream runoff and chemical

composition through time. At larger watershed scales, processes within headwa-
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ter, lowland, and other hydrogeomorphic landscape elements aggregate to produce

observed hydrologic and biogeochemical fluxes. The nature of this complex aggre-

gation at baseflow and stormflow, its seasonality, and its influence on biogeochem-

ical fluxes remains poorly understood and appreciated. Here, we focus on a 48.4

hectare ephemeral-to-perennial drainage network and its dominant landscape ele-

ments, ephemeral and intermittent headwaters and perennially flowing lowlands.

Within each of these landscape elements, we characterized the timing and magni-

tude of precipitation, runoff, and the dominant runoff generating flowpaths. The

study site is located in the Piedmont region of North Carolina, USA, which is char-

acterized by a low relief and highly weathered landscape. Our results showed the

active surface drainage network was comprised of two superimposed runoff generation

regimes, baseflow and stormflow, which were driven by contributions from different

internal catchment source areas. The baseflow associated stream network expanded

and contracted seasonally, driven by the rise and fall of the seasonal water table. Su-

perimposed on this were storm-driven source area contributions that were driven by

surficial and shallow subsurface flowpaths. These frequently activated shallow flow-

paths drove an increase in dissolved organic carbon (DOC) concentrations in response

to runoff across watershed scales. The spread and variability within this DOC-runoff

relationship was driven by a seasonal depletion of DOC from continual shallow sub-

surface flowpath activation and replenishment from annual litterfall. Based on these

results, we suggest that the hydrological and chemical signals at larger watershed

outlets can be driven by a balance of lateral, longitudinal, and vertical source areas,

flow pathways, and hydrologic processes. Continued work on deciphering the balance

of multi-dimensional source areas can benefit from such holistic approaches.
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5.1 Introduction

Watershed runoff source areas expand and contract due to the complex feedback

between climatic forcing, antecedent storage conditions, and internal catchment pro-

cesses that occur spatially across landscapes as well as vertically with depth. The

dominant dimensional variation in source areas has traditionally been expressed as

changes in the lateral hydrologic connectivity (i.e. variable source area; Hewlett and

Hibbert, 1967), which is driven by the rise and fall of a water table across hillslopes

adjacent to the stream (Bishop, 1991; McGlynn and McDonnell, 2003; Jencso et al.,

2009). The longitudinal expansion of river networks (Godsey and Kirchner, 2014) as

well as the vertical partitioning of shallow and deep groundwater systems (Zimmer

and McGlynn, 2017) are important additional source area dimensions that are not

well characterized or understood. While hydrologic connectivity is highly variable

laterally, longitudinally, and vertically in space, as well as through time, very few

studies have taken a holistic approach toward understanding the movement of water

in catchments (Covino, 2017). These three-dimensional flow systems drive the fluxes

and processing of solutes and materials from the terrestrial environment to, and

through, the aquatic system, but the spatial partitioning and temporal dominance

of these contributing areas is poorly understood.

Streams are often viewed as the surficial expression of the subsurface aquifer

system (Winter et al., 1998). Following this concept, spatial assessment of stream

network flow has been used to provide insight into the extent of water storage and

availability in the subsurface (Godsey and Kirchner, 2014). Although researchers

have been investigating the mechanisms of stream network expansion and contrac-
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tion for decades (e.g. Day 1983; Blyth and Rodda 1973), its driving processes and

influence on downstream dynamics remain poorly understood. One major hurdle

in understanding when and where runoff will occur in a network is the variability

in the spatial distribution of water storage across catchments (McNamara et al.,

2005; Bracken et al., 2013), which can result in complex runoff responses to similar

precipitation inputs (Zehe et al.; 2005, Zimmer and McGlynn, In review). Different

runoff generation processes can also exhibit different thresholds of activation (Dunne,

1978; Allan and Roulet, 1994; Montgomery and Dietrich, 1995; McNamara et al.,

2005; Spence, 2010), which can vary depending on antecedent conditions, climatic

forcings, or geomorphology. As a result, conceptual models for explaining surface

drainage network expansion and contraction are still debated (Biswal and Marani,

2010; Godsey and Kirchner, 2014; Shaw, 2015; Whiting and Godsey, 2016).

Understanding the timing, magnitude, and origin of flowpaths that drive runoff

responses to water inputs is also critical for deciphering biogeochemical dynamics

across catchments. Researchers have shown dissolved organic carbon (DOC) concen-

trations typically decrease and DOC variability dampen with increasing watershed

size (Wolock et al., 1997; Temnerud and Bishop, 2005; Creed et al., 2015; Gannon

et al., 2015). This has been shown to be driven by processes such as in-stream

uptake, aggregation or changes in hydrological pathways, or adsorption to mineral

surfaces (Kalbitz et al., 2000; Creed et al., 2015). Landscape elements, their extent,

and their location have also been shown to be strong drivers of DOC export (e.g.

McGlynn and McDonnell 2003; Ågren et al. 2007; Pacific et al. 2010; Laudon et al.

2011). For instance, Inamdar and Mitchell (2006) compared nitrogen and carbon

export across catchments of different sizes and showed riparian zones and wetlands

91



dominated DOC sources across scales. However, few studies have linked the lateral

hydrologic connectivity of landscape elements with the longitudinal connectivity of

surface drainage networks across watershed scales to better understand hydrologic

and biogeochemical fluxes.

Geomorphically mature Piedmont landscapes physically connect mountain fronts

to coastal plains. Within relatively low relief Piedmont landscapes, highly dissected

headwater systems grade into valley bottoms. In arid and semi-arid environments,

these Piedmont regions have been linked to substantial groundwater recharge (Wil-

son and Guan, 2004; Covino and McGlynn, 2007). While humid regions are typically

viewed as energy-limited systems (Budyko, 1974) with stream networks that (net)

gain groundwater (Winter et al., 1998), recent work (summarized in Table 5.1) has

shown that non-perennial streams within humid Piedmont headwaters can contribute

to groundwater recharge on an annual basis (Zimmer and McGlynn, In review) and

demonstrate bidirectional hydraulic head gradients with local groundwater on a sea-

sonal and event basis (Zimmer and McGlynn, 2017). However, it is not clear how

the hydrology in these low relief headwaters, which is often dominated by ephemeral

and intermittent runoff regimes, influences the hydrology and biogeochemistry in

downstream perennial stream systems.

Here, we examined the seasonality of landscape connectivity in lateral and lon-

gitudinal dimensions with foci on the roles of deep and shallow groundwater for

dynamic runoff generation and DOC export in both ephemeral catchments and their

downstream perennial waterways. To do this, we used field-collected hydrological

and biogeochemical data from across an ephemeral-to-perennial headwater drainage

basin in the humid Piedmont region of North Carolina, USA. We investigated runoff
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Table 5.1: Description of dominating stream-groundwater interactions and stream-
flow generation mechanisms in headwater catchment within catchment storage states
based on results from Zimmer and McGlynn (In review). Catchment storage state
is driven by evapotranspirative demands as precipitation is evenly distributed across
year (see Figure 5.2).

Catchment storage state
High Low

Seasonal time period Winter and spring Summer and fall

Evapotranspirative
demands

Low High

Stream gradient Gaining stream system Losing stream system

Streamflow generation source depths
Storage state High Low

Shallow flowpaths Shallow flowpaths acti-
vated from rise of seasonal
water table into shallow
soil horizons

Shallow, perched, tran-
sient water table activated
by saturated perching on
impeding soil horizons

Deep flowpaths Seasonal water table rise
from accumulation of per-
colating water

Depth of seasonal wa-
ter table below stream
(i.e. not contributing to
streamflow).

and hydrochemical dynamics across two nested spatial watershed scales using in-

stream observations, vertically distributed water table dynamics across landscape

elements, active surface drainage network expansion and contraction mapping, and

catchment biogeochemistry to address the following questions:

Q1: What internal catchment processes drive the spatial activation of runoff across

watershed scales?

Q2: How does differential activation of runoff across the geomorphic drainage net-

work impact runoff and biogeochemical dynamics at the watershed outlet?
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5.2 Methods

5.2.1 Study site

We conducted this study in a 48.4 hectare (ha) ephemeral-to-perennial drainage basin

located in the Duke Forest Research Watershed in North Carolina, USA (Figure 5.1).

Duke Forest has a humid subtropical climate with negligible seasonality in monthly

precipitation and is almost entirely rain-dominated with a long growing season that

spans April to October (Figure 5.2). Approximately 1376 mm of precipitation fell in

the 2016 water year (1 October 2015 to 30 September 2016), which was slightly above

normal (20% ¡ µ of past 15 years; 8% ¡ µ + σ of past 15 years; (National Oceanic

Atmospheric Administration National Climatic Data Center, 2016) Duke Forest has

a recorded mean annual temperature of 15.5o C and mean annual evapotranspiration

of 720 mm (Novick et al., 2015).

The study site is located within the Carolina Slate Terrane, which is comprised

of fine-grained felsic, metamorphic rock. Ultisol soils of the silt loam Georgeville

series are predominant in this region (Bradley and Gay, 2005). These soils contain

an argillic B horizon (i.e. an impeding soil layer), which is classified by an increase

in clay content and subsequent decrease in saturated hydraulic conductivity with

depth (Soil Survey Staff, 2016). The elevation range of the study site is from 165 to

210 m a.s.l. The study watershed is comprised of two dominant landscape elements,

specifically upstream headwater catchments and downstream lowlands (Figure 5.1;

Table 5.2). The downstream lowland landscape element is dominated by low relief

floodplains and shallow (1 - 2 m) soils (slope: µ � 14o, σ � 6.6o). This portion of

the landscape has perennial runoff. The upper headwater portion of the watershed
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Duke Forest

Piedmont region

headwater catchment outlet

entire watershed outlet
soil/saprolite groundwater well
not used in this study

bedrock groundwater well

precipitation gauge
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headwaters
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Physical characteristics
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Figure 5.1: Geomorphic drainage network and instrumentation map of 48.4 hectare
research catchment. Top inset map indicates location of Duke Forest in North Car-
olina, USA with shaded area indicating Piedmont physiographic region. Nested zero
order headwater catchment (3.3 hectare) outlined within entire watershed. Headwa-
ter region of study site shaded in light grey and lowland region in white. In-stream
gauging stations located at outlets to headwater catchment (red circle) and entire
watershed (blue circle). Soil/saprolite groundwater wells located across a range of
landscape units and specific well nests used in this study designated with black circles.
Soil moisture probe (light green triangle) co-located with near-stream groundwater
well nest. Precipitation gauge located in clear cut downstream of the headwater
outlet designated with blue square.
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Table 5.2: Physical landscape characteristics and 2016 water year flow characteristics
for a nested headwater catchment and the entire research watershed.

Headwater catchment Entire watershed

Watershed size (ha) 3.3 48.4 (62% lowlands, 38%
headwaters)

Slope (o) µ = 16 σ = 4.9 µ = 14 σ = 6.6

Annual runoff (mm,
runoff ratio)

544, 0.39 397, 0.29

Annual baseflow (mm,
fraction of total runoff)

93, 0.17 167, 0.42

Annual groundwater
recharge (mm, recharge
ratio)

112, 0.08 261, 0.19

is comprised of steeper slopes (µ � 16o, σ � 4.9o) and deeper soils (1 - ¡ 9 m). This

headwater system exhibits flashy ephemeral and intermittent runoff.

Widespread agriculture dominated the landscape in the 18th through early 20th

centuries (Richter et al., 1999). The forest age is approximately 80-100 years old

(Oishi et al., 2008) and is represented by a mix of deciduous hardwoods, including

oaks (Quercus spp.), hickories (Carya spp.), elms (Ulmus spp.), sweetgum (Liq-

uidambar styraciflua), and tulip poplar (Liriodendron tulipifera). Within these

forests are stands of mature natural and planted pine (predominately loblolly pine,

Pinus taeda).
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5.2.2 Hydrochemical sensor installations, measurements, and analyses

Hydrometric installation and measurements

We focused instrumentation and analysis across two spatial catchment scales, specif-

ically at the entire 48.4 ha basin scale and, nested within this, at a 3.3 ha headwater

catchment scale (Figure 5.1; Figure 5.2). We utilized a suite of field-collected data,

including temporal runoff and precipitation magnitudes and groundwater levels col-

lected from March 3, 2015 through September 30, 2016. At the entire 48.4 ha basin

outlet, we recorded five minute stage data from a stilling well installed in-channel

(Figure 5.1) using a capacitance water level recorder (+/- 1 mm resolution; TruTrack

Inc., New Zealand) and converted to discharge using a field developed rating curve

that spanned the range of observed flow conditions from the 10th to 88th flow per-

centiles. At the 3.3 ha headwater catchment outlet, we recorded five minute stage

data from a stilling well located within a 3-foot cement H-flume (Figure 5.1) using

a capacitance water level recorder and converted to discharge using a field verified

geometric relationship between water height in the flume and runoff magnitude (U.S.

Department of Agriculture, 1972). We recorded precipitation inputs at 5 min inter-

vals using a 0.1 mm increment tipping bucket (Campbell Scientific, USA) located in

a small forest clearing approximately 200 m downstream of the headwater catchment

outlet (Figure 5.1). Due to the minimal topographic range and small spatial extent

of the 48.4 ha study site, precipitation was treated as uniform across the catchment.

We monitored shallow and deep groundwater levels at 5 min intervals in 12 lo-

cations across the 3.3 ha headwater catchment and integrated groundwater levels at

four locations across the rest of the 48.4 ha basin (Figure 5.1) using a combination of
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Figure 5.2: (a) Daily precipitation (blue bars), 3 day minimum volumetric water
content (grey line) in the A horizon at lower hillslope in headwater catchment, and
daily evapotranspiration (black line) as adapted from Novick et al. (2015). (b) Runoff
ratios (grey cricles) with time series of runoff separated into baseflow (light blue)
and stormflow (black) components of the headwater catchment (3.3 ha). Methods
for baseflow separation were adapted Hewlett and Hibbert (1967). (c) Runoff ratios
(grey circles) with time series of runoff separated into baseflow (light blue) and
stormflow (black) components at outlet of the entire watershed (48.4 ha). Data from
(a) and (b) subplots also shown in Zimmer and McGlynn (In review). Annual fluxes
are from 2016 water year.
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capacitance water level recorders (+/- 1 mm resolution; TruTrack Inc., New Zealand)

and pressure transducers (+/- 0.1 mm resolution; Solinst, California, USA). In the

headwater catchment, wells were distributed across a range of landscape positions,

including lower, mid- and upper hillslope locations within convergent and planar hill-

slopes. Shallow wells were installed to the A/Bt and Bt/C horizon interfaces, which

were locations of rapid decrease in saturated hydraulic conductivity (Figure 5.3; see

Zimmer and McGlynn (In review) for more details on soil characteristics). Deep

groundwater wells were installed to hand-augered refusal depths, representative of

the transitional zone between lower saprolite and the upper weathering front of the

competent bedrock. Depths to refusal varied considerably across the study site. In

the headwater catchment, this depth to the upper bedrock weathering front increased

away from the stream, with shallow soil and saprolite in the lower hillslopes (�1 m)

and deeper soil and saprolite in the upper hillslopes (¡9 m). Downstream of the 3.3

ha headwater catchment, wells were installed approximately 1-1.5 m to hand-auger

refusal depth in three floodplain locations between 10-20 m from the stream channel

(Figure 5.1; Figure 5.3). A bedrock groundwater well was installed to 25 m along

a ridge line just outside the headwater catchment. Depth to competent bedrock at

this location was 3.6 m.

Evapotranspiration was approximated from an eight year dataset of 30 min val-

ues collected from an eddy covariance flux tower within a section of the Duke Forest

located  8 km away, characterized with similar elevation (�163 m a.s.l.) and vegeta-

tion (pine and hardwood) (Novick et al., 2015). Average annual evapotranspiration

was reported to be 720 mm +/-78 mm, driven by year-to-year variability in precipita-

tion inputs and drought conditions. Annual precipitation across the eight year study
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varied by +/- 200 mm, including two approximately one year long drought periods.

In this study, we recorded slightly elevated precipitation inputs in 2016 (20% above

average), following a typical precipitation year in 2015 ( 1% different from average).

To create a representative average daily evapotranspiration time series for this time

period given the eight year historical data record, we averaged daily values from four

consecutive non-drought years within the Novick et al. (2015) dataset (Figure 5.2).

A/B horizon

B/C horizon

bedrock
weathering

front

case (1)case (2)

R

(c) characteristic groundwater time series(a) well screen soil zone

(b) well installation structure

shallow soil horizon
and upper saprolite wells

deep saprolite and
bedrock groundwater well

case (1)
seasonal groundwater rise and fall in
deep saprolite, bedrock, and
lowland groundwater wells

case (2) storm-driven groundwater response
shallow soil horizon and upper saprolite wells 

lowlandheadwaters

lowlandheadwaters

case (1)

Figure 5.3: Groundwater installation scheme across landscape elements to cap-
ture two different groundwater flow regimes. (a) well screening zones captured by
different well installations. (b) well installation structures varied by location. In
headwater landscape element, nests of groundwater wells were paired together and
in lowland landscape element, a singular well was installed to refusal. (c) Char-
acteristic groundwater time series across landscape elements, as captured by well
installation structures. Case 1 represents perched groundwater flow regimes that ac-
tivate in direction response to precipitation events. Case 2 represents seasonal water
table that rises and falls throughout the year.
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5.2.3 Hydrochemical sensor installation and measurements

At the outlets to both the headwater catchment and the entire basin (Figure 5.1),

we equipped in-stream gauging stations with specific conductance probes (Campbell

Scientific, USA) and multiple water quality parameter sonde optical sensors (YSI

EXO 2; California, USA). These optical sensors recorded water quality measure-

ments at 5 to 15 min intervals, paired with discharge measurements at each location.

Integrated nylon brush wipers cleaned the optical lenses every 72 hours and we hand

cleaned the lenses weekly. We used calibration solution to test for instrument drift

every 3-6 months and calibrated if ¡10% difference from solution was measured. For

the purposes of this study, only the fluorescent dissolved organic matter (fDOM; de-

fined as the fraction of colored DOM that fluoresces) time series, which is measured

in quinine sulfate units (QSU; +/- 0.01 ppb QSU resolution) from the EXO 2 is

presented. We collected discrete grab samples of stream water bi-weekly and more

frequently during select precipitation events to measure DOC concentrations in lab.

Samples were collected in HDPE bottles, filtered through 0.45 µm polyethersulfone

(PES) filters (Whatman Puradisc 25 mm syringe filters and 46 mm vacuum filters)

into opaque brown bottles, and acidified to a pH of 1-2 using 6 N HCl acid. Samples

were refrigerated until analysis of total dissolved organic carbon on a Duke Univer-

sity Schimadzu total carbon analyzer (Shimadzu TOC-V CPH Total Organic Carbon

Analyzer with ASI-V autosampler, Kyoto, Japan). We performed a linear regression

between DOC (mg/L) from the discrete grab samples and measured fDOM from

the EXO 2 to derive a time series of DOC concentrations across the high frequency

fDOM time series at the headwater outlet (n = 99, r 2 = 0.82) and at the entire
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watershed outlet (n = 79; r 2 = 0.78).

5.2.4 Landscape element delineation and active surface drainage network length
functions

The study watershed is comprised of upstream headwater catchments and down-

stream lowland landscape elements (Figure 5.1; Table 5.2), which were delineated

based on topographic slope breaks between planar, low relief lowland areas and

steeper, more convex and concave headwaters. We paired this terrain analysis with

direct and long term observations of approximate locations of dominant regime shifts

from perennial to non-perennial runoff across the network. We did this through 77

surveys of active surface drainage network length (active stream network) within

the headwater catchment across a broad range of flow conditions (Figure 5.4a; see

Zimmer and McGlynn (In review) for full details). Each survey consisted of walk-

ing the drainage network and recording presence or absence of flow every meter by

averaging the degree of connectedness (0-10 scale) across every 10 m section. From

each survey, the total active surface drainage network (ASDN) length (km) was con-

verted to active surface drainage density (km/km2) by dividing stream length by the

3.3 ha (0.03 km2) catchment area. From these 77 surveys, a non-linear regression

between ASDN and runoff at the time of measurement was calculated (r 2 = 0.79;

Figure 5.5a) and used to derive a time series of the ASDN from the 5 min runoff time

series at the headwater outlet (Figure 5.5b). In a related study, Barefoot et al. (In

prep) measured the ASDN length across the entire 48.4 ha basin seven times (red

dots in Figure 5.4b). Similar to the headwater surveys, these network lengths were

divided by the 48.4 ha watershed area to convert units to an active surface drainage
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density. A comparison between ASDN densities between the 3.3 ha headwater catch-

ment and the entire 48.4 ha basin showed similar expansion dynamics across scales

(Figure 5.5b). Given these similarities, we used measured ASDN surveys from the

headwater catchment to fill in data gaps in the entire 48.4 basin ASDN surveys in

order to create another non-linear regression between ASDN length and runoff at the

outlet to the entire watershed basin (r 2 = 0.70; Figure 5.5c). From this, we derived

an additional ASDN time series from the 5 min runoff time series at the entire basin

outlet (Figure 5.5d).

5.2.5 Hydrological and biogeochemical calculations

Hydrograph and active surface drainage network length baseflow separation

We conducted a hydrograph separation of baseflow and stormflow components of

runoff during periods with persistent runoff (i.e. intermittent or perennial flow;

Figure 5.2). During periods of the year when the channel was dry and runoff oc-

curred only in direct response to precipitation inputs (i.e. ephemeral), all runoff was

categorized as stormflow derived (Figure 5.2). The hydrograph separation method

presented by Hewlett and Hibbert (1967) was adapted to separate baseflow from

stormflow using a linear increase in baseflow contributions across 5 min interval time

steps during precipitation events. We used a linear increase of 0.00012 and 0.000036

mm/hr for the 3.3 ha headwater catchment and the entire 48.4 ha basin, respectively.

These different linear increases in baseflow contributions during events were used to

obtain annual runoff ratios similar to those derived from a US Geological Survey
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baseflow index estimation report Wolock2003. Runoff during inter-storm periods

was assumed to be comprised entirely of baseflow.

The active surface drainage network expanded and contracted seasonally due to

changes in baseflow contributions as well as temporarily during precipitation events

due to stormflow contributions (Figure 5.5). In many landscapes, including the Pied-

mont region of NC, baseflow contributions are driven by deep subsurface flowpaths

and groundwater sources while stormflow contributions are driven by surface and
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Figure 5.4: Exceedance probability curves for (a) headwater catchment outlet
runoff and (b) entire watershed outlet runoff across entire study period, March 2015
to October 2016. Red circles represent active surface drainage network length surveys
taken only within the headwater catchment. Blue circles represent surveys taken
across the entire watershed (Barefoot et al. (In prep)). Both survey types were used
for regression of runoff and drainage density for entire watershed while red circles
were used for regression of runoff and drainage density for headwater catchment (see
Methods Section 5.2.4). Black diamonds represent a survey taken during the two
precipitation events highlighted in this study (see Results Section 5.3.5).
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shallow subsurface flowpaths (Winter et al., 1998; Zimmer and McGlynn, 2017).

To quantify the impact of these source dynamics on the expansion and contraction

of the surface drainage network, we utilized the baseflow time series to derive sea-

sonal, baseflow-driven active surface drainage network length values (Figure 5.5b;

Figure 5.5d). We did this by applying the same relationship between active surface

drainage network length and runoff described in Section 5.2.4 to the baseflow time se-
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Figure 5.5: (a) Regression (blue line) with +/-95% confidence intervals (light blue
lines) fitted to relationship between active surface drainage density and runoff from
surveys in headwater catchment. (b) Top: runoff and bottom: derived active surface
drainage density time series from regression in panel a. (c) Regression (blue line)
with +/-95% confidence intervals (light blue lines) for active surface drainage density
versus runoff from surveys from entire watershed (red circles; Barefoot et al. (In
prep)) and supplemented with runoff at entire watershed outlet during surveys from
headwater catchment. (d) Top: runoff and bottom: derived active surface drainage
density time series from regression in panel c.
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ries in order to derive an active surface drainage network length driven by changes in

baseflow contributions. We classified the difference between the total active surface

drainage network length and this baseflow-driven active surface drainage network as

stormflow-driven network dynamics (Figure 5.5b; Figure 5.5d). This baseflow sepa-

ration was done for both the headwater catchment outlet and entire basin outlet.

5.2.6 Event runoff ratios and landscape element runoff contributions

We calculated runoff ratios for 60 individual events across the study period (3 March

2015 - 30 September 2016) by dividing total event stormflow by total event precipi-

tation, where stormflow was calculated as total runoff minus the baseflow component

(Figure 5.6). The baseflow component was calculated using a hydrograph separation

technique described in detail in Section 5.2.5. We calculated separate runoff ratios

for both the entire 48.4 ha basin and the 3.3 ha headwater catchment. Events were

defined by ¡8 mm precipitation input separated by ¡24 hours between precipitation

events in order to isolate individual stormflow hydrographs.

We performed single variable and stepwise multiple linear regressions between

runoff ratios and potential explanatory variables (Table 5.3). These analyses were

performed for runoff ratios from the headwater catchment, for the entire basin, and

for the relationship between runoff ratios across spatial scales. For the single vari-

able linear regression analysis, we employed the fitlm function in MATLAB (version

2016b) to derive r 2 and root mean squared error (RMSE) values between each vari-

able and set of runoff ratios. For the multiple linear regression analysis, we employed

stepwisefit function in MATLAB to derive r 2 and RMSE values of the best multiple
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linear combination of explanatory variables.

As described in further detail in Section 2.3, the study watershed was delineated

into two distinct landscape elements, specifically the upstream headwater and the

downstream lowland landscape elements (Figure 5.1). Since the headwater landscape

elements spanned beyond the in-stream headwater gauging station (red dot in Figure

5.1), we scaled the volumetric discharge from the 3.3 ha headwater catchment to the

total area represented by the headwater landscape element (18.7 ha) to calculate total

discharge originating from headwaters. We subtracted this value from the discharge

measured at the entire 48.4 ha basin to derive the runoff losses and gains from the

lowland landscape element.

Similar to the headwater and lowland partitioning of runoff contributions de-

scribed above, we calculated the dissolved organic carbon (DOC) fluxes from the

upstream headwater and downstream lowland landscape elements. We scaled the

time integrated DOC flux (DOC concentration multiplied by discharge across each

measurement interval) from the 3.3 ha headwater catchment to the total headwater

landscape element area (18.7 ha) to calculate the total DOC fluxes from headwa-

ters. We subtracted this value from the time integrated DOC flux from the outlet

to the entire 48.4 ha basin to derive the fluxes into and out of the lowland landscape

element.
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5.3 Results

5.3.1 Runoff

Approximately 1367 mm of precipitation fell in the 2016 water year (1 October 2015

- 30 September 2016) at this low relief, Piedmont research watershed. Runoff was

highly response to precipitation inputs and event flashiness appeared to decrease

with scale (Figure 5.2). 544 mm of runoff were measured at the 3.3 ha headwater

catchment outlet. 397 mm of runoff were measured at the entire 48.4 ha basin outlet

(Table 5.2). Baseflow comprised 17 and 42% of annual runoff at the headwater

catchment and entire basin outlets, respectively (Table 5.2).
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Figure 5.6: Runoff ratio (total stormflow/total precipitation) as calculated from
outlet of entire watershed versus runoff ratio as calculated from headwater catchment.
Circle size represents relative precipitation amount. (a) Color gradient represents
day within water year. (b) Color gradient represents peak deep groundwater level in
upper hillslope in headwaters during individual events. (c) Color gradient represents
peak drainage density across entire watershed during individual events.

Runoff ratios for individual precipitation events were highly seasonal (Figure 5.2;

Figure 5.6a). Low runoff ratios occurred when evapotranspiration was high and
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storage state was low (summer and fall months), while higher runoff ratios occurred

when evapotranspiration was low and storage state was high (winter and spring

months). The headwater catchment and the entire basin had comparable runoff ratios

at low values (0 - 0.1). As runoff ratios increased between 0.1 and 0.5, the headwater

catchment produced consistently more runoff than the downstream system, resulting

in overall higher runoff ratios from the headwaters. As runoff ratios increased above

0.5, there was a consistent relationship and proportional increase between runoff

ratios produced at the two watershed scales (Figure 5.6).

Results from the linear regression analysis (Table 5.3) indicated that runoff ratio

variability in the headwater catchment was explained well by variables related to

catchment storage state (daily evapotranspiration, antecedent water content, deep

groundwater level, and water year day, r 2 values ¡ 0.2). Runoff ratio variability at

the outlet to the entire basin was explained well by variables related to both event

characteristics (precipitation total, r 2 = 0.19) and seasonality (daily evapotranspi-

ration, r 2 = 0.29; water year day, r 2 = 0.23). Peak active surface drainage network

length during individual events, which is a function of the event runoff maximum,

explained a significant portion of runoff ratio variability across both spatial scales

(Table 5.3; r 2 ¡ 0.4). In a comparison of runoff ratios across scales (runoff ratio from

headwater catchment divided by runoff ratio from entire basin), drainage density (r 2

= 0.23) and three day minimum antecedent shallow soil moisture (r 2 = 0.22) were

important descriptors (Table 5.3). Total runoff, however, showed little influence on

this spatial runoff ratio relationship (r 2   0.03).

Results from subtraction of headwater landscape element runoff from the runoff

measured at the entire basin outlet indicated strong seasonality in source area con-
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Table 5.3: R2 value, root mean square error (RMSE) for linear regression between
individual explanatory variables and runoff ratios across headwater catchment, entire
basin, as well as the ratio between runoff ratios across scales. Direction of fit in
parentheses. * designates not significant relationship with p-value  0.01.

Explanatory
variable

Headwater
runoff ratio
Rr2, RMSE
(direction)

Entire basin
runoff ratio
r2, RMSE
(direction)

Headwater
/Entire basin
r2, RMSE
(direction)

1. Headwater storm-
flow

0.69, 0.19 (+) 0.68, 0.11 (+) 0.02, 12.4 (-)*

2. Headwater runoff 0.72, 0.17 (+) 0.71, 0.10 (+) 0.02, 12.4 (-)*

3. Entire basin storm-
flow

0.65, 0.20 (+) 0.73, 0.10 (+) 0.02, 12.3 (-)*

4. Entire basin runoff 0.70, 0.18 (+) 0.76, 0.09 (+) 0.03, 12.3 (-)*

5. Precipitation total 0.12, 0.31 (+) 0.19, 0.17 (+) 0.03, 12.3 (-)*

6. Max hourly precip-
itation intensity

0.02, 0.33 (-)* 0.00, 0.19 (-)* 0.00, 12.4 (+)*

7. Daily evapotranspi-
ration

0.33, 0.27 (-) 0.29, 0.16 (-) 0.12, 11.7 (+)

8. 3 d minimum an-
tecedent shallow wa-
ter content

0.23, 0.29 (+) 0.18, 0.17 (+) 0.22, 11.0 (-)*

9. Surface drainage
peak

0.43, 0.25 (+) 0.47, 0.14 (+) 0.23, 10.9 (-)*

10. Deep groundwater
level peak

0.26, 0.28 (+) 0.17, 0.17 (+) 0.07, 12.1 (-)*

Best stepwise multiple
linear regression (all
variables)

0.90 (Variables 1,
2, 9, 10)

0.95 (Variables 1,
2, 3, 4, 5, 8, 9)

0.29 (Variables 8,
9)

Best stepwise multi-
ple linear regression
(without runoff/
stormflow)

0.55 (Variables 5,
9, 10)

0.47 (Variable 9) 0.29 (Variable 8,
9)

tributions (seasonal dynamics represented in blue and red shaded areas in Figure

5.7). From fall through early spring, when evapotranspiration was low and storage
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Figure 5.7: (a) Precipitation time series across study period. (b) Time series of
residual runoff as calculated by runoff from entire watershed subtracted by runoff
from headwaters (see Methods Section 5.2.6 for computational details). Left y-axis
represents residual runoff from 3 day mean runoff from both spatial scales to high-
light seasonal runoff contributions from floodplain area. Positive values (blue area)
represents when floodplain runoff contributions are greater than headwater runoff
contributions. Negative values (red area) represents when headwater runoff con-
tributions are greater than floodplain runoff contributions. Right y-axis represents
residual runoff from 1 hour mean runoff data from both spatial scales. Note different
y-axis scale ranges.

state was high, runoff from the lowlands dominated the runoff signal at the entire

basin outlet (represented by positive blue areas in Figure 5.7). During these peri-

ods, dominant runoff contributing areas fluctuated during individual events, shifting

from headwater dominated source areas at the beginning of storms toward lowland

dominated source areas later in the storm (event dynamics represented with black

line in Figure 5.7). From late spring through early fall, when evapotranspiration

was high and storage state was low, runoff from the headwaters dominated runoff at
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the entire basin outlet during precipitation events when the headwater streams were

active (Figure 5.7).

5.3.2 Active surface drainage network

The derived active surface drainage network (ASDN) ranged from 0 to 8 km/km2,

depending on seasonal catchment storage state and event-based precipitation and

storm-driven storage dynamics (Figure 5.5). Based on methods described in further

detail in Section 5.2.5, the ADSN was divided into baseflow network length and

storm-event driven network length (white versus blue shaded portions of Figure 5.5b

and 5.5d). On a seasonal basis, ASDN expanded and contracted based on fluctuations

in baseflow contributions (blue shaded portions of drainage density time series in

Figure 5.5b; Figure 5.5d). During precipitation events, the ASDN expanded and

contracted due to storm-driven contributions (white portions of drainage density

time series in Figure 5.5b; Figure 5.5d).

The magnitude and timing of these two different controls on ASDN expansion

and contraction were different between the headwater catchment and the entire basin

study scales. In the headwaters, ASDN was driven solely by storm-event driven ex-

pansion and contraction during roughly two-thirds of study period (Figure 5.5b).

During periods when baseflow did contribute to ASDN (predominantly winter and

spring periods), storm-event driven contributions still played a significant role in

network dynamics. At the scale of the entire basin, baseflow network length dom-

inated much of the ASDN time series both in magnitude and time (Figure 5.5d).

Short periods in the summer, when evapotranspiration was high and storage state
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was low, ASDN across the entire basin was activated solely by storm-event driven

contributions (Figure 5.5d).

5.3.3 Shallow and deep groundwater systems

Shallow and deep groundwater dynamics internal to the headwater catchment were

described in further detail in Zimmer and McGlynn (2017) and Zimmer and McG-

lynn (In review) and summarized in relation to catchment storage state and runoff

dynamics in Table 5.1. Figure 5.8 presents groundwater level versus runoff for a

subset of characteristic shallow and deep groundwater wells within the headwater

catchment (Figure 5.8a; 5.8b), within the lowland landscape element of the 48.4

ha basin (Figure 5.8c), and along a ridge within the headwater landscape element

(Figure 5.8d; see Figure 5.1 for well locations).

In the headwater catchment, the presence of groundwater in shallow wells, which

was perched above the deeper water table system, was necessary for runoff activa-

tion (Figure 5.8a). The deeper water table, which was captured in the deep well in

Figure 5.8b, was not necessary for runoff to occur. Instead, runoff was observed in

the presence or absence of the deep groundwater in the lower boundary of the head-

water catchment. This deep groundwater system was highly dependent on season

and storage state of the catchment (Figure 5.8b). The seasonal rise of this deep sys-

tem elevationally above the stream channel shifted groundwater gradients toward the

channel. This shifted the runoff regime of the headwater catchment from ephemeral

(i.e. dry channel except in response to precipitation events) to intermittent (persis-

tent runoff; Table 5.1).
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Figure 5.8: Groundwater depth below ground versus runoff for (a) shallow well
in upper hillslope, (b) deep well in upper hillslope, (c) floodplain well, (d) bedrock
groundwater well. Groundwater levels in subplots (a) and (b) plotted against head-
water catchment runoff while groundwater levels in subplots (c) and (d) plotted
against entire watershed runoff. Runoff in headwaters only occurs coincident with
groundwater response in shallow wells, but can occur with or without groundwater
response in deep wells. Floodplain well dynamics highly related to runoff dynamics,
while bedrock groundwater levels highly seasonal. Color gradient represents time.

In the lowland landscape element, groundwater levels, which were measured

roughly 10-15 m from the geomorphic stream channel (Figure 5.1), were highly re-

sponsive to precipitation inputs (Figure 5.8c). While there was some scatter in the

relationship between groundwater and runoff at the entire basin outlet, there was

generally a seasonally independent and consistent relationship (Figure 5.8c) similar

to the shallow well dynamics seen in the headwaters (Figure 5.8a).

Deep groundwater levels showed strong seasonality (Figure 5.8d) as measured
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in the bedrock groundwater well located within the headwater landscape element

(Figure 5.1). Bedrock groundwater levels were at a minimum in early fall when

catchment storage was at its lowest and at a maximum in spring when catchment

storage was at its highest. This steady seasonal rise was driven by percolation of

precipitation inputs from individual events (Figure 5.8d).

5.3.4 Stream water dissolved organic carbon concentrations

Dissolved organic carbon (DOC) concentrations in stream water increased with runoff

and ASDN length across both spatial scales (Figure 5.9). This DOC concentration

- runoff relationship was logarithmic with maximum concentrations approaching 25

mg/L and 30 mg/L at the headwater catchment outlet and the entire basin outlet,

respectively Figure 5.9a; Figure 5.9c).

At the headwater catchment outlet, DOC concentrations displayed a rapid rise

from �1 to 7.5 mg/L at low runoff values (0 - 0.1 mm/hr). At more intermediate

runoff values (0.1 - 0.6 mm/hr), there was strong seasonality in the slope of DOC

concentration increases. Concentrations were highest during fall periods and lowest

in late spring. At runoff above 0.6 mm/hr, the rate of DOC concentration increase

dropped and maximum DOC concentrations were seasonally variable. As the ASDN

was a function of runoff, similar patterns were observed between DOC concentrations

and ASDN length (Figure 5.9b). At low ASDN values, fall periods displayed higher

DOC concentrations and early summer displayed lower DOC concentrations (Figure

5.9b). For ASDN values above 2.5 km/km2, a linear increase in DOC concentrations

occurred, with variability driven by season.
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Figure 5.9: Dissolved organic carbon (DOC) concentrations versus (a) headwater
catchment runoff, (b) headwater catchment drainage density, (c) entire watershed
runoff, and (d) entire watershed drainage density. Color gradient represents time.

Dissolved organic carbon concentration dynamics at the entire basin outlet were

similar to those seen at the headwater catchment outlet. At the entire basin outlet,

DOC concentrations displayed a rapid rise from �1 to 16 mg/L at low to intermediate

runoff values (0 - 0.5 mm/hr; Figure 5.9c). There was strong seasonality in the

slope of DOC concentration increase, where concentrations were highest during fall
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periods and lowest in late spring. Concentrations in summer were always low. At

runoff above 0.5 mm/hr, the rate of DOC concentration increase plateaued rapidly

and maximum DOC concentrations were seasonally variable. Again, as ASDN was

a function of runoff, similar patterns were observed between DOC concentrations

and ASDN length as those seen between DOC and runoff (Figure 5.9d). Low ASDN

lengths were associated with summer and early fall periods, when baseflow dominated

the runoff signal. At ASDN lengths above approximately 3 km/km2, a linear increase

in DOC concentrations with increasing runoff occurred, with variability driven by

season. At very high ASDN lengths (¡7 km/km2), DOC concentrations plateaued.

One precipitation event in early October produced higher DOC concentrations

than typical for that value of runoff at other times and can be seen clearly in Figure

5.9d. It also produced DOC concentrations at the upper range of concentrations

seen in the headwater catchment. This event was one of the first large precipitation

events of the year and was of large enough magnitude to seasonally initiate perennial

runoff at the outlet to the entire basin (Figure 5.2c). This large event also occurred

after several months of dry conditions across the study site and therefore mobilized a

substantial amount of DOC into the stream network (Figure 5.10). The total DOC

flux for that particular fall precipitation event was 3.8 kg/ha, which comprised 18%

of the measured load across the study period (approximately one year) at the entire

basin outlet.

Dissolved organic carbon fluxes from the headwater landscape element and from

the lowland landscape element showed strong seasonality (Figure 5.10). As DOC

fluxes from the lowland landscape element were derived as the difference between

fluxes from the entire basin outlet and the headwater landscape element, there are
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Figure 5.10: Dissolved organic carbon (DOC) flux (kg/ha/day) from headwaters
(blue line) and from lowlands (black line). * missing data

periods where negative fluxes occurred from the lowland landscape (Figure 5.10).

This could result from uptake, adsorption, or storage in the lowland system. Short

periods where lowlands displayed negative fluxes occurred in spring and summer

periods. Lowlands contributed more DOC fluxes to the entire basin during fall,

both during precipitation events as well as during inter-storm periods. In early

winter periods, the headwaters had higher DOC fluxes during precipitation events,

but by the transition to spring, the headwater and lowland landscape elements were

producing similar DOC fluxes during precipitation events as well as between events.

5.3.5 Intensively sampled precipitation events in contrasting catchment storage states

Two intensively sampled precipitation events with contrasting catchment storage

states (Table 5.4) are described in detail the next two sections as specific examples
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Table 5.4: Precipitation and stormflow descriptions across two watershed scales for
two characteristic precipitation events highlighted in this study. Shallow antecedent
water content measured in lower hillslope area in headwater catchment (see Figure
5.1 for location).

Event 1: High storage state
Event
characteristics

Watershed
characteristics

Headwater Entire
basin

Rainfall amount
(mm)

19.8 Stormflow (mm) 14.8 6.55

Max precip in-
tensity (mm/hr,
mm/5min)

5.7,
1.3

Runoff ratio 0.74 0.33

3 d average shal-
low antecedent wa-
ter content (%)

30 Exceed. probabil-
ity of storm peak
flow

0.3 0.36

Event 2: Low storage state
Event
characteristics

Watershed
characteristics

Headwater Entire
basin

Rainfall amount
(mm)

86.6 Stormflow (mm) 15.0 15.68

Max precip in-
tensity (mm/hr,
mm/5min)

14.6,
2.2

Runoff ratio 0.18 0.18

3 d average shal-
low antecedent wa-
ter content (%)

13 Exceed. probabil-
ity of storm peak
flow

0.17 0.06

of the overall hydrochemical dynamics described in previous sections.

Event 1: High catchment storage state

Event 1 occurred when catchment storage was high (4-9 March 2015) and groundwa-

ter levels were elevated and pre-event baseflow was present at the outlets to both the

headwater catchment and the entire basin (Table 5.4; Figure 5.11a-d; Figure 5.12a-
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c). Approximately 19.8 mm of precipitation fell, which produced a runoff ratio of

0.74 at the headwater catchment outlet and a runoff ratio of 0.33 at the entire basin

outlet. This event was representative of the general characteristics of events during

high catchment storage state periods when seasonal evapotranspirative demands were

low (Table 5.1), which generally occurred in winter and spring periods (Figure 5.2).

In these periods, runoff ratios were high (Figure 5.2; Figure 5.6) and groundwater

contributions from shallow and deep subsurface zones were active (Figure 5.8).

In the headwater catchment, groundwater and runoff responses to precipitation

were simultaneous (Figure 5.11a-d). Dissolved organic carbon concentrations in-

creased with increases in runoff, while specific conductance showed a dilution re-

sponse (Figure 5.11b). Stream water DOC concentrations were similar in magnitude

to concentrations measured in the lower and upper hillslope shallow wells that were

screened between 5 and 25 cm below ground (Figure 5.11c-d). The deeper ground-

water well in the lower hillslope zone showed a slight increase in DOC during the

event, while the shallow well showed a slight decrease in DOC. Concentrations across

the variable depth wells converged during and on the falling limb of the stream hy-

drograph (Figure 5.11c). Shallow and deep groundwater in the upper hillslope zone

showed similar relative patterns with an initial increase and then decrease in DOC

concentrations, but absolute concentrations were different (Figure 5.11d).

Runoff at the outlet to the entire basin and groundwater in the lowland landscape

element showed similar dynamics to the headwater system in that groundwater and

runoff responses to precipitation were simultaneous (Figure 5.12a-c). In the stream,

DOC concentrations also increased with increases in runoff, while specific conduc-

tance showed a dilution response (Figure 5.12b). Stream water DOC concentrations
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Figure 5.11: Headwater catchment responses to Event 1 (left column) and Event
2 (right column). Specifically, (a) and (e) precipitation (blue bars) and sampling
times (grey lines), (b) and (f) runoff (blue line), dissolved organic carbon (DOC;
grey line) concentrations, and specific conductance (SpC; black line) at the headwa-
ter catchment outlet, (c-d) and (g-h) shallow (black) and deep (grey) groundwater
water levels and DOC concentrations in lower hillslope and upper hillslope positions.
Dashed lines represent no groundwater recorded in well (dry).
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were similar in magnitude to concentrations measured in the lowland floodplain well

that was screened the length of the well to the refusal depth of 120 cm below ground

(Figure 5.12c). The DOC concentrations in the well did not fluctuate substantially

and groundwater levels were in the upper 25 cm pre-event and reached the ground

surface during the event.

Event 2: Low catchment storage state

Event 2 occurred when catchment storage was low (2-7 October 2015) and ground-

water wells were generally dry. Pre-event baseflow was present at the entire basin

outlet, but the headwater streams were dry (Table 5.4; Figure 5.11e-h; Figure 5.12d-

f). Approximately 86.6 mm of precipitation fell, which produced a runoff ratio of 0.18

at both the headwater catchment outlet and at the entire basin outlet. This event

was representative of the general characteristics of events during low catchment stor-

age state periods when seasonal evapotranspirative demands were high (Table 5.1),

which generally occurred in summer and fall periods (Figure 5.2). In these periods,

runoff ratios were low (Figure 5.2; Figure 5.6) and groundwater contributions from

deep subsurface zones were not active (Figure 5.8).

In the headwater catchment, groundwater and runoff responses to precipitation

were not simultaneous (Figure 5.11e-h). Runoff in the channel occurred before any

wells in the lower hillslope zone displayed hydrologic response, but was simultaneous

with perched water table response in the shallow well (25 cm installation depth) in

the upper hillslope (Figure 5.11h). In the upper hillslope zone, the deep groundwater

well never showed hydrologic response during this event. In the lower hillslope zone,

deep groundwater wells responded before shallow wells (Figure 5.11g). Dissolved or-
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ganic carbon concentrations increased rapidly from 7 mg/L at first runoff initiation to

a relatively constant concentration of approximately 20 mg/L throughout the event

(Figure 5.11f). Specific conductance showed a dilution response that essentially mir-

rored DOC concentrations (Figure 5.11f). Stream water DOC concentrations were

between the high concentrations seen in the shallow well (screened 5-25 cm depth

below ground) and low concentrations in the deep well (screened 10-125 cm depth

below ground) in the lower hillslope (Figure 5.11g). The deeper groundwater well in

the lower hillslope zone showed uniform DOC concentrations during the event, with
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Figure 5.12: Entire watershed outlet responses to Event 1 (left column) and Event
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a decrease across the falling limb (Figure 5.11g). The shallow well had DOC con-

centration patterns that mirrored the stream (Figure 5.11g). Shallow groundwater

in the upper hillslope zone showed a decrease in DOC concentrations at the storm

peak (Figure 5.11h).

Pre-event baseflow at the entire basin outlet had low DOC concentrations and

high specific conductance (Figure 5.12e). Groundwater in the lowland landscape

was below the well installation/refusal depth (Figure 5.12f), which was coincident

with the elevation of the nearby streambed. The stream responded to precipitation

roughly six hours before the lowland groundwater well. When lowland groundwa-

ter did respond, it responded rapidly and water levels reached the ground surface

within 3.5 hours of initial response and stayed at or near the ground surface for the

entirety of the precipitation event (Figure 5.12f). Stream water DOC concentrations

increased with increases in runoff, while specific conductance showed a dilution re-

sponse (Figure 5.12b). While headwater stream DOC concentrations peaked at the

onset of the event and stayed consistently high throughout the event (Figure 5.11f),

stream DOC concentrations at the entire basin outlet continued to increase with

each new pulse of precipitation (Figure 5.12e). The DOC concentrations in the low-

land groundwater well showed a similar temporal pattern. During the event, lowland

groundwater DOC concentrations peaked at 48 mg/L and stream water peaked at

28 mg/L.

5.4 Discussion

Building on the variable source area concept and other foundational frameworks (e.g.

Horton 1933; Hursh 1936; Horton 1941; Hewlett and Hibbert 1964; Tsukamoto 1963;
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Hewlett and Hibbert 1967; Weyman 1970; Dunne and Black 1970), catchment hy-

drology often focuses much attention on understanding lateral surface and subsurface

flowpath connectivity across hillslopes or discrete units in various landscapes and un-

der different wetness conditions (e.g. Hornberger et al. 1994; Creed and Band 1998;

Ocampo et al. 2006). However, with the growing body of literature that covers a wide

range of landscape types and climates, aggregating and synthesizing information on

landscape-specific dominant runoff mechanisms from individual studies with specific

research goals remains a challenge (e.g. Bracken et al. 2013). This challenge is ex-

acerbated by the scale at which process-based hydrologic studies are often framed,

e.g. plot, hillslope, and small catchments, and the scale at which the implications

of runoff generation most matter, e.g. watershed scales (Bracken et al., 2013). For

instance, Lane et al. (2009) showed that point-scale measurements of connectivity

patterns along hillslopes are difficult to scale up to explain hydrological response at

the watershed outlet. Due to the spatiotemporal heterogeneity of flowpaths within

watersheds, it is imperative, albeit difficult, to focus hydrometric measurements that

both capture widespread processes and integrate across scales.

We sought to meet this challenge through the investigation of runoff and hy-

drochemical dynamics across two nested spatial watershed scales using observations

of in-stream chemistry and flow, vertically distributed water table dynamics across

landscape elements, and active surface drainage network expansion and contraction

mapping. We used observations from two intensively sampled precipitation events to

provide a more mechanistic understanding of the dynamics captured throughout the

1.5 year study period. Here, we describe how dominant flowpaths drive active sur-

face drainage network expansion and contraction and its associated runoff. We then
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link these processes to temporal DOC concentration and flux dynamics across water-

shed scales from the headwaters to the larger headwater-to-lowland watershed basin.

We used this approach to allow for aggregation of information on landscape-specific

dominant runoff mechanisms for meaningful cross-site comparisons.

5.4.1 Longitudinal network dynamics as the surficial expression of lateral and ver-
tical source areas driven by subsurface stratigraphy and evapotranspirative
demands

The location of water in geomorphic channel networks can provide valuable informa-

tion about spatial water availability in the landscape (Winter et al., 1998; Godsey and

Kirchner, 2014; Whiting and Godsey, 2016). The climatic and internal catchment

thresholds and mechanisms that lead to activation and contraction of longitudinal

sections across the drainage network are less understood. Here, we link the longitudi-

nal surface drainage network dynamics to a process-based understanding of vertical

and lateral hydrologic connectivity within the catchment.

Landscape element contributions are spatiotemporally dominant and aggregate to pro-
duce distinct basin outlet signals

A comparison of runoff contributions from lowland and headwater landscape elements

indicated that spatial runoff contributions across the study site varied through time

(Figure 5.7). We explored these temporal changes through a 1 hr and 3 d mean

residual time series, where the 1 hr time series highlighted individual events and the

3 d mean time series allowed for more focus on seasonal dynamics. During periods

of high catchment storage, specifically winter to spring when baseflow was present

across the network, the lowland landscape element contributed more runoff to the

entire basin than the headwaters, when accounting for areal differences. This was
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indicated by consistent positive residuals across the 3 d mean residual time series.

During precipitation events, especially in late spring through fall when baseflow

was low or absent, headwaters dominated runoff contributions at the entire basin

scale. This was indicated by negative residuals during events captured in the 1 hr

residual time series. These headwater-driven event dynamics could be driven by

stream water loss to the lowland groundwater system (from runoff that originated in

the headwaters) or to smaller overall runoff contributions from the lowland landscape

elements, or some combination of both.

The fluctuations in relative contributions from headwater and lowland landscape

elements are reflected at event to annual scale runoff ratios between watershed scales.

The annual runoff ratio was higher in the headwater catchment (0.39) than at the

scale of the entire basin (0.29; Table 5.2). The annual groundwater recharge ratio

was higher at the scale of the entire basin (0.19) than at the scale of the headwater

catchment (0.08; Table 5.2). Together, this suggests that stormflow-driven hydrologic

connectivity drove headwater runoff dynamics and longitudinal connections across

the drainage network. These flashy, often perched, stormflow-driven connections

resulted in extensive vertical groundwater recharge at the scale of the entire basin.

Although lowland landscape elements contributed significant runoff on a seasonal

basis, headwaters yielded substantially more runoff during individual precipitation

events, especially when the catchment storage state was low (Figure 5.6; Figure 5.7).
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Vertically partitioned subsurface flowpaths drive landscape element contributions and
streamflow and drainage network dynamics

Due to complex subsurface stratigraphy and structure, many streams are fed by

nested groundwater systems that can temporarily connect and disconnect vertically

due to fluctuations in internal catchment storage states and degree of vertical satura-

tion (e.g. Ocampo et al. 2006; Kim et al. 2017). In humid Piedmont regions that are

typically energy-limited environments, seasonal evapotranspiration can drive catch-

ment storage dynamics across a uniform monthly precipitation regime (Zimmer and

McGlynn, In review). This seasonal evapotranspiration regime has been shown to

mediate the relative roles of deep and shallow groundwater systems in runoff produc-

tion in the headwaters (Table 5.1). Zimmer and McGlynn (In review) showed that

high evapotranspiration rates in summer months caused the deep groundwater sys-

tem to drop below the elevation of the geomorphic channel network in the headwater

system. During this time, runoff in headwaters was ephemeral, in that streams were

dry and only flowed in direct response to precipitation events (Figure 5.2b). While

informative, this previous research did not include consideration of the downstream

perennial stream network.

Zimmer and McGlynn (In review) showed that contributions to ephemeral runoff

in the headwaters were generated from precipitation inputs activating the shallow,

but not deep, groundwater system (Figure 5.8a; Figure 5.8b). This was highlighted

in the headwater landscape groundwater wells in Event 2, shown in Figure 5.11. Im-

peding soil horizons due to shifts in permeability or saturated hydraulic conductivity

with depth have been shown to drive the redistribution of water across hillslopes

(Elsenbeer, 2001; McDaniel et al., 2008; Heller and Kleber, 2016). These impeding
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layers can direct rapid subsurface flowpaths laterally, while slower vertical perco-

lation through both the soil matrix and preferential pathways can allow a deeper

groundwater system to develop simultaneously (Du et al., 2016). Here, we observed

that shallow flowpaths dominated runoff dynamics, suggesting an impeding layer

strongly routed shallow flow laterally. In this study, we showed that stormflow-

driven contributions, which were controlled by shallow flowpaths, dominated the

active surface drainage network expansion in headwaters (white portions in Figure

5.5). Baseflow-driven network expansion comprised a smaller component of drainage

network dynamics in the headwaters. The seasonal rise (and subsequent fall) of the

deep water table drove this baseflow-driven expansion (and contraction) during peri-

ods of intermittent runoff (blue shaded portions in Figure 5.5). As highlighted in the

headwater landscape groundwater wells in Event 1, shown in Figure 5.11, ground-

water was elevated prior to the event, which allowed for rapid activation of shallow

flowpaths. This dynamic allowed stormflow-driven network expansion to still play a

substantial role during periods of persistent baseflow contributions.

The composition of baseflow- versus stormflow-driven network activation varied

across spatiotemporal scales. The overall influence of baseflow-driven flowpaths on

network length increased with increasing watershed scale (Figure 5.5). However,

even at the scale of the entire basin, storm-driven flowpath contributions played

an important role in runoff generation and network expansion. The groundwater

dynamics in wells located in the lowland portion of this study site suggested a strong

dependent relationship between groundwater and runoff regardless of season (Figure

5.8c). High runoff at the entire basin outlet was dependent on a high groundwater

level in the lowland system. However, it is in these landscape positions where the
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stratigraphy of the subsurface appeared to matter less to runoff generation, due

to the continual rise of the water table negating any perching of a shallow water

table. We observed that the shape of the relationship between groundwater in the

lowland well and runoff at the entire basin outlet (Figure 5.8c) was similar to the

relationship between the shallow, perched transient water table and runoff in the

headwater catchment (Figure 5.8a). This suggests similar influences of shallow flow

on runoff production occurred across watershed scales. Highlighted in both Event 1

and 2, groundwater in the lowland well behaved similarly to precipitation inputs to

that seen in the shallow wells in the headwaters (Figure 5.11; Figure 5.11).

Deeper still, the bedrock groundwater system exhibited strong seasonality that

was related to the longitudinal expansion of the baseflow-driven network. The

groundwater level rise in the bedrock well was driven by recharge from precipitation,

where the amount of percolation was influenced by evapotranspirative demands in the

shallower subsurface environment (Figure 5.8d). When evapotranspiration was low

and soil water content was high, more percolation occurred, which raised the bedrock

groundwater levels. When evapotranspiration was high, the draining of the aquifer

outpaced recharge from above. This recharge dynamic mirrored the deep groundwa-

ter well in the upper hillslope in the headwater catchment (Figure 5.8b), suggesting

these groundwater systems were vertically connected. Further, these two deep sys-

tems showed similar relationships to runoff across watershed scales. Event-driven

runoff at either the headwater catchment or entire basin outlet were not necessarily

related to groundwater dynamics in these deep zones (Figure 5.8b; Figure 5.8d).

This is highlighted in Figure 5.11, which shows the absence of deep groundwater

in the upper hillslope during Event 2. That said, these deep groundwater systems
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contributed to the spatial presence of baseflow. This is also highlighted in Figure

5.11, which shows pre-event baseflow was present only during Event 1, where the

deep groundwater system was actively contributing to runoff.

5.4.2 Lateral, vertical, and longitudinal hydrologic connectivity contribute to sea-
sonal and event flushing of carbon across watershed scales

Across both spatial scales, dissolved organic carbon (DOC) concentrations increased

in response to increases in runoff (Figure 5.9a; Figure 5.9c). This has been seen in

a wide range of landscape types, such as boreal landscapes (Laudon et al., 2011),

wetlands (Raymond and Hopkinson, 2003), temperate forested landscapes (McGlynn

and McDonnell, 2003; Raymond and Saiers, 2010), and semi-arid mountainous re-

gions (Pacific et al., 2010). This is often attributed to lateral or vertical hydrologic

connectivity to DOC-rich source areas during periods of runoff activation, such as

precipitation events or snowmelt pulses (e.g. Hornberger et al. 1994; Brown et al.

1999). At this study site, we observed a strong influence of shallow subsurface flow-

paths on runoff magnitudes across both headwater and lowland landscape elements

(Figure 5.8a; Figure 5.8c). We also observed high DOC concentrations in ground-

water in shallow soils across these landscape elements (Figure 5.11; Figure 5.12).

Together, this suggests that both in-stream DOC concentrations and runoff magni-

tudes were driven predominantly by contributions from shallow subsurface flowpaths

across this study site.

Many studies attribute the majority of annual DOC export to large, hydrologic

events, such as snowmelt (e.g. Pacific et al. 2010; Bass et al. 2011; Pellerin et al.

2012). These large events, which typically occur during high catchment storage
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states, flush substantial amounts of DOC from shallow soil horizons. One large trop-

ical storm occurred during this study period and the resulting DOC-runoff anomaly

can be seen clearly in Figure 5.9d. Barring such anomalous precipitation amounts

from hurricanes or tropical storms, monthly precipitation in this Piedmont landscape

is relatively uniform (Figure 5.2). We observed continual and substantial flushing of

DOC from shallow soil horizons during most precipitation events, independent of sea-

son or catchment storage state. This produced high DOC fluxes and concentrations

during precipitation events year-round.

Researchers have shown that repeated flushing of shallow soils can result in de-

pleted pools of DOC through seasons (Boyer et al., 1997; Lambert et al., 2014). At

this site, variability in in-stream DOC concentrations with similar runoff magnitudes

was shown to be seasonally driven. This seasonal dynamic occurred across both wa-

tershed scales and was most apparent at high runoff magnitudes (Figure 5.9a; Figure

5.9c). In-stream DOC concentrations decreased throughout the water year, where

events in fall and early winter were associated with the highest DOC concentrations

and events in late spring and summer had the lowest DOC concentrations (Figure

5.9a; Figure 5.9c). This decrease in DOC concentrations from fall through summer

confirmed other studies that have shown that DOC source depletion can occur due

to this frequent flushing of shallow subsurface soils across subsequent precipitation

events through the year (e.g. Boyer et al. 1997).

The dominant landscape element composition, terrain characteristics, and hydro-

logic processes in a watershed have been shown to drive DOC responses to precip-

itation inputs (Inamdar and Mitchell, 2006; Creed and Band, 1998; McGlynn and

McDonnell, 2003; Pacific et al., 2010). This study site was composed of two dom-
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inant landscape elements. The headwater system was comprised of steeper slopes

and deeper soils while the downstream lowland landscape element was comprised of

gentler slopes and shallow soils. With increasing watershed scale, the relative spatial

extent of these two systems shifted from headwaters to lowlands. In-stream DOC

concentrations reflected distinct hydrologic and biogeochemical influences across wa-

tershed scales associated with this topographic and landscape element composition

shift (Figure 5.9b; Figure 5.9d). In the headwater catchment, DOC concentrations

were substantially influenced by season, especially in low flow periods. For instance,

given similar runoff and longitudinal network lengths, DOC concentrations were

higher in late summer than late spring. At the outlet of the entire watershed, lower

DOC concentrations and runoff magnitudes showed minimal variability with sea-

son. This difference across spatial scales was most likely driven by the composition

of source areas that mediate active surface drainage network lengths at lower runoff

magnitudes. In the headwaters, summer time drainage network dynamics were driven

entirely by stormflow, which may bring with it variable concentrations of DOC, de-

pendent on availability of DOC in shallow flowpaths (Brown et al., 1999; Futter

et al., 2007). In the lowland landscape elements, baseflow was present during much

of the summer/low catchment storage periods. Thus, stormflow-driven contributions

to summer time drainage network dynamics were dominated by the rise of the deeper

groundwater system. This groundwater system thus had a lower DOC concentra-

tion during these periods. It was not until sufficient runoff activation and drainage

network expansion occurred that DOC concentrations at the entire basin outlet in-

creased (Figure 5.9c). This threshold in DOC concentrations in stream water was

driven by a hydrologic connection between the outlet of the entire basin and these
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distal, shallow portions of the terrestrial landscape.

5.4.3 Intensively sampled precipitation events to demonstrate characteristic event
dynamics across catchment storage states

Many recent studies that have explored active surface drainage network dynamics

either do so through seasonal ’snapshots’ of network activation (Shaw, 2015; God-

sey and Kirchner, 2014; Whiting and Godsey, 2016) or through model investigations

that do not rely on field observations (Biswal and Marani, 2010). While ’snapshots’

can provide valuable information on surface drainage network extent at select stor-

age states, the temporally dynamic behavior from spatiotemporally complex runoff

generation processes are often missed. Pairing detailed observations of source area

dynamics from a subset of events with longer term, continuous runoff and surface

drainage data can better inform our understanding of how lateral and vertical pro-

cesses drive longitudinal network dynamics. To do this, we utilized two intensively

sampled precipitation events with contrasting catchment storage states to obtain a

better understanding of how the evolution of groundwater levels and DOC concen-

trations vertically in the subsurface were reflected in spatial and temporal in-stream

DOC concentrations and runoff (Figure 5.11; Figure 5.12). In Results Section 3.5,

we presented distinct hydrochemical responses to precipitation inputs in these two

events. Here, we link these results to the overall dynamics seen seasonally across

watershed scales to provide a more mechanistic understanding of surface drainage

network expansion and contraction.

For high catchment storage state events, runoff ratios across watershed spatial

scales showed a proportional increase (high runoff ratios in Figure 5.6). In a lin-
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ear regression analysis of select explanatory variables, antecedent shallow soil water

content (r 2 = 0.22) and longitudinal network dynamics (r 2 = 0.23) explained the

most variability in this relationship (Table 5.3). Here, we highlight Event 1 to help

inform our understanding of the overarching internal catchment patterns and pro-

cesses that drive this runoff response during high catchment storage states. Event

1 was a precipitation event that occurred when catchment storage state was high.

Groundwater levels were elevated prior to the event and baseflow-driven network

connectivity between the headwater catchment and the downstream watershed was

already present. Precipitation inputs produced an expansion of source areas across

the catchment from the rise of groundwater into shallow soil horizons within both the

headwaters and lowland landscape elements. Stream water DOC concentrations mir-

rored changes in runoff magnitude. In the headwaters, DOC concentrations peaked

with runoff. With fewer samples collected from the entire basin outlet, it is unclear

how the timing of DOC concentrations paired with runoff, but similar relationships

emerged across watershed scales. Groundwater DOC concentrations were generally

uniform laterally up hillslopes and vertically with depth. The dominant spatial runoff

and DOC contributors across the study site thus appeared to be relatively homoge-

neous, highly connected, and DOC-rich. Together, these dynamics mechanistically

explain the proportional increases in runoff ratios across watershed scales during high

antecedent storage events.

For low catchment storage state events, runoff ratios were higher in the headwa-

ter system than at the scale of the entire basin (Figure 5.6). This suggests runoff

generation across the study site was not homogeneous. While runoff magnitudes

did not statistically explain the runoff ratio relationship between watershed scales,
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runoff magnitudes explained a significant amount of variability within each scale (Ta-

ble 5.3). This suggests that the processes that produce runoff in the headwaters did

not scale up to drive the runoff dynamics observed at the entire basin outlet. Here,

we highlight Event 2 to investigate the internal catchment processes leading to the

runoff dynamics observed during low catchment storage states. Event 2 was a precip-

itation event that occurred when catchment storage state was low and groundwater

levels were very low (most wells were dry) prior to the event. Precipitation inputs

drove activation of different source areas depending on location. In the headwaters,

precipitation inputs activated only shallow, perched, transient water tables. These

shallow flowpaths contributed substantial DOC and water fluxes to the stream. In

the lowlands, precipitation inputs activated the deeper water table, which rose up

into shallow soil horizons with adequate precipitation. These different processes

leading to runoff contributions to the stream network resulted in distinct in-stream

DOC signals between watershed scales. In the headwaters, immediate activation of

shallow flowpaths resulted in an in-stream DOC concentration that rose rapidly and

stayed relatively consistent throughout Event 1. At the scale of the entire basin,

DOC concentrations increased throughout the event. Each new pulse of precipita-

tion brought with it an increase in DOC concentrations. This response may be an

expression of increasing hydrologic connections between the basin outlet and distal,

DOC-rich landscape positions.
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5.4.4 Linking longitudinal stream network expansion and lateral and vertical source
area connectivity to explain hydrology and biogeochemistry across watershed
scales

At small watershed scales, lateral contributions from hillslopes have been shown to

determine runoff generation and in-stream chemistry (Jencso and McGlynn, 2011;

van Meerveld et al., 2015). As watershed scale increases, researchers have shown

upstream contributions (e.g. from longitudinal connectivity) can play a more signif-

icant role in hydrochemistry (McGlynn and McDonnell, 2003; Webster, 2007). The

longitudinal expansion of the drainage network can provide hydrologic connection

between the stream and distal portions of the landscape, shaping stream chemistry

signatures. The role of lateral and vertical hillslope contributions to this longitudi-

nal network expansion dynamic is still not well understood. In this study, we linked

observations of geomorphically partitioned deep and shallow groundwater contribu-

tions, active surface drainage network expansion and contraction, and water and

DOC export across watershed scales, in an effort to address some of these knowledge

gaps.

While hydrologic connectivity spans multiple spatial dimensions and spatiotem-

poral scales, it is difficult to study watersheds as whole flow systems. A common

approach is to characterize the fundamental flowpaths across representative hillslopes

or landscape elements/units to describe dominant runoff generating processes in the

context of in-stream runoff and biogeochemistry (e.g. van Verseveld et al. 2008; van

Meerveld et al. 2015). Such field studies have pushed the boundaries of our under-

standing through the discovery of such processes as transmissivity feedback (?) and

macropore flow (Beven and Germann, 1982). Using our process-based understanding
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of surface and subsurface flowpaths internal to each catchment, studies have recently

been able to utilize high frequency monitoring regimes at catchment outlets to deci-

pher and infer runoff generating processes internal to the catchment (e.g. Lloyd et al.

2016; Schwientek et al. 2013). In other approaches, recent studies have documented

longitudinal network dynamics across watersheds (e.g. Godsey and Kirchner 2014;

Whiting and Godsey 2016). Despite this, the linkages between longitudinal network

activation, spatially complex runoff mechanisms, and hydrochemistry at the water-

shed outlet are still unclear, partially due to the limited number of studies that have

combined all of these disparate approaches.

Here, we present a multi-dimensional source area activation conceptual frame-

work to explain runoff and chemistry across the drainage network that builds on the

plethora of catchment hydrology research that has come before. From observations

of precipitation, runoff, and dominant runoff generating flowpaths, we demonstrated

two dominant processes that drove active surface drainage network expansion and

contraction across watershed scales. Baseflow-driven flowpaths comprised the sea-

sonal expansion and contraction of the drainage network. These flowpaths were

dominated by deeper groundwater sources that were strongly influenced by evapo-

transpirative demands and climatic forcings characteristic of the humid, subtropical

climate of the Piedmont. Stormflow-driven flowpaths led to the event-based expan-

sion and contraction of the drainage network. These flowpaths were activated by

both shallow and deep groundwater sources, dependent on catchment storage state

and critical zone architecture (e.g. subsurface structure and stratigraphy) across the

landscape.

This differential source area activation drove event and seasonal dynamics in
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DOC concentrations. While in-stream DOC concentrations consistently increased

with increases in runoff across individual events and seasons, the variability in DOC

concentrations across specific runoff magnitudes shifted. As shallow flowpaths were

activated during stormflow-driven network expansion, DOC was mobilized frequently

from shallow soil horizons as well as spatially across both headwater and lowland

landscape elements. This frequent DOC flushing resulted in source depletion on an

annual basis. In fall, DOC concentrations were high due to shallow flowpath in-

teractions with, and mobilization of, fresh litterfall. By spring and summer, DOC

concentrations were lower given similar runoff magnitudes, due to source depletion.

This seasonal and event-driven DOC-runoff relationship was observed at the scale

of the headwaters as well as the scale of the entire basin, which encompassed both

headwaters and lowland landscape elements. From these observed surface drainage

network and DOC seasonal and event dynamics, we suggest that the hydrological and

chemical signals at larger watershed outlets can be driven by a balance of lateral, lon-

gitudinal, and vertical source areas, flow pathways, and hydrologic processes internal

to the basin. Continual work encompassing multi-dimensional source area dynam-

ics may further help elucidate complex hydrochemical dynamics seen at watershed

outlets in other landscapes and climates.

5.5 Conclusions

Watersheds are three-dimensional systems where complex flowpaths of water move

laterally, longitudinally, and vertically to and within the stream network at disparate

time scales and flowpath lengths. Despite this, catchment hydrology research rarely

included whole watershed flow systems. To address this, we used a data-driven ap-
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proach to develop a seasonal and event-based conceptual model of vertical and lateral

flowpath contributions to active surface drainage network expansion and carbon ex-

port across an ephemeral-to-perennial drainage network. The study watershed was

comprised of two dominant landscape elements, headwaters, which were dominated

by ephemeral and intermittent runoff regimes, and lowlands, which were dominated

by perennial runoff regimes. We characterized the timing and magnitude of precipi-

tation, runoff, and the dominant runoff generating flowpaths across these landscape

elements to (1) decipher the internal catchment processes that drive the activation

of runoff across watershed scales, and (2) investigate how this differential activation

of runoff can impact surface drainage and biogeochemical dynamics at the watershed

outlet.

Our results show that shallow flowpaths across watershed scales dominated runoff

responses to precipitation events. In the headwaters, shallow flowpaths were driven

by the seasonal rise of the water table into shallow soil horizons during periods with

high catchment storage and by lateral throughflow perched along impeding soil hori-

zons when catchment storage was low. In the lowland landscape element, shallow

flowpaths were driven by the deeper groundwater system rising into more trans-

missive shallow soil horizons. Contributions from deep flowpaths were seasonally

mediated by evapotranspirative demands across the study site, but played a con-

sistent role in runoff contributions from the lowland landscape. In the headwater

portions of the landscape, deep flowpaths only contributed to runoff a few months

each year.

This vertical partitioning of runoff contributions over space and time drove ac-

tive surface drainage network dynamics across the entire basin. Our results show
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that portions of the active surface drainage network were comprised of baseflow-

driven and stormflow-driven flowpaths that fluctuated in spatial extent seasonally

and during precipitation events. Baseflow-driven flowpaths dominated much of the

drainage network across the lowland landscape element, while stormflow-driven flow-

paths dominated much of the drainage network across the headwaters. Together,

these differential source areas drove DOC export dynamics. The dominance of shal-

low stormflow-driven flowpaths across headwaters and lowlands drove an increase

in DOC concentrations with increases in runoff. Within this positive DOC-runoff

relationship, variability in DOC concentrations across season showed a depletion of

carbon stores in shallow soil zones due to continual flushing from frequent shallow

subsurface flowpath activation. Therefore, observed in-stream DOC dynamics were a

manifestation of shifting runoff sources, runoff generating flowpaths, and biologically

mediated DOC availability in space and time.

The conceptual model we presented in this study spanned both ephemeral and

intermittent headwater catchments and their downstream perennial waterways to ex-

plain how hydrochemical signals at larger watershed outlets are driven by a complex

balance of hydrologic contributions from lateral, longitudinal, and vertical source ar-

eas as well as event-driven flushing that leads to seasonal solute depletion. Although

focused on the Piedmont landscape of North Carolina, USA, we suggest that this

work is widely relevant in all systems where deep and shallow runoff generation pro-

cesses occur and channel networks expand and contract seasonally and in response

to precipitation or snowmelt.
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6

Conclusions

This dissertation addressed a critically important, but poorly understood topic in

catchment hydrology. It presented a three-dimensional, data-driven, and process-

based understanding of the mechanisms that drive ephemeral and intermittent runoff

generation and stream-groundwater interactions in low relief landscapes. Building

on this, it assessed the event-, seasonal-, and annual hydrochemical influence of non-

perennial headwater streams on perennial, downstream waterways. These topics

are relatively understudied in catchment hydrology and the knowledge gaps were

significant.

All four chapters of this dissertation utilized field-based data observations to ex-

pand our scientific understanding of important catchment hydrology processes in

low relief landscapes. To obtain these data, I developed, installed instrumentation,

and managed a research watershed for throughout the length of my PhD tenure, in

the Duke Forest, located in the Piedmont Region of North Carolina, USA. I moni-
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tored the dominant fluxes of water in this landscape, which included the timing and

magnitude of precipitation, vertically partitioned groundwater systems, shallow soil

water, and runoff magnitude and longitudinal extent across a range of scales. These

investigations yielded the following contributions to catchment hydrology, organized

by major conclusion within each of the four main chapters:

1: Groundwater recharge is an important flux in headwaters catchments in humid

Piedmont headwater landscapes. Stream-groundwater hydraulic gradients in these

headwater catchments are bidirectional on a seasonal and event-basis. Through

these results, Chapter 1 challenges the common understanding that streams in humid

regions are gaining systems.

2: Runoff regimes for ephemeral and intermittent streams are directly related to

the directionality of stream-groundwater hydraulic gradients. Through these results,

Chapter 2 showcases complex subsurface flowpath and hydraulic gradients associated

with non-perennial runoff generation in low relief headwaters systems.

3: Vertical partitioning of shallow and deep groundwater systems, which are major

runoff generation flowpaths, are dependent on evaporation and subsurface stratigra-

phy in low relief headwater catchments. Through these results, Chapter 3 introduced

a conceptual model of the balance between climatic forcings and internal catchment

controls on the mechanisms that drive runoff production.

4: The balance of lateral, vertical, and longitudinal flowpaths drive complex runoff

and carbon export across watershed scales. Through these results, Chapter 4 demon-

strated a holistic approach to catchment hydrology that showcased the necessity of

viewing watershed flow systems as three-dimensional units.
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This dissertation sought to provide an improved context for the role of internal

catchment structure on runoff generation processes across watershed scales. It high-

lighted the role of subsurface properties within hillslopes in runoff and hydrochemical

dynamics at the watershed outlet. It also provided a context for how non-perennial

streams play an important role in the flow and biogeochemical dynamics in down-

stream, perennial waterways. This dissertation will contribute to our broad scientific

understanding of the main processes driving runoff in ephemeral and intermittent

catchment, while simultaneously exploring these important mechanisms in low relief

terrain, which is s a highly understudied landscape.

One of the main results of this study was the elucidation of the driving runoff

generating mechanisms in Piedmont landscapes. This study can therefore be useful

to investigations of how similar headwaters will response to environmental change.

As the southeastern portion of the United States is seeing rapid population and

development growth, it is important now more than ever to utilize such process-

based understanding toward deciphering how changes in land use, climate, or other

environmental change can affect the flowpaths of water in these landscapes and the

subsequent chemical export.
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Appendix A

Temporal variability in nitrate-discharge
relationships in large rivers as revealed by high

frequency data

Manuscript in preparation

Zimmer, M. A., B. Pellerin, D. Holtschlag, D. Burns, and G. Petrochenkov (In

prep), Temporal variability in nitrate-discharge relationships in large rivers as re-

vealed by high frequency data. Water Resources Research.

Regression-based nutrient load models based on infrequent, discrete sampling

campaigns are commonly used to estimate annual nitrate (NO�

3 ) loads into many

ecologically-sensitive estuaries across the United States. On an intra-annual basis,

accurate temporal NO�

3 load and concentration predictions are necessary to inform
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management methods for reducing nutrient additions to coastal waters that are sen-

sitive to seasonal eutrophication and recurring hypoxic zones. That said, little is

known about NO�

3 concentration responses to changes in discharge on fine temporal

scales in large rivers. This study utilized a five-year dataset of near-continuous water

quality and quantity parameters to isolate and investigate the drivers of temporal

variability in NO�

3 concentration-discharge (c-Q) relationships. In this study, we used

data from the outlets of the Connecticut, Potomac, and Mississippi Rivers, which are

three large river systems that contribute substantial nutrient pollution to important

estuaries, namely the Hudson River Estuary, Chesapeake Bay, and Gulf of Mex-

ico. Overall, the Potomac and Mississippi Rivers showed positive c-Q relationships,

in that NO�

3 concentrations increased in response to increases in discharge. The

Connecticut River showed a negative c-Q relationship, in that NO�

3 concentrations

decreased in response to increases in discharge. That said, within 30 day (�monthly)

windows, c-Q relationship directions varied significantly within and between rivers.

We used windowed cross-correlation to isolate event-based and seasonal shifts in the

strength of c-Q relationships. We isolated potential drivers of c-Q dynamics through

a linear regression analysis with explanatory variables (baseflow index, antecedent

wetness, stream temperature, julian day, flow percentile) derived from the near con-

tinuous water quality and quantity dataset. Results showed flow conditions played a

significant role (flow percentile: R2 =0.46) in c-Q dynamics in the Connecticut River,

and a combination of flow conditions (flow percentile: R2 = 0.25) and seasonal in-

stream processing (Julian day: R2 = 0.29) played a significant role in c-Q dynamics

in the Potomac River. A lack of predictive power in the Mississippi River (best R2 =

0.06) suggests that anthropogenic forcings from substantial land use development in
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the basin create unpredictable short-term c-Q relationships and that high frequency

sensors are needed to accurately estimate nutrient loads. Additional work focused

on the comparison of c-Q dynamics within large river networks is needed to better

understand spatial source input dynamics.

Key points

• High frequency data can provide insight into time variable nitrate responses to

discharge.

• Temporal nitrate concentration-discharge relationships vary in direction and

strength across large rivers.

• Complexity and poor predictability in short-term nitrate-discharge relation-

ships reveal power of in-situ sensors.

Key words: nitrate, large rivers, nitrate-discharge relationships, windowed cross

correlation, chemostasis, chemodynamic
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A.1 Introduction

Increased nutrient loading in rivers over the last several decades has led to expansive

eutrophication and dead zones in estuaries across the globe (Diaz, 2001; Rabalais

et al., 2002; Hagy et al., 2004; Boesch et al., 2009; Osterman et al., 2009). Accurate

nutrient load estimates from rivers are a critical component of understanding and

predicting the timing and magnitude of eutrophication in coastal zones and devel-

oping management strategies to reduce water quality impairment. This is particu-

larly important given the high costs associated with implementing nutrient reduction

strategies to restore or maintain water quality in large watersheds (Kaufman et al.,

2014; Rabotyagov et al., 2010).

Nutrient loading estimations are commonly derived from regression-based models

that predict nutrient concentrations through time based on concentration-discharge

(c-Q) relationships from relatively infrequent discrete samples and high frequency

discharge measurements (Aulenbach et al., 2007; Hirsch et al., 2010). Recent ad-

vances in the use of in-situ nutrient sensors, particularly those measuring nitrate

(NO�

3 ) based on optical or chemical properties, have allowed for new opportunities

to better understand high temporal resolution water quality dynamics (Rode et al.,

2016). Deployment of such sensors has the opportunity to increase accuracy in load

estimations, lower uncertainty, and provide a clearer understanding of drivers of NO�

3

variability through near-continuous NO�

3 measurements (Pellerin et al., 2014).

In addition to calculating loads, c-Q relationships often provide useful informa-

tion about constituent sources and transport from watersheds to rivers and estuaries.

At the event or seasonal time scale, investigating temporal variability in c-Q relation-
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ships through the quantitative or qualitative analysis of hysteretic behavior (Evans

and Davies, 1998; Williams, 1989; Chanat et al., 2002; Butturini et al., 2006) has

been used to infer sources and transport from the direction, amplitude, slope, and

shape of hysteresis loops (McGlynn and McDonnell, 2003; Lloyd et al., 2016).

At inter-annual time scales, c-Q relationships have been used to characterize the

coupling of chemical and hydrological processes in watersheds by empirically evaluat-

ing their linear c-Q slope in log-log space from a power law function (Clow and Mast,

2010; Godsey et al., 2009; Basu et al., 2010; Thompson et al., 2011; Musolff et al.,

2015). c-Q slopes that are positive represent river networks where concentrations

increase when discharge increases, which have been classified as 2transport limited2

(Burns, 2005), enrichment (Musolff et al., 2015), or mobilization (Zhang et al., 2016)

responses. These occur when the sources of high chemical concentrations are proxi-

mal to the stream and are transported during periods of high source area connection

(Covino, 2017). c-Q slopes that are negative represent river networks where con-

centrations decrease when discharge increases, which has been classified as 2source

limited2 (Burns, 2005) or a dilution response (Musolff et al., 2015). This dilution re-

sponse can occur when source area connections that occur during periods of increased

discharge have low concentrations. These scenarios where chemical concentrations

vary greatly relative to changes in discharge are often referred to as 2chemodynamic2

(Basu et al., 2010; Thompson et al., 2011; Musolff et al., 2015). These chemodynamic

responses can have no associated direction if the relative chemical variability is large

enough. The term 2chemostatic2 has commonly been used to describe a system where

chemical concentrations show relatively little variation as compared to variability in

discharge (Clow and Mast, 2010; Godsey et al., 2009), resulting in a c-Q slope near
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zero.

The recent use of high frequency sensors has allowed for greater temporal reso-

lution and an increase in the number of events studied, yielding new insights into

the relationship between chemical and hydrologic processes. However, the majority

of studies using NO�

3 sensors have been in relatively homogeneous small catchments

where temporal stream signals and hydrologic processes are often tightly coupled

(Lloyd et al., 2016; Duncan et al., 2015). There are still significant gaps in our

process-based understanding of temporal nutrient dynamics in large rivers given the

complexity and heterogeneity of various sources and travel times across broad land-

scapes. These watersheds often have the most direct connection to coastal loads,

however, and thus are in need of improved understanding.

Here, we use high-frequency NO�

3 and discharge data from three large coastal

rivers to evaluate the variability in c-Q relationships over monthly to annual time

scales and infer potential controls on NO�

3 dynamics over time. In addition to c-

Q slopes, which are commonly employed to understand solute export behavior in

meso-scale watersheds (Godsey et al., 2009; Basu et al., 2010; Thompson et al.,

2011), we also compare the use of two additional statistical approaches, specifically

windowed correlation analysis and the ratio of the coefficient of variation for c and Q

(Thompson et al., 2011; Musolff et al., 2015) of the NO�

3 and discharge time series to

c-Q slopes to evaluate both the slope direction and the strength of the correlation.

The evaluation of these statistical approaches and comparisons to potential drivers

yield insights into NO�

3 dynamics and drivers of transport in large rivers that are

important for understanding and predicting loads to coastal waters.
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Table A.1: Characteristics of river systems analyzed in this study. * Long-term
streamflow from site 01190070 at Hartford, CT.

Connecticut Potomac Mississippi

USGS station
number

01193050
(Middle Haddam)

01646500
(Little Falls)

073740000
(Baton Rouge)

Basin area (km2) 28,223 29,940 2,913,244

Land-use/land
type
(% of basin)

forest (75%),
developed (9%),
agriculture (6%)

forest (59%),
developed (10%),
agriculture (30%)

forest (18%),
developed ( 1%),
agriculture (58%)

Long-term mean
annual stream-
flow (CFS)

18,859
(41 yr record)*

11,360
(73 yr record)

464,385
(50 yr record)

A.2 Methods

A.2.1 Site description

This study utilized publicly available data from three large river sites collected by the

United States Geological Survey (Table A.1). Long-term USGS gaging stations were

instrumented with NO�

3 sensors in 2011 in the Mississippi, Connecticut, and Potomac

Rivers due to their importance for nutrient loading to sensitive estuaries (Gulf of

Mexico, Hudson Bay and Chesapeake Bay, respectively; Bricker et al. 2008). These

rivers have a long history of USGS discrete nutrient data collection, but each site

now has complementary 5+ years of high frequency (15 min to 3 hr) measurements

of discharge and water quality parameters. Due to their spatial extent, the climate,

soils, subsurface geology, and land use/land type vary widely across each basin.

The Mississippi River drains 41% of the conterminous United States for a total
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basin area of 3.27x106 km2. For this study, data from the Baton Rouge gauging

station (USGS gage 07374000) was used, which is located 370 km upstream of the

Gulf of Mexico and drains 2.91x106 km2 of the Mississippi River basin (Table A.1;

Pellerin et al. 2014). The dominant land use types are agriculture, rangeland, wood-

land, wetlands, and urban lands. For this study, data from the Middle Haddam

gauging station (USGS gage 01193050), which drains 28,223 km2 of the Connecticut

River basin on its way to the Hudson Bay (Table A.1). The dominant land use

types are agriculture, rangeland, woodland, wetlands, and urban lands. Data from

the Little Falls Pump Station gauging station (USGS gage 01646500) was used and

drains 29940 km2 of the Potomac River basin to the Chesapeake Bay (Table A.1).

The dominant land use types are forest (60%) and agriculture (35%; Bricker et al.

2014).

A.2.2 High frequency NO�

3 sensor measurements

High frequency NO�

3 data were collected at each site using a Submersible Ultraviolet

Nitrate Analyzer (SUNA, version 1 or 2) with a 5 or 10 mm optical path length

(Satlantic, Nova Scotia, Canada). All SUNAs were operated in freshwater mode

(i.e., without bromide temperature compensation) and equipped with external or

integrated nylon brush wipers (Zebra-Tech, New Zealand) that cleaned the optical

windows prior to every sampling interval. The sensors at each site were mounted on

instrument cages or shuttles that were deployed vertically on fixed I-beams near the

side of each river and maintained at a fixed depth that ensured at least one meter

of water above the sensor at all times. Sensors were controlled and logged by shore-
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mounted or submersible CR1000 dataloggers (Campbell Scientific, Logan Utah) and

ancillary electronics.

Sensors were checked for blanks and linearity prior to and during deployment as

described in (Pellerin et al., 2013). In-situ NO�

3 concentrations were measured by the

SUNA at a sampling rate of �1 Hz over a 30 sec burst window at each sampling inter-

val, which typically resulted in �20 measurements of NO�

3 concentrations per burst

that were averaged on an external datalogger. Sampling intervals varied between 15

min and 3 hr. Capturing sub-daily dynamics were not necessary for addressing the

objectives of this study and therefore values from each interval (8-96 samples per

day depending on the sampling interval) were aggregated to a daily average for both

discharge and NO�

3 concentrations.

A regression of depth- and width-integrated discrete NO�

3 plus nitrite (NO�

2 )

concentrations with sensor NO�

3 concentrations was developed for each site based

on the 12-18 samples collected per year at each site. Comparisons of the sensors

and discrete data show that the two were strongly correlated (r 2 = 0.70 - 0.99)

across a range of flow conditions at all three sites after applying bias corrections

when appropriate as described by (Pellerin et al., 2013). While the SUNA does

not explicitly account for absorbance by NO�

2 in the range of 210 - 220 nm, the

concentration of NO�

2 is almost always negligible in surface waters and has little effect

on reported N concentrations most surface waters. Therefore, sensor measurements

are referred to as 2NO�

3
2 in units of mg N/L in this study.
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A.2.3 Descriptive and statistical analyses of time series data

Statistical analyses were calculated across 30 day (�monthly) moving (by 1 day)

windows. Thirty day windows captured the relatively gradual fluctuations in NO�

3

concentrations and discharge that often occur over multiple days or weeks in large

rivers and the sliding window allowed for flexibility in capturing event dynamics with-

out manually isolating specific events over the long time series. Thirty day windows

(often reported as calendar months) are regularly used for traditional regression-

based load models (e.g. WRTDS, LOADEST), which is more often a function of

model uncertainty at shorter time scales.

While most studies to date have investigated c-Q slopes within individual events

(e.g. Evans and Davies 1998) or on inter-annual time scales (Basu et al., 2010), it is

important to note that this study sought to investigate short-term (monthly) NO�

3

concentration responses to changes in discharge. Therefore, the c-Q slope calcula-

tions and the cross correlation analyses were performed on the residuals of the NO�

3

concentrations and discharge across each 30 day window. That is, linear regressions

of NO�

3 and discharge over each 30 day time period were performed to remove the

overall trend in the 30 day window. The residuals therefore represented the event-

scale NO�

3 response, which can otherwise be masked within seasonal fluctuations

in NO�

3 concentrations. In fact, these event-scale changes in NO�

3 were not always

moving in the same direction as seasonal fluctuations and thus may be concealed by

30 day windowed analysis if the overall seasonal trend was not removed. Further,

while fluctuations or consistency in seasonal or annual c-Q relationships have been

explored (e.g. Godsey et al. 2009; Basu et al. 2010), a near-continuous NO�

3 concen-

154



tration time series allows for an in-depth investigation on fine scale c-Q relationships

previously not captured by infrequent discrete sampling.

Concentration-discharge relationships are often linear on logarithmic axes, in-

dicative of a power-law relationship between the parameters, such that:

C � aQ
b

(A.1)

where C is the solute concentration, Q is discharge, and a and b are constants. The

exponent in this power-law function (b) is thus equivalent to the slope of the c-Q

relationship in logarithmic space. A slope of zero is often interpreted as chemostatic

behavior, where chemical concentrations stay relatively constant as discharge varies

(e.g. Godsey et al. 2009). A chemodynamic behavior occurs when concentrations

vary as discharge varies (e.g. Musolff et al. 2015). Within possible chemodynamic

behaviors, a negative slope indicates a dilution response controlling solute concentra-

tions, where concentrations vary inversely with discharge. A positive slope indicates

an enrichment or mobilization response controlling solute concentrations, where con-

centrations vary directly with discharge.

As described above, this study calculated c-Q slopes between the residuals of

NO�

3 and discharge from a linear regression in log-log space for each 30 day moving

(1 day) window. Therefore, each day in the 5 year time series had an associated c-Q

slope value that represented the 30 day (14 days prior and 15 days ahead of dayi)

linear relationship between the NO�

3 residual and discharge residual in log-log space.
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Windowed cross correlation

Pearson’s product moment correlation coefficient (r value from -1 to 1) was used to

quantitatively evaluate the strength of the relationship between NO�

3 concentration

residuals and discharge residuals as seen in the 30 day c-Q slope analysis described in

the previous sub-section. Similar to c-Q slope calculations, the residual of NO�

3 and

the residual of discharge from individual linear regressions over each 30 day period

were used. By removing seasonal trends across the analysis window, a substantial

degree of autocorrelation was removed from the daily time series. While the analysis

was set to let lag vary by +/- seven days, the majority of best fit lags fell within

+/- three days. This represented  10% of the windowed interval in either direction,

therefore the analysis reported in this study was for r values from a cross correlation

with lag of zero. Given 28 degrees of freedom and an α = 0.1, r values above 0.306

and below -0.306 were defined as statistically significant.

Coefficient of variation

As highlighted in several recent studies (e.g. Thompson et al. 2011; Musolff et al.

2015) a derived slope (b) from the power law relationship between discharge and

solute concentrations (C � aQb) can misrepresent the degree of chemostasis in a

hydrologic system since there is no indication of slope strength in such an analysis.

That is, b refers to the direction of the c-Q relationship and provides no informa-

tion about the concentration variability. A b of zero can occur with both high and

low variability in NO�

3 concentrations as discharge varies. Therefore, this study em-

ployed the ratio of coefficients of variation of raw NO�

3 concentrations and discharge
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(CVC/CVQ) to measure the dispersion, or degree of chemostasis (e.g. Thompson

et al. 2011; Musolff et al. 2015), within non-overlapping 30 day windows. The CV

metric was calculated as follows:

CVC
CVQ

�
µQ

µC

σC
σQ

(A.2)

where µ represents mean and σ represents standard deviation of raw NO�

3 concentra-

tions (C) and discharge (Q). As presented by Thompson et al. (2011), chemostatic

behavior would present itself within the criteria of CVC/CVQ   1. This suggests

the variability in NO�

3 concentrations is highly muted compared to variability in dis-

charge. Thompson et al. (2011) argued that in chemostatic conditions represented

by this criteria, variation in exported solute loads are driven primarily by variation in

flow (Basu et al., 2010). CVC/CVQ = 1 represents a dilution or enrichment response

in that any variation in NO�

3 concentrations is reflected directly in variations in dis-

charge. A CVC/CVQ ¡ 1 suggests there is greater variability in NO�

3 concentrations

than discharge. Conditions represented by this criteria could be driven by variable

timing in inputs, in-stream biogeochemical processing, or threshold-based transport

(Musolff et al., 2015).

A.2.4 Statistical comparisons with watershed parameters

Linear and multiple linear regressions

Linear and stepwise multiple linear regression analyses were used to investigate the

drivers of temporal variability in c-Q slopes and r values. Daily explanatory vari-
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ables included julian day, baseflow index, Qratio, in-stream temperature, and flow

percentile (Table A.2). Each variable (excluding julian day) was obtained or cal-

culated from the near-continuous in-situ water quality dataset. Daily Qratio, an

antecedent wetness metric, and daily baseflow index, a groundwater/quickflow met-

ric, were calculated as follows.

Antecedent wetness and baseflow metrics

Following methodology as described by Murphy et al. (2014), Qratioi, an antecedent

wetness metric for day i, was calculated as:

Qratioi �
Qyri

QPOR

(A.3)

where Qyri is the average discharge from day i through the last 364 days and QPOR is

the average discharge across the entire data record. This antecedent wetness metric

relies only on discharge records, which makes it appropriate for large river basins

with spatially heterogeneous precipitation amounts. QPOR was calculated from each

sites long term record of discharge. The commonly used Wahl and Wahl (1995,

2003) Method was used to calculate daily baseflow indices (BFI) for the Mississippi

and Potomac stream gauging sites. A BFI was not calculated for the Connecticut

gauging site as it is tidally impacted, which can create erroneous BFI values.
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A.3 Results

A.3.1 NO�

3 concentration-discharge relationship

c-Q data cloud

Average daily NO�

3 concentration as compared to average daily discharge in log-log

space for the three USGS gauging river sites used in this study (Potomac, Mississippi,

and Connecticut) revealed that each river possessed different shapes, slopes, and

spread in their c-Q relationships (Figure A.1). While the ranges in values were

similar between discrete samples (darker circles in Figure A.1) and data from the

near-continuous data set (lighter circles in Figure A.1), the c-Q slopes were different.

Overall c-Q slope was positive for the Potomac (linear slope = 0.32 for continuous

dataset; 0.25 for discrete dataset) and Mississippi Rivers (linear slope = 0.49 for

continuous dataset; 0.20 for discrete dataset) and negative for the Connecticut River

(linear slope = -0.14 for continuous dataset; -0.18 for discrete dataset). At low flows,

the Mississippi and Potomac Rivers showed very low NO�

3 concentrations, which

increased at a decreasing rate with discharge (Figure A.1).

c-Q time series

A c-Q slope was calculated for each moving (by 1 day) 30 day window within each

year (Figure A.2). As a result, no c-Q slopes were calculated for the first and last 15

days of each year. Due to this and periodic data gaps, 336 days in 2012, 2013, and

2014, 230 days in 2015, and 188 days in 2016 had derived c-Q slopes at the Potomac
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Figure A.1: In-stream NO�

3 concentration-discharge (c-Q) relationships at three
USGS gauging sites on large rivers, Potomac (green), Mississippi (red), and Con-
necticut (blue) in log-log space. Lighter colors represent average daily values from
near-continuous dataset from in situ optical sensors with derived slope represented
with grey line. Darker colors represent discrete grab samples with slope represented
with black line.
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River gauging site. At the Connecticut River site, 287 days in 2012, 294 days in

2013, 216 days in 2014, 161 days in 2015 and 274 days in 2016 had associated c-Q

slopes. At the Mississippi River site, 336 days in 2012 and 2013, 290 days in 2014,

134 days in 2015 and 156 days in 2016 had associated c-Q slopes.
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Figure A.2: c-Q slopes of residuals from de-trended logged NO�

3 concentration
and discharge across 30 day moving windows for a) Potomac, b) Connecticut, and c)
Mississippi Rivers from January 2012 through September 2016. Red line represents
the overall slope as calculated from discrete samples. Note y-axis range difference
for Mississippi River Basin.

In the Potomac River Basin, c-Q slopes ranged from -0.42 to 1.22 (Figure A.2a).

Winter months showed consistently negative and near zero c-Q slopes across all years

(Figure A.2a). c-Q slopes were more variable in spring, with some years represented

by consistently positive slopes and some years near zero, with minimal negatively

sloped periods. c-Q slopes were most variable year-to-year in summer months with
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both negative and positive slopes. Fall months were less variable and generally near

zero with a positive skew. In the Connecticut River Basin, c-Q slopes ranged from

-1.58 to 0.77 (Figure A.2b). Winter and spring months showed consistently negative

c-Q slopes across all years (Figure A.2b). c-Q slopes were most variable year-to-year

in summer months with both negative and positive slopes. Fall months were less

variable and generally near zero with both positive and negative skews depending on

year. In the Mississippi River Basin, c-Q slopes were highly variable and ranged from

-7.96 to 2.57. There were no consistent seasonal or annual patterns in the Mississippi

c-Q slope time series (Figure A.2c).

Cross correlatin coefficient (Pearson’s r value) time series

Cross correlation coefficients (r values) were calculated for each daily c-Q slope to

quantify the strength of the relationship (Figure A.3). r values that fell between

-0.306 and 0.306 (α = 0.10) were not statistically different from zero and thus indi-

cated a poor relationship between NO�

3 concentrations and discharge for that period

(grey shaded area in Figure A.3). In the Potomac River Basin, c-Q slopes in winter

months generally displayed strong, negative r values and early fall months generally

displayed strong, positive r values (Figure A.3a). c-Q slopes in spring and summer

months showed high variability between years, but mostly fell within the statisti-

cally insignificant from zero band. In the Connecticut River Basin, c-Q slopes in

winter and early spring months generally displayed strong, negative r values, with

rapid and temporary departures toward zero (Figure A.3b). Late spring through fall

showed high variability in r values that tended toward zero, except in 2013, where
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negative r values persisted much of the year. In the Mississippi River Basin, there

was high variability in c-Q slope significance across all years and all seasons with no

discernable pattern within or between years (Figure A.3c).
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A.3.2 Pairing c-Q slopes and r values to improve strength of analyses

Overall c-Q slopes and r value patterns

c-Q slopes and r values paired together provided information on the direction, steep-

ness, and strength of the c-Q relationships (Figure A.4). Periods with a c-Q slope

between -0.2 and 0.2 and with an r value above 0.306 or below -0.306 can be char-

acterized as chemostatic. Periods with a c-Q slope between -0.2 and 0.2, but with

an r value between -0.306 and 0.306 is not statistically significant and thus can not

be characterized as chemostatic. Periods with a c-Q slope above 0.2 with an r value

above 0.306 display strong NO�

3 enrichment responses to changes in discharge and

periods with a c-Q slope below -0.2 with an r value below -0.306 display strong NO3-

dilution responses to changes in discharge.

The Potomac River Basin showed strong NO�

3 enrichment/mobilization periods

and weaker, but statistically significant, dilution periods (Figure A.4a). The Potomac

also had data points that fell within the chemostatic characteristics, but showed both

statistically significant and insignificant relationships. The majority of data points

from the Connecticut River Basin fell within the strong dilution response quadrant

in Figure A.4b. That said, there are also periods of chemostasis, enrichment, and

statistically insignificant relationships. The Mississippi River basin shows a wide and

varied range across the c-Q versus r value plot in Figure A.4c, with no overarching

characteristic of NO�

3 response.

Figure A.5 categorizes c-Q slopes by the slope type (i.e. chemostatic, dilution

response, enrichment/mobilization response, or statistically not significant slope).

Each site showed relatively similar non-statistically significant periods of c-Q slopes.
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The Potomac showed the most chemostatic characteristics and minimal dilution pe-

riods (Figure A.5a). The Connecticut was dominated by dilution responses and had

few enrichment/mobilization periods (Figure A.5b). The Mississippi had very few

statistically significant chemostatic periods and instead had roughly equal dilution,

enrichment/mobilization, and non-significant relationships (Figure A.5c).

Figure A.5: The intra-annual and inter-annual average of the percentage compo-
sition of not-significant chemodynamic (no slope; grey bars), chemostatic (no slope;
green), dilution (negative slope; light blue), and enrichment (positive slope; dark
blue) responses in the Potomac, Connecticut, and Mississippi Rivers across 2012 to
2016 years.

Seasonal c-Q slopes and r value patterns

Analysis of c-Q slopes and r values by season provided information about the strength

of any overarching seasonal patterns on the response of NO�

3 to variations in dis-
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charge (Figure A.6). The Potomac River Basin displayed a weak, but statistically

significant dilution response in winter and strong, statistically significant enrich-

ment/mobilization response in summer (Figure A.6a). Fall and spring showed weak

and not statistically significant positive and negative c-Q slopes, respectively. The

Connecticut River Basin displayed significantly negative c-Q slopes in winter, spring,

and fall, but not in summer (Figure A.6b). Mean r values and c-Q slopes close to

zero across all seasons confirmed highly variable c-Q slopes in the Mississippi River

Basin, with no seasonality (Figure A.6c).
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Figure A.6: Boxplots of 30 day average c-Q slope and Pearsons r value for the de-
trended logged nitrate concentration-discharge (c-Q) slopes grouped by season for the
entire five year study period for a) Potomac b) Connecticut, and c) Mississippi Rivers.
White boxplots represent c-Q slope characteristics and grey boxplots represent r
value characteristics within each season. Within each boxplot, the median value
is represented with a line, the mean is represented with a closed circle, quantiles
comprise edges of box, and outliers are represented with open circles beyond the
whiskers. Note y-axis range difference for Mississippi River Basin.
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c-Q slopes and r value characteristics by flow percentile

Analysis of c-Q slopes and r values by flow state provided information about how

the flow state of the system affected the response of NO�

3 to subsequent changes in

discharge (Figure A.7). In the Potomac River Basin, a clear and significant trend

toward chemostasis with increasing flow emerged (Figure A.7a). Low flows (0-40

percentile) were dominated by statistically significant positive c-Q slopes. Mid- to

upper range flows (40-80 percentile) were dominated by highly variable and not sta-

tistically significant c-Q slopes near zero. At very high flows (80� percentiles), c-Q

slopes were statistically and very weakly negative (near zero). In the Connecti-

cut River Basin, a clear and significant trend toward dilution with increasing flow

emerged (Figure A.7b). At low flows (0-40 percentiles), flow was not statistically

significant and weakly near zero. From mid to high flows, though, the c-Q slope was

consistently negative. Similar to seasonal variability, the Mississippi River Basin

showed no discernible relationship between c-Q slopes and flow state of the system

(Figure A.7c).

A.3.3 Pairing c-Q slopes and ratio of coefficient of variation metric (CV metric)
to improve strength of analyses

Monthly c-Q slopes and associated CV metrics paired together provide information

on the direction, steepness, and strength of the c-Q relationships at each gauging

site (Figure A.8). At the Potomac River Basin, most c-Q slope values fell below a

CV metric of one, which indicated low NO�

3 concentrations variability to discharge

variability, within each monthly window (Figure A.8a). Most data points clustered
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around positive c-Q slopes with CV metric values below 0.5. Similarly, most c-

Q slopes from the Connecticut River Basin fell below a CV metric of one, which

indicated minimal NO�

3 concentrations variability to discharge variability within each

monthly window (Figure A.8b). At the Mississippi River Basin, c-Q slope values fell

across a broad range of CV metrics (Figure A.8c). There was no discernible trend

of pattern in the clustering of data points with respect to c-Q slopes and the CV

metric.
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Figure A.7: Boxplots of 30 day average c-Q slope and Pearsons r value for the de-
trended logged NO�

3 concentration-discharge (c-Q) slopes grouped by flow percentile
(20 percentile range for each boxplot) for the entire five year study period for a)
Potomac b) Connecticut, and c) Mississippi Rivers. White boxplots represent c-Q
slope characteristics and grey boxplots represent r value characteristics within each
season. Within each boxplot, the median value is represented with a line, the mean
is represented with a closed circle, quantiles comprise edges of box, and outliers are
represented with open circles beyond the boxes. Note y-axis range difference for
Mississippi River Basin.
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A.3.4 Regression analysis on c-Q slopes and cross correlation coefficients

Linear regressions between both monthly c-Q slopes and r values and specific ex-

planatory variables were conducted to isolate specific drivers of temporal variability

in c-Q slopes and r values across sites (Table A.2). For this statistical analysis,

baseflow index, Qratio, in-situ river temperature, Julian day, and flow percentile were

used as explanatory variables.

For the Potomac River Basin, all explanatory variables played a significant role

in driving both c-Q slopes and r values (Table A.2). Baseflow index, Qratio, and flow

percentile had a negative influence (dilution effect), while temperature and julian

day had a positive influence (enrichment effect) on c-Q slopes and r values in the

Potomac. For the Connecticut River Basin, all explanatory variables (no information

for baseflow index) played a significant role in driving both c-Q slopes and r values.

In a stepwise multiple linear regression analysis for c-Q slope, baseflow index, Qratio,

Figure A.8: c-Q slope versus CVC/CVQ for each 30 day moving (by 1 day) window
for the a) Potomac, b) Connecticut, and c) Mississippi Rivers. CVC/CVQ ¡ 1
represent chemodynamic periods. Note x-axis and y-axis range differences from
Mississippi River Basin.
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Table A.2: R2 value (and direction of influence: negative, positive, or no direction)
for linear regression between specific explanatory variables and 30 day windowed r
value and c-Q slopes. � No data for site. *Not significant (p ¡ 0.05)

Explan.
variables

Rep.
process

Potomac Connecticut Mississippi

cQ
slope

r value cQ
slope

r value cQ
slope

r value

Baseflow
index

GW/
quickflow
partition

0.23 (-) 0.29 (-) - - 0.06
(no
dir.)

0.01
(no
dir.)

Qratio Antecedent
wetness

0.04 (-) 0.02 (-) 0.03 (-) 0.05 (-) 0.00 (-
)*

0.04 (-)

River tem-
perature

Seasonality 0.16
(+)

0.17
(+)

0.18
(+)

0.18
(+)

0.24
(+)

0.01 (-)

Julian day Seasonality 0.16
(+)

0.29
(+)

0.06
(+)

0.11
(+)

0.00
(no
dir.)*

0.00
(no
dir.)*

Flow per-
centile

Flow con-
ditions

0.26 (-) 0.25 (-) 0.35 (-) 0.46 (-) 0.05
(+)

0.01
(+)*

Best mul-
tiple linear
regression

0.32
(BF,
Qr, T,
FP)

0.37
(Qr, T,
J, FP)

0.39
(Qr, T,
FP)

0.52
(Qr, T,
FP)

0.08
(BF,
T, J)

0.07
(Qr, J,
FP)

river temperature, and flow percentile explained 32% of the variability seen (Table

A.2). In a stepwise multiple linear regression analysis for the r value, Qratio, river

temperature, julian day, and flow percentile explained 37% of the variability seen.

Similar to the Potomac, Qratio and flow percentile had a negative influence (dilution

effect), while temperature and julian day had a positive influence (enrichment effect)

on c-Q slopes and r values in the Connecticut (Table A.2). That said, flow per-

centile had a much larger influence while julian day had a much smaller influence in
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the Connecticut. In a stepwise multiple linear regression analysis, Qratio, river tem-

perature, and flow percentile explained 39 and 52% of the variability in c-Q slope

and r value, respectively (Table A.2). For the Mississippi River, no variables used in

this study helped significantly explain monthly c-Q slopes or r values (Table A.2).

In a stepwise multiple linear regression analysis, baseflow index, river temperature,

and julian day explained 8% of the variability in c-Q slope while Qratio, julian day,

and flow percentile explained 7% of the variability seen in r values (Table A.2).

A.4 Discussion

A.4.1 Inter-annual, seasonal, and flow-driven variability in c-Q slopes

Most studies of c-Q slopes (b) describe the behavior at inter-annual or longer resolu-

tion due in part to limitations in the number and/or temporal frequency of discrete

samples. This is particularly true for large rivers, which historically have been sam-

pled less frequently (e.g. monthly to seasonally) for the development of load estima-

tion models (Aulenbach et al., 2007; Hirsch et al., 2010). These larger river systems

are often viewed as chemostatic (Creed et al., 2015), due in part to the dampening of

variability by the aggregation of flow through a heterogeneous landscapes. However,

high temporal frequency concentration datasets have only recently become available

to evaluate that assumption.

Based on long-term discrete NO�

3 data only, the three large rivers in our study had

inter-annual b values ranging from -0.18 to +0.25 (Figure A.1) and therefore suggest

somewhat chemostatic (e.g. b within +/- 0.2) on average over long time scales. The

b values based on continuous NO�

3 data aggregated to a daily average were fairly
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consistent with this observation for two of the three sites (Potomac and Connecticut;

Figure A.1), with a much steeper b in the Mississippi River with continuous versus

discrete NO�

3 data (0.49 versus 0.20). However, the shape of the log-log plots suggests

that a power law relationship may not be the best fit across the full record and may

only provide a general sense of the c-Q relationship across the full record.

Seasonal coherence was observed at some sites during certain parts of the record.

For example, the Potomac River had shallow slopes indicative of chemostatic behav-

ior for much of the winter, spring and fall (mean b = -0.1 to +0.08) across the five

years of data, but higher inter-annual variability and generally positive slopes (mean

b = 0.18) in summer (Figure A.2a; Figure A.6a). A similar seasonal pattern was

observed in the Connecticut River, with shallow negative slopes in winter, spring

and fall (mean b = -0.22 to -0.23) showing a tendency towards dilution, but higher

inter-annual variability in b during summer and chemostatic behavior on average

(Figure A.2b; Figure A.2b). The seasonal coherence likely reflect a strong dilution

response from snowmelt and rainfall during periods with lower biological activity and

anthropogenic N loading, while the year-to-year differences in summer b values may

be indicative of the lasting effects of inter-annual differences in antecedent moisture

and flow conditions on NO�

3 transport from the basins.

In contrast, the Mississippi River showed little variability in b between seasons,

with average values indicative of chemostatic behavior across all seasons (Figure

A.6a). However, these values differed from the much higher average b reported

from the entire dataset (0.49; Figure A.1), which suggests a tendency towards NO�

3

enrichment/mobilization with increasing discharge in the Mississippi River Basin.

However, 30 day windowed data showed that the Mississippi River b values were
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highly variable over time (Figure A.2), with little to no coherence by julian days.

A.4.2 Alternative metrics for assessing c-Q relationships

The use of c-Q slopes provide information on the direction (e.g. positive, negative, no

trend) and steepness (�8 to + 8) of the relationship between solute concentration

and discharge, but b �0 does not provide clear evidence for chemostatic behavior

(e.g. invariant concentrations as discharge varies; Godsey et al. 2009). For example,

the use of log-log slopes to describe hydrologic controls on solute export is often

dependent on the data fitting a power law function, which is not always the case

(Figure A.1). Therefore, a comparison of b values with alternative metrics may

provide additional insight into c-Q relationships and system behavior (Thompson

et al., 2011; Musolff et al., 2015).

Correlation coefficients

Pearson’s product moment correlation coefficients can be used in time series analysis

to describe the direction (�,�) and strength (r = �1 to �1) of the relationship

between two parameters. As c-Q slopes (b) do not provide information on correlation

between variables, coupling r and b values provides additional information that can

be used to better characterize solute export dynamics in rivers. For example, b�0 and

significant r values may be indicative of a shallow slope but significant correlation

that may be more consistent with relative invariance in NO�

3 with changing flow

conditions (e.g. chemostatic behavior). In contrast, b �0 with non-significant r

values may simply reflect highly variable (independent) concentrations across the
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range of discharge (Musolff et al., 2015). Similarly, |b| ¡ 0.2 and significant r values

may be indicative of chemostatic behavior, with higher r values describing stronger

dilution (�) or enrichment/mobilization (�) behavior.

The relationship between b and r across the entire time series is most tightly con-

strained in the Connecticut River, with greater variability in the Potomac (partic-

ularly during enrichment/mobilization periods) and Mississippi Rivers (during both

enrichment and dilution; Figure A.4). The Potomac had the largest percentage of

data with b�0 and significant r values (�40%, on average; Figure A.5), chemostatic

behavior that suggests large legacy stores (Basu et al., 2010; Thompson et al., 2011)

and/or external sources of NO�

3 (Gall et al., 2013) that buffer fluctuations in NO�

3

concentration in the river. This is in contrast to the Mississippi River basin, where

only �5% of the record (on average) exhibited significant chemostatic behavior de-

spite the elevated external N loading from agriculture (Figure A.5).

The Mississippi River has the largest percentage of data exhibiting significant

chemodynamic behavior, accounted for �62% of the record on average and over

double that of the Potomac River (Figure A.5). Previous studies have noted a

2memory effect2 by which nitrogen is accumulated in soils during dry years and

subsequently flushed in wet years in the Mississippi River basin (Murphy et al., 2014;

Raymond et al., 2012). Basu et al. (2010) attributed chemostatic behavior in some

agricultural systems to a large store of NO�

3 that is transport-limited. Our results

suggested that temporally varying source areas, particularly for the upper Mississippi

versus Ohio River basin (Clark et al., 2002), and variable N loading and flushing rates

likely led to the tendency towards more chemodynamic behavior in the Mississippi

River. Annual variability in c-Q slopes may also be a reflection of these processes,
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with a tendency toward greater enrichment in the two wetter years following the 2012

drought. This is consistent with anomalously high NO�

3 concentrations observed in

many Midwest streams in 2013 that were attributed to nitrogen fertilizer applications

and multi-year precipitation patterns (Van Metre et al., 2016).

At the 30 day time step, approximately one-third of the data at all sites had

b within �{�0.2 and r values that were not significant (Figure A.5). This non-

directional behavior implied that b �0 do not indicate that variability in NO�

3 is small

(Thompson et al., 2011). In addition, the length of chemostatic and chemodynamic

behavior at each site varied substantially (Figure A.4; A.5). While previous studies

have attributed inter-annual chemostatic behavior in agricultural-dominated river

basins to large pools of legacy nutrients (Basu et al., 2010; Thompson et al., 2011),

it is clear that on monthly time scales, river basins, particularly those with substantial

point and non-point source NO�

3 inputs from agricultural practices, experience not

only substantial threshold-driven transport of NO�

3 , but periodic enrichment and

dilution responses to fluctuations in discharge (Figure A.4).

Ratio of the coefficients of variation of concentration and discharge

An alternative nonparametric approach to evaluate hydrologic controls of solute ex-

port is through the ratio of the coefficients of variation of concentration and dis-

charge (CVC/CVQ) (Thompson et al., 2011; Musolff et al., 2015). Like correlation,

the CVC/CVQ is an alternative to b because of the potential for mistaking b �0

for chemostatic behavior (e.g. low concentration variability) when high concentra-

tion variability can also lead to no or low correlations with discharge (Musolff et al.,
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2015). This approach is also nonparametric and avoids the constraint that data fit a

power law function as described for b. Pairing this CV metric with other statistical

analyses, such as correlation analysis, can provide additional information about how

variable c-Q relationships can be in systems.

A.4.3 Inferences on hydrologic and biogeochemical processes across river systems

Physical controls and biogeochemical processes

There are several potential controls on the export behavior of NO�

3 from watersheds

to describe dilution, enrichment, and chemostatic patterns in c-Q slopes. Potential

processes that drive chemostatic behavior can include large legacy stores of NO�

3 (e.g.

Basu et al. 2010), high production rates of weathering products (e.g. Godsey et al.

2009), and external sources of NO�

3 (e.g. Gall et al. 2013). Potential processes that

drive dilution responses can include snowmelt pulses of relatively dilute meltwater

(Oczkowski et al., 2006), while enrichment responses can occur from contributions

from high concentration source areas, such as from connection to organic-rich shal-

low soil horizons or leaching from litterfall (Fröberg et al., 2007). Non-directional

chemodynamic responses can be driven by threshold-driven transport of NO�

3 or high

reactivity of solute constituents (Musolff et al., 2015). Most studies that explore such

c-Q relationships for large river basins use the aggregation of discrete and infrequent

NO�

3 concentrations and discharge samples from multi-year studies to isolate the

dominant driver to explain inter-annual characteristics. As a result, the export be-

havior of NO�

3 that may occur on short time scales (e.g. event or seasonal) may be

missed and thus there is a limitation in the mechanistic understanding possible from
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such datasets. That said, due to the uniqueness of the high frequency, long-term

dataset in this study, it is possible to mechanistically infer c-Q slope, direction, and

strength shifts through time.

Calculations of c-Q slopes and r values indicate that these river systems exhibit

dilution, enrichment, chemostasis, and non-directional chemodynamic responses over

time (Figure A.2), but that the dominant behavior various between sites with variable

land use/land types, watershed sizes, and geology. For instance, flow percentile

explained 35% and 46% of the variability seen in c-Q slopes and r values in the

Connecticut River, respectively, while a combination of baseflow index, julian day,

and flow percentile played important roles in driving variability in the Potomac River

(Table A.2). Further still, none of the variables used in this study helped explain

temporal c-Q or r value variability in the Mississippi River (Table A.2), likely due

to the spatial heterogeneity of climatic forcings, landscape characteristics, and point

source inputs across the basin. It is clear more complicated models, or continued

high frequency NO�

3 sensor data collection is needed to track NO�

3 concentration-

discharge relationships through time.

In the Potomac and Connecticut Rivers, point source loading (e.g. wastewater

NO�

3 loading) is hypothesized to be a key factor explaining the importance of flow

percentile on c-Q dynamics. For instance, Ator et al. (2011) showed that point

sources comprise 7% of the total nitrogen flux from the Potomac River based on a

SPARROW model. Relative constant loading from point sources such as wastewater

treatment plants could result in a dilution of NO�

3 concentrations as flow increases,

given generally lower NO�

3 concentrations in precipitation and surficial runoff. Both

the Potomac and Connecticut also showed some explanatory power from water tem-
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perature. Temperature can be an important indicator of seasonal patterns of uptake,

particularly within rivers. Recent studies in the Potomac River have reported diurnal

variability that are likely related to in-riverine metabolism (Burns et al., 2016; Miller

et al., 2016). Similarly, aquatic decay coefficients in the Chesapeake Bay Watershed

SPARROW model are an order of magnitude higher when water temperatures are

¡ 18.5 oC (Ator et al., 2011).

Watershed scale effects on c-Q slopes

Gall et al. (2013) proposed that increasing human impacts on landscapes will decrease

the temporal inequality of nutrient export dynamics. Basu et al. (2010) attributed

consistent annual c-Q relationships to the anthropogenic legacy of accumulated nu-

trient sources, which provide a transport-limited source of nutrients to the river

network. This process was likened to the input sources of geogenic materials as

conceptually described by Godsey et al. (2009). In this study, c-Q slopes between

NO�

3 concentrations and discharge in the Mississippi River were shown to be highly

variable year-to-year, both in direction and strength (Figure A.3). While this does

not disprove an emergent biogeochemical stationarity inter-annually as proposed by

Basu et al. (2010), it does suggest c-Q relationships are not stationary intra-annually.

We attribute variability in monthly c-Q slopes year-to-year to the timing and loca-

tion of spatially non-uniform antecedent wetness and precipitation inputs (Murphy

et al., 2014; Van Metre et al., 2016), spatial diversity in nutrient concentrations from

dominant source inputs (Alexander et al., 2007), and to the temporal and spatial

variability in aquatic-terrestrial linkages throughout the watershed. Most likely, the
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high degree of variability seen in c-Q relationships in the Mississippi is due to a

complex and ever-changing combination of these dynamics.

Basu et al. (2010) described chemostatic behavior for NO�

3 concentrations in

agricultural watersheds as a result of large pools of legacy nutrients stored in the

watershed. Musolff et al. (2015) further suggested chemostasis can occur from a bal-

ance between production and mobilization rates of nutrients. These interpretations

of the internal watershed dynamics leading to chemostasis at the outlet were from

studies in meso scale watersheds. Creed et al. (2015) showed that at larger scales, a

dampening effect can occur, where the averaging of solute signals from diverse terres-

trial landscapes through hydrological mixing and transport can produce chemostatic

behavior. This aggregation of disparate spatial source areas can thus produce a per-

ceived dampened NO�

3 response to discharge, even though there may be high spatial

variability in NO�

3 concentrations across the river network. That said, the use of

a high frequency NO�

3 concentration time series revealed that the Mississippi River

has a strongly chemodynamic behavior. This can be seen in both the aggregation of

the entire dataset (Figure A.1) and from the monthly c-Q slope time series (Figure

A.2; Figure A.5). We hypothesize this is because the relative contributions from dis-

parate parts of the river basin dominate at different temporal scales due to spatially

non-uniform precipitation inputs, point and non-point source inputs, and in-stream

processing. Further, linear regressions between simple explanatory variables and c-Q

slopes showed minimal to no significant explanatory power for the variables tested

(Table A.2). This further reflects the complexity of the combination of contributing

basins (e.g. Clark et al. 2002; Alexander et al. 2007), antecedent wetness (Davis

et al., 2014), and effects of spatially heterogeneous nutrient loading from disparate
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land use practices (Johnson et al., 1997; Jordan et al., 1997). That is all to say, stores

of NO�

3 from disparate portions of the complex and heterogeneous landscape within

the Mississippi River Basin are being activated by spatially non-uniform precipita-

tion, irrigation, or other flushing mechanisms that produce unique NO�

3 responses at

the large river basin outlet. These results suggest that while NO�

3 load estimation

models (e.g. WRTDS, LOADEST) predict annual loads well (Pellerin et al., 2014),

short term c-Q dynamics are much more difficult to predict. It is these unpredictable

pulses of NO�

3 that may be unrealized drivers of eutrophication and other harmful

consequence of nutrient pollution in downstream estuaries. This high temporal vari-

ability in c-Q slopes in the Mississippi River Basin is important when considering

the predictability of water quality given certain climatic or hydrologic conditions.

Near-continuous or more frequent monitoring of water quality parameters in these

large and influential rivers is necessary.

A.4.4 Cross correlation analysis as complement to other c-Q relationship metrics

The calculation of c-Q slopes is a common metric used to describe the hydrochem-

ical response of a watershed to changes in discharge (e.g. Evans and Davies 1998;

Moatar et al. 2017). The historical use of this metric was focused around the de-

scription and interpretation of how water source areas and flowpaths contributed to

the hydrochemistry of a small watershed during individual precipitation events. It

was not until more recently that the robustness of c-Q slopes for interpretation of

hydrochemical responses to discharge fluctuations was called into question, due to

the methodological shift in its use. Godsey et al. (2009) calculated c-Q slopes from
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long term water quality and quantity datasets from a range of watersheds to show

that supply of geogenic weathering products produced chemostatic solute responses

to discharge fluctuations. Similarly, Basu et al. (2010) utilized discrete infrequent

samples from long term datasets to conclude legacy NO�

3 stores in agricultural wa-

tersheds drove inter-annually chemostatic responses. However, this aggregated ap-

proach to exploring watershed scale c-Q slope dynamics led researchers to challenge

the traditional and simple definition of a chemostatic c-Q relationship as simply rep-

resentative of a c-Q slope of zero. That is, a c-Q slope of zero can also be calculated

in rivers where there is relatively high variability in solute concentrations to fluctu-

ations in discharge, leading to a lack of a linear fit (Thompson et al., 2011; Musolff

et al., 2015). Thompson et al. (2011) proposed a coefficients of variation metric

(CVC/CVQ) to quantify the variability of concentrations within c-Q data clouds.

Musolff et al. (2015) utilized that CV metric to propose an export regime classifica-

tion through direction comparison of c-Q slopes to the associated CV metric. That

said, these statistical approaches have only been used to quantify singular c-Q slopes

derived from aggregation of discrete, infrequent samples from multiple years within

individual catchments and have yet to be utilized to explore intra-annual variability

in c-Q slopes as calculated from high frequency water quality and quantity datasets.

This study contributed to closing this knowledge gap through calculations and sta-

tistical quantification of intra-annual c-Q slopes using a daily dataset of NO�

3 and

discharge across three large river systems.

This study sought to capture NO�

3 responses to changes in discharge on short time

scales (�monthly). To do this, the NO�

3 and discharge daily time series datasets were

de-trended within each 30 day window to remove any seasonal or long term trends
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that may mask short term water quality or quantity fluctuations. Due to these pre-

processing steps, a CV metric could not be directly calculated for the processed data

used in the c-Q slope calculations and thus direct comparisons between coefficients

of variation in NO�

3 and discharge with actual changes in NO�

3 and discharge within

30 day windows was not possible. Instead, we introduced the Pearsons product cor-

relation coefficient (r value), which allowed direct quantification of the strength of

the c-Q slope within each window. Further, this metric is bounded between �1 and

�1, which allowed for easier comparison and interpretation of c-Q slope relation-

ships within sites and between sites. And while the CV metric provides information

about the relative variability between NO�

3 and discharge, the interpretability of the

strength of the relationship is less clear. In contrast, an r value has a statistical

threshold between significance and non-significance dependent on the sample size

and user-defined parameters (e.g. tailed distributions, α). This c-Q slope metric has

the potential to be further developed and utilized as a powerful method for inter-

preting correlations between high frequency water quality and quantity time series

datasets.

A.5 Conclusions

This study investigated high frequency (daily) temporal variability in NO�

3 response

to changes in discharge across five years in three large rivers basins, namely the Po-

tomac, Connecticut, and Mississippi. A c-Q slope and Pearsons product moment

correlation coefficient (r value) was calculated for each 30 day moving (by 1 day)

window of the de-trended NO�

3 concentration and discharge time series. Each river
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system displayed NO�

3 enrichment, dilution, chemostatic, and non-significant chemo-

dynamic responses to discharge fluctuations across seasonal and monthly time scales.

Single variable and stepwise multiple linear regression analyses were used to inves-

tigate the influence of specific explanatory variables (as calculated from the in-stream

water quality/quantity dataset) on both c-Q slopes and r values (Table A.2). In the

Potomac and Connecticut river basins, flow percentile played an important role in

both c-Q slopes and r values (Table A.2; Figure A.7). Temperature was also im-

portant in the Connecticut and Potomac Rivers. Julian day and baseflow index also

provided explanatory power in c-Q and r value variability in the Potomac River. No

explanatory variable used in this study showed a dominant influence on c-Q slopes

and r values in the Mississippi.

The Mississippi River Basin displayed the most variability in c-Q slopes and r val-

ues across seasons and between years (Figure A.2; Figure A.3; Figure A.5). Nitrate

concentrations displayed episodic responses to changes in discharge on monthly scales

and none of the relatively simple explanatory parameters used in the regression anal-

ysis explained this large variability between NO�

3 concentration and discharge. This

suggests that the spatial and temporal complexity of source inputs make this system

difficult to predict. In such large watersheds with considerable spatial heterogeneity

in land use and land type as well as in the temporal and spatial heterogeneity in

the timing and magnitude of precipitation inputs, it is clear such complex and large

watersheds produce complex NO�

3 concentration patterns. For improving accuracy

of model load estimations on short time scales, it is imperative to look internal to the

watershed in order to identify basin areas that generate disproportionate discharge

and/or NO�

3 loads.
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The size and heterogeneity within these large river basins, particularly the Missis-

sippi River Basin, produce complex NO�

3 responses to changes in discharge that are

often not predictable using solely data from the basin outlet. This makes isolating

the internal basin properties or processes that dominate the c-Q relationships impor-

tant for accurate load estimation and point source management. Further research

on the aggregation and interactions of more coherent c-Q relationships at smaller

basin sizes is needed to interpret the spatial drivers within the larger river basins

that produce the chemical signal at the basin outlet. Further, within large networks,

there can be substantial lag times between precipitation within the catchment and

the response signal reaching the outlet. Cross correlation techniques have the abil-

ity to investigate how lag times shift across flow conditions and additional work is

needed to link the spatial complexity and activation of water sources to the response

time of large river basins.

185



Bibliography

Abdulrazzak, M., Sorman, A., and Alhames, A. (1989), “Water balance approach
under extreme arid conditionsa case study of Tabalah Basin, Saudi Arabia,” Hy-
drological processes, 3, 107–122.

Acuña, V., Datry, T., Marshall, J., Barceló, D., Dahm, C., Ginebreda, A., McGregor,
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Laudon, H., Berggren, M., Ågren, A., Buffam, I., Bishop, K., Grabs, T., Jansson, M.,
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