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Abstract

Concentration-discharge (C-Q) relationships, concentration expressed as a power-
law function of stream discharge (C = aQP), are an easy and efficient way to gain insight
into solute export processes within a catchment. Despite decades of research, we have
limited understanding of the controls on C-Q relationships, consequently making it difficult
to confidently apply findings to unstudied catchments. Additionally, there is limited
knowledge on how changes in climate and land uses may affect solute export by modifying

solute availability and stream water chemistry at catchment scales.

The goal in Chapter 2 was to close some of those knowledge gaps by understanding
factors controlling variation in stream water chemistry between timescales through end-
member mixing analysis and concentration-discharge analysis. Over a decadal timescale,
major nutrients and some trace elements exhibited a positive relationship with discharge
(positive b for flushing), while major ions, particularly geogenic ions, displayed a
contrasting pattern of dilution (negative b). I found a key factor controlling export,
represented by the slope of the C-Q power-law relation, is the vertical distribution of
solutes between shallow to deeper flowpaths. A negative b-coefficient corresponds to an
increase in solute concentrations with depth, while a positive b is caused by a decrease.
When solute concentrations varied greatly between deep and shallow flowpaths, the
magnitude of the b-coefficient was higher than when there was little variation in
concentrations. Interannual variability was much lower for conservative solutes (resulting
from mixing rather than chemical equilibrium over a short time period, e.g., days) than for
non-conservative solutes, making the export pattern of conservative solutes, mostly
geogenic ones, more predictable and useful in forensic hydrology. During snowmelt, the
magnitudes of b-coefficients of most solutes were higher on the falling than rising limbs
due to greater contributions of saturation overland flow. These findings indicate that
seasonal stream chemistry will likely shift under new climate conditions as precipitation

patterns change with a decrease in snow abundance and earlier snowmelt.
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The objective in Chapter 3 was to examine patterns in C-Q relationships throughout
138 catchments within the Great Lakes Basin (GLB) and the catchment physical and
environmental factors (e.g., land-use and precipitation pattern) controlling the C-Q
behaviors. Major geogenic ions were consistently diluted throughout the GLB during
periods of high flow, while major nutrients and trace elements were enriched. Snow
abundance and land-use were frequently correlated to the R? values of C-Q relationships
and the pattern and intensity of changes in solute concentrations. In more forested areas,
the strength of C-Q relations (R?) for specific conductance (SC) increased, while that of
sulfate and ammonium decreased. There was also increased dilution of SC, calcium, and
magnesium and increased enrichment of phosphorus in catchments with more forested
area. The results indicate that under future conditions of increasing urban areas and
decreasing snow abundance, the C-Q power-law relationships may become weakened for
major geogenic solutes, suggesting that solute export for multiple solutes will become more
chemostatic and the buffering capacity for nutrients such as NO3™ and contaminants will be

reduced.
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1 Chapter 1: Concentration-Discharge Relationships

1.1 INTRODUCTION

Analyzing the relationship between solute concentrations and changes in stream
discharge is a valuable analytical method used to study hydrological processes and solute
export processes at a catchment scale. Many studies have shown that concentration-
discharge (C-Q) analysis is a useful tool in understanding the internal processes controlling
streamflow generation, solute distribution and availability, export flowpaths, and timing of
export (Duncan, Welty, Kemper, Groffman, & Band 2017; Hofmeister et al., 2019). Shifts
in C-Q relations across spatial-temporal scales and varying landscapes reflect dominant
flowpaths and solute availability controlling stream water chemistry creating an effective
way to understand integrated biological and hydrological processes within catchments
(Hofmeister et al., 2019; Zimmer, Pellerin, Burns, & Petrochenkov 2019). Concentration-
discharge relationships can be one tool to improve the understanding of hydrologic
mechanisms and predict potential impacts of climate change on the quality and quantity of

future water resources. (Hunsaker & Johnson, 2017; Litt, Gardner, Ogden, & Lyons 2015)

One benefit of the C-Q analytical method is that it does not require high-frequency
sampling or data collection from multiple water sources, making it a relatively inexpensive
but effective method to gain an understanding of hydrological and biogeochemical
processes occurring within a catchment. To calculate C-Q relationships, data collection
involves simultaneously measuring stream discharge and the concentration of a solute
either by in situ measurements or grab samples typically at the outlet of the catchment. The

concentration-discharge relationship is represented by a power-law function such that:

C=aQ’ (1)

Where C represents concentration of a solute, Q stream discharge, and a and b are
constants. This relationship can also be examined in the logarithmic space with b

representing the slope of the line:

log(C) = log(a) + b*log(Q) + € (2)
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where € is the error (Hofmeister et al., 2019; Zimmer et al., 2019). The strength of the C-
Q relation is measured by the coefficient of determination (R?) which indicates how much
of variation in solute concentration is explained by variation in stream discharge. The
significance of the relationship is measured by the p-value of the regression with a value

of less than 0.05, 0.01 or 0.001.

When using the logarithmic scale, the slope (b) indicates the trend of solute
concentration with flat slopes (-0.1< b < 0.1) indicating chemostatic behavior, positive
slopes (b > 0) indicating a flushing response, and negative slopes (-0.1 > b) occurring with
dilution (Evans & Davies, 1998; Herndon, Dere, Sullivan, Norris, Reynolds, & Brantley
2015; Hofmeister et al., 2019; Zimmer et al., 2019). Solutes with positive slopes are
theorized as transport-limited, those with negative slopes are source limited, and those with
no slope are dominated by neither process (Hofmeister et al. 2019, Godsey et al. 2009,
Zimmer et al. 2019).

The slope may also change between the rising and falling limbs of snowmelt or
event hydrographs, creating a hysteresis pattern. Clockwise hysteresis occurs when the
rising limb has higher solute concentrations than the falling during the same values of
stream discharge, often related to mineral weathering in the vadose or saturated zone
(Evans & Davies, 1998). An anti-clockwise hysteresis is the reverse where the rising limb
has lower solute concentrations than the falling (Evans & Davies, 1998). Evans & Davies
(1998) argued that one can infer dominant mixing components from the direction and shape
of the hysteresis. This should be done cautiously since changes in stream chemistry does
not always reflect the timing of inflows (Chanet & Hornberger, 2003). Hysteretic flushing
patterns are often associated with transient (short-term) water sources and flowpaths that
intersect surface soils with higher organic carbon content and higher hydraulic conductivity
than deeper soils (Bishop, Seibert, Nyberg, & Rodhe, 2011; Duncan et al., 2017; Kendall,
Shanley, & McDonald, 1999; Mclntosh et al., 2017). Additionally, hysteretic patterns can
reveal information on the moisture content of soils since well-drained soils are less likely

to exhibit a dilution effect compared to less well-drained soils (MclIntosh et al., 2017)



Thus, C-Q analysis provides a diagnostic tool to quickly and efficiently assess water
quality changes in response to stream flow changes by reflecting the internal catchment
structures (e.g., hydrologic pathways) influencing hydrological, biogeochemical, and
ecological functions (Liu, Conklin, & Shaw, 2017). However, research investigating C-Q
relationships is still young. The general patterns of C-Q relationships are readily observed,
yet, the underlying causes of variability over timescales and drivers (e.g., water and energy
inputs) are still debated (Chanet, Rice, & Hornberger, 2002; Mclntosh et al., 2017). This
knowledge gap makes extrapolating findings from C-Q analysis to unstudied catchments
difficult. Teasing out the factors contributing to this unknown variability is made more
difficult with climate change and changes in land use, which can exacerbate the natural
complexity of these systems. However, understanding these interactions between natural
processes and human activities is necessary in balancing environmental conservation and
human development (Hunsaker & Johnson, 2017). Thus, the goal of this thesis is to bridge
this knowledge gap by furthering our understanding of factors controlling C-Q
relationships by focusing on the influences of climate, the critical zone, and land-use with
the aim to increase the applicability and interpretation of C-Q relationships as a tool to

solve water management issues.
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2 Chapter 2: Controls on Long-Term, Annual, and Seasonal
Solute Export Patterns in a Forested Headwater Watershed
in Northeastern U.S.

2.1 Abstract

The objective of this study was to compare responses in stream water chemistry to
changes in discharge over decadal, annual, and seasonal timescales to better understand
solute export patterns using concentration-discharge (C-Q) relationships and end-member-
mixing analysis (EMMA). C-Q power-law relationships (C=aQ") were assessed using 15
solutes for water years 1992-2015 at W-9 of Sleepers River Research Watershed (0.405
km?), Vermont. Over a decadal timescale, NO3,, DOC, and Fe exhibited a positive
relationship with discharge (flushing), while SC, Ca*", Mg?*, Na*, K*, SO4*, Si, Sr, Ba,
and Mn displayed a negative relationship (dilution). CI" and Al were chemostatic. The
power-law relationship is primarily controlled by vertical distribution of solutes from
shallow to deeper flowpaths. A negative b-coefficient corresponds to an increase with
depth while a positive b-coefficient corresponds to a decrease. The b-coefficient decreased
significantly (p < 0.05) with an increase in concentration ratio between deeper and shallow
end-members for geogenic solutes. Geogenic solutes that are conservative, distinct, and
temporally relatively constant in the three end-members identified by EMMA, showed
consistent annual C-Q patterns. However, C-Q patterns for the remaining solutes did
change between years, more frequently switching from chemodynamic to chemostatic
behavior than remaining chemodynamic and switching the b-coefficient sign. During
snowmelt with greater contributions of saturation overland flow, the power-law relations
became stronger and the b-coefficients of geogenic solutes were frequently more negative
on the falling than rising limbs. As snowmelt timing and precipitation intensities are likely
to change in the future, concentration-discharge relationships in streamflow could change,

particularly at the seasonal scale.



2.2 INTRODUCTION

For decades, hydrologists have studied processes governing solute export through
concentration-discharge (C-Q) analysis to better understand export behavior in relation to
catchment characteristics, precipitation patterns, biotic, and abiotic processes (Bieroza,
Heathwaite, Bechmann, Kyllmar, & Jordan, 2018; Evans & Davies, 1998; Godsey et al.,
2009; Hall 1970; Hall 1971; Johnson, Likens, Bormann, Fisher, & Pierce, 1969; Moater,
Abbott, Minaudo, Curie, & Pinay, 2017; Pinder & Jones, 1969). Limited by chemical data,
few studies have focused on the long-term patterns of C-Q relationships. Thus, we have
minimal understanding of how the C-Q relationship changes in response changes in
precipitation, namely increases in rainfall intensity and declining snow abundance.
Understanding export process dynamics is particularly important since these processes will
likely change under predicted climate conditions. These climatic changes will modify
many of the dominant factors controlling solute export such as snow cover extent,
snowmelt timing, winter temperatures, duration of seasons, and stream discharge (Hidalgo
et al., 2009; Derksen & Brown, 2012; Pierce & Cayan, 2013; Demaria, Roundy, Wi, &
Palmer, 2016). These changes will continue to occur as concentrations of greenhouse gases
rise and further modify water budget partitioning, solute export, and nutrient cycling
processes, which will have important implications for water quality and watershed
management (Markstrom & Hay, 2009; Maher, Shanley, Bailey, & Mitchell, 2010; Krause
et al., 2017).

Shifts in climate patterns are particularly concerning for snow-dominated systems
which are considered especially vulnerable to climate change (Field et al., 2014). In these
ecosystems, winter precipitation and the snowmelt period heavily influence stream water
chemistry by rapid elution and transport of contaminants from snowpack and surficial soils
into nearby streams (Bishop, Grip, & O'Neilll, 1990; Bishop, Grip, & Piggott, 1990; Bishop
1991; Boyer, Hornberger, Bencala, & McKnight, 2000; Carroll et al., 2018; Ericson,
Holmen, & Latkovich, 1980). Additionally, precipitation patterns are expected to change
to shorter and more intense events, thereby changing nutrient and sediment mobilization

by modifying the sequence of activation and contribution of hydrological flowpaths (Field



et al., 2014; Winnick, Carroll, & Williams, 2017). By understanding current linkages
between solute export, activation of hydrologic flowpaths, and end-member contributions,
we can better identify the implications of these changes on stream water chemistry and

better address future water quality vulnerabilities.

Long-term research sites provide a valuable opportunity to study such linkages by
providing large, detailed datasets spanning numerous years, allowing researchers to
determine underlying mechanisms across multiple timescales and factors influencing
interannual variations. Sleepers River Research Watershed (SRRW), founded in 1957, is a
long-term research site in Vermont, USA, where research has focused on hydrological
processes, particularly streamflow generation, and biogeochemical processes (Shanley,
Sebestyen, McDonnell, McGlynn, & Dunne, 2015). Saturation overland flow (SOF) was
first identified at SRRW in the 1960’s through highly permeable surficial soils over a
variable source area (VSA) (Dunne & Black, 1970). These processes were determined
influential in shaping stream water chemistry by channeling up to 40% of event water along
preferential flowpaths (Kendall, Shanley, & McDonnell, 1999; Shanley, Kendall, Smith,
Wolock, & McDonnell, 2002). Recent research from SRRW has found that SOF, coupled
with existing biogeochemical processes, strongly shapes timing and yield of nutrient export
during storm and melt events especially for nitrate (NO3"), sulfate (SO4*), and dissolved
organic carbon (DOC), which have highest concentrations in surface soils (Doctor et al.,
2008; Ohte et al., 2004; Sebestyen et al., 2008; Sebestyen, Shanley, Boyer, Kendall, &
Doctor, 2014; Sebestyen et al., 2019). Findings also revealed seasonal fluctuations in DOC
and nitrogen concentrations during autumn due to leaf fall shifting microbial activity and
seasonal hydrological changes (Sebestyen et al., 2014). These findings indicate solute
export will change with changes in climate especially since storm intensities are predicted

to rise, increasing the frequency and duration of SOF.

A useful tool in understanding solute export is end-member mixing analysis
(EMMA), which reveals the source end-members and contributions responsible for stream
chemistry. A few studies have used EMMA at SRRW to discover that either two or three

end-members were necessary to recreate stream chemistry (Kendall, Shanley, &
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McDonnell, 1999; Ohte et al. 2004; Sebestyen et al., 2008, Shanley et al., 2015; Smith
1997). Kendall et al. (1999) showed that 94% of the variance in stream chemistry could be
explained by a two-component mixture of groundwater high in base cations and an O-
horizon/overland flow water high in DOC. Smith (1997) also used EMMA to find three
end-members, including precipitation (rain and meltwater), soil water, and groundwater.
Both studies selected the chemical species as conservative tracers based on assumptions
and their behavior in the catchment (Kendall et al, 1999; Smith 1997). Two of these studies
occurred before diagnostic tools of mixing models (DTMM) were developed, which are
tools to select conservative tracers and determine the number of end-members (Hooper,
2003). Sebestyen et al. (2008) used DTMM but performed EMMA only over the 2004
snowmelt period. A recent study has demonstrated that combining end-member mixing
analysis and concentration-discharge relationships strongly enhances watershed
hydrologic and biogeochemical studies and provides physically meaningful results of end-

member mixing analysis (Liu, Conklin, & Shaw, 2017).

Previous studies at SRRW have significantly improved our understanding on the
controls of solute export, especially of the importance of SOF during storm and snowmelt
events and how export may respond to a changing climate. However, these studies focused
on hydrologic and biogeochemical processes at seasonal scales within a limited time period
and typically did not examine interannual variability and long-term trends. By combining
DTMM and EMMA using hydrologic and hydrochemical data collected at SRRW from
1992 to 2015 water years, I examined concentration-discharge relationships at multiple
temporal scales, varying from seasonal to annual to decadal. The overarching goal was to
investigate the linkages between changes in stream chemistry and shifts in end-member
contributions across ranging timescales to better predict how climate-induced hydrological
patterns will influence solute export. Specifically, the objectives were to (1) examine solute
export patterns and variability at varying temporal scales; and (2) determine the factors that

control solute export processes and C-Q dynamics at varying timescales.



2.3 SITE DESCRIPTION

Sleepers River Research Watershed (44° 28'N, 72° 9'W), a long-term research
watershed located in rural north-eastern Vermont, was established in 1957 by the
Agricultural Research Service (ARS) of the United States Department of Agriculture
(USDA). Watershed 9 (W-9) is a 0.405 km? forested sub-basin included in Sleepers River
Research Watershed. Elevation ranges from 524 to 679 m and is dominated by south-facing
slopes ranging from 0 to 90% with a mean of 13 (Shanley, Sundquist, & Kendall, 1995).
Temperature ranges from an average of -10°C in winter to 12°C in summer with an annual
mean of 4.6°C (Shanley, Kram, Hruska, & Bullen, 2004). The area is impacted by acid
rain, but the high buffering capacity from carbonates in bedrock and till limits the negative
impacts (Hornbeck, Bailey, Buso, & Shanley, 1997) There are also chronically high
nitrogen inputs typical in northeastern United States with the average total N input from
1978 to 1998 of 13.2 kg ha'a! (Campbell et al. 2004). Mean annual precipitation of 1100
mm falls evenly over seasons throughout the year with 25-35% of precipitation falling as

snow, and snow typically accumulating from December until late March or April (Shanley

et al., 2015; Armfield et al., 2019).

The catchment is on the Waits River formation, composed of a quartz-mica phyllite
with beds of calcareous granulite, covered by 1-4.5 m of fine silty calcareous glacial till
from the Wisconsin glaciation ~10,000 years B.P. (Shanley, Hjerdt, McDonnell, &
Kendall, 2003; Shanley et al., 2015; Hall 1959) The catchment drains into Pope Brook
which joins with Sleepers River and later becomes the Connecticut River (Shanley, Mayer,

Mitchell, & Bailey, 2008; Mayer et al., 2010).

Soils belong to Spodosol, Inceptisol, and Histosol soil orders that range from 50 to
70 cm depth on top of up to three meters of dense till and silt (Shanley et al., 2008; Mayer
et al., 2010). Soil hydraulic conductivities exponentially decrease with depth while water
levels in upland areas vary over several meters depending on antecedent wetness conditions
(Kendall et al., 1999; Shanley et al., 2003). The forest overstory at W-9 is dominated by

sugar maple, yellow birch, and white ash with an understory of striped maple, sugar maple,

10



hobblebush, balsam fir, and red spruce (Sebestyen et al., 2008). The forest was last
harvested in 1960 when there was a selective harvest, and the forest was partially logged

in 1929 (Sebestyen et al., 2008).

24 METHODOLOGY

2.4.1 Sample Collection

Hydrologic and meteorological variables were measured for the water years 1992
to 2015 with each water year beginning October 1 and ending September 30. Stream stage
was measured at a 120° V-notch weir and discharge was calculated using a stage-discharge
relationship following standard stream gauging protocols (Rantz,1982). Discharge was
calculated every 5 minutes. The stream chemistry sampling frequency varied over the
period, ranging from weekly to higher frequency event sampling triggered by changes in
stream discharge that varied from minutes to hours or days based on variations in stream

discharge.

Soil water and groundwater samples were collected from numerous zero-tension
lysimeters, piezometers, and wells throughout the catchment. The soil water was collected
from three sets of 2-3 nested shallow soil zero-tension lysimeters (names starting with LY'S
in Table 2.A.1) along a hillslope transect (Figure 2.1). The shallowest lysimeters (SH) are
just under the O-horizon (0.05-0.1 m), the middle depth (MID) is at the top of the B-horizon
(~0.3 m), and the deepest (DP) is at the bottom of the B-horizon (0.7-1 m). Samples from
the lysimeters were collected after a rainfall or melt event. The inlets of the lysimeters at
the middle and deep depths were frequently under the top of the water table. Six
piezometers (T1-T6) were deployed at two locations in the riparian zone along the stream.
Groundwater samples were also collected from 36 groundwater wells (BW-##) at varying
depths and sampling frequency at various landscape positions, including riparian zone,
hillslope, hillslope bench, and hillslope hollow (Figure 2.1; Table 2.A.1). There were
between 1 to 30 samples collected at 32 of the wells for each solute. There were only 4
wells where samples were collected more frequently with 30 to 166 samples collected for

each solute (Table 2.A.1). Precipitation was measured using a weighing bucket gage at the
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meteorological station (R29) in a clearing adjacent to the stream gauge. Precipitation
chemistry samples were collected from a polyethylene bucket in a wet-only precipitation

collector near the weighing bucket after each event or weekly.

2.4.2 Data Preparation

Specific conductance (SC) and the concentrations of 14 solutes were investigated
in the study: calcium (Ca*"), magnesium (Mg?"), sodium (Na"), potassium (K*), chloride
(CI), nitrate (NO3"), sulfate (SO4>), dissolved organic carbon (DOC), silicon (Si),
strontium (Sr), aluminum (Al), barium (Ba), iron (Fe), and manganese (Mn). Quality of
ionic stream water concentrations was checked using charge balance whenever chemistry
was complete for a sample. Charge balance was calculated as the percent of difference
between the sum of cations (Ca?*, Mg?*, Na*, and K*) and the sum of anions (CI,, NO3",
SO4*, and HCO3") to the total of both cations and anions, all expressed in peq L. Most of
the samples with a charge balance greater than 5% resulted from missing values of
bicarbonate (HCOs3"). Around 80% of the stream water chemistry samples measured HCO3”
. A few samples were identified as outliers and discarded because an obvious reason for

charge imbalance was not identified.

To look at seasonal variability in solute export mechanisms, each water year was
divided into four periods: the dormant season (Oct. 1 — beginning of snowmelt), the rising
limb of snowmelt (the beginning of snowmelt to date of peak streamflow during
snowmelt), the falling limb of snowmelt (peak snowmelt to the return to baseflow
conditions), and the growing season (return to base flow to Sept. 30). For each water year,
the snowmelt period was visually identified as the date ranges during the rising and falling
limbs using stream discharge, precipitation, and temperature data. The rising limb of the
snowmelt period started when there was a steady, persistent increase in stream discharge
that was coupled with consecutive mean daily temperatures greater than 0°C. The falling
limb began after peak streamflow and continued until streamflow returned to near baseflow

conditions.
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Years that had less than 20 data points were discarded for the annual C-Q analysis
because there were too few samples, but these points were included in the multi-annual C-
Q relationship analysis. Similarly, seasons were excluded in the seasonal C-Q analysis if
they had less than 5 data points. The rising and falling limbs of snowmelt frequently had
the fewest data points, ranging from 5 to 52 with a mean of 16 and a standard deviation of

13.

2.4.3 Concentration-Discharge Analysis

All C-Q analyses were calculated on logio-logio scales across seasonal, annual, and
multi-annual timescales with the equation: log(C) = log(a) + b*log(Q) (Hofmeister et al.,
2019; Zimmer et al., 2019). Solute concentration is C, stream discharge is Q, and @ and b
are constants from the line of best fit. Export patterns were chemostatic if -0.1 <5 < 0.1,
meaning concentration varied little with changes in stream discharge. Patterns were
chemodynamic if || > 0.1 (dilution: » < -0.1 or mobilization: b > 0.1), meaning
concentration varied significantly with stream discharge (Herndon et al., 2015). The
strength of the C-Q relation is measured by the coefficient of determination (R?) which
measures how much of variation in solute concentration is explained by variation in stream
discharge. Student’s t-test was used to determine whether the best-fit slope was
significantly different from zero (p < 0.05). For each timescale, the CVc/CVq was
calculated by calculating the coefficient of variation (CV) of the solute concentrations and
dividing by the coefficient of variation of stream discharge using the equation from

Thompson, Basu, Lascurain, Aubeneau, & Rao (2011):

CVe _pqoc

CVq U o)

CVc/CVq measures the degree of chemostasis v. chemodynamics and can be used
with the b-coefficient to provide a more robust assessment of what is occurring in the
catchment. Chemostatic behavior is CVc/CVq <1 (Thompson et al., 2011). CV¢/CVq ~1
indicates chemodynamic behavior, but the sign of the b-coefficient must be considered to

determine whether the chemodynamic pattern is flushing or dilution. CVc/CVq >1
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indicates greater variability in the solute concentrations and that discharge is not the sole

factor influencing concentrations.

2.4.4 Diagnostic Tools of Mixing Models and End-Member Mixing
Analysis

Diagnostic tools of mixing models (Hooper, 2003) and end-member mixing
analysis (Christophersen and Hooper, 1992) were combined to determine conservative
tracers, the number of end-members, and the contribution of end-members to streamflow,
as detailed in previous studies (Liu et al., 2008; Liu et al., 2017; Liu, Hunsaker, & Bales,
2013; Frisbee, Phillips, Campbell, Liu, & Sanchez, 2011). In contrast to previous
applications, the number of end-members and conservative tracers were not evaluated by
the R? and p values from the distribution of residuals between measured and projected
streamflow chemistry using eigenvectors extracted from streamflow chemistry itself.
Instead, they were examined by the cumulated, squared and then scaled eigenvectors by
eigenvalues. This quantity, in correspondence to each solute, essentially represents the
fraction of the total variance explained by cumulative principal components. Using this
value is virtually the same as using R? and p values from the residual distribution, as this
value is equal to 1 minus R?. The advantage of using squared and scaled eigenvectors is
twofold: it is clearer how much variance is retained within the chosen mixing dimensions
and it is easier to use from a computing/coding, operational perspective. With numerous
samples, even a low R? may still be significant at & = 0.001, as encountered in Liu, Lerch,
Yang, and Peters (2020), and can make determining the number of end-members and
conservative tracers difficult. In addition, simulated streamflow chemistry using EMMA
results was validated using Nash-Sutcliffe Efficiency (NSE), instead of combining slope,

R? and p value in observed-simulated scatterplots.
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2.5 RESULTS
2.5.1 Hydrologic and Hydrochemical Characteristics

2.5.1.1 Annual Precipitation and Chemistry

Annual precipitation in the Sleepers River Watershed ranged from 1043 mm to
1685 mm from water years 1992 to 2015, with a mean of 1332 mm (Table 2.A.2). Water
years 1995 and 2001 were the driest with annual precipitation of 1057 and 1043 mm,
respectively. Overall, however, there were not extremely dry or wet years over the study
period (Figure 2.B.1a). Median solute concentrations in precipitation were much lower
than those in stream water for all solutes except NO3™ (Table 2.A.1). The median pH in
precipitation was 4.7. Solute concentrations and pH values varied dramatically through the
study period (temporal variation not plotted but implicitly shown by the quartile range in
Table 2.A.1). Like many areas on the eastern coast of the US, this watershed is impacted

by acid rain caused by anthropogenic activities creating low pH (Campbell et al., 2004).

2.5.1.2 Streamflow and Stream Water Chemistry

Streamflow ranged from near zero to 1929.6 m® h'! with a mean of 36.0 m® h!. The
25%, 50%, and 75% quartiles were 10.8, 21.6, and 54.0 m> h!. Snowmelt typically
dominated the annual hydrograph but was not always the period of highest discharge, and
streamflow was frequently lower and less variable during the growing season from mid to
late summer when air temperatures and evapotranspiration were highest (Figure 2.B.1b).
The 25%, 50%, and 75% quartiles of streamflow during sampling were 14.4, 39.6, and
111.6 m® h''. Thus, the measured stream chemistry emphasizes stream chemistry during
periods of higher flows due to the automated sampling regime that was triggered by
increases in discharge. However, this is not problematic since this study focused on
analyzing stream behavior during storm or snowmelt events and not on characterizing

baseflow conditions.

Solute concentrations in stream water varied slightly over seasons and events, as

demonstrated by Ca?*, CI', NOs", and DOC in Figures 2.B.lc-le. The SC and median
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concentrations of all solutes except NO3™ were highest during the growing and dormant
period. Most solutes had lowest median concentrations during the snowmelt period, except
DOC, which was lowest during the dormant period, and NO3", which was lowest during
the growing and dormant season (Table 2.A.3). Unlike other solutes, median DOC, NOs’,
and Fe concentrations in stream water were higher during high flow conditions (e.g., NO3"
=09mgL!, DOC=3.6 mgL! and Fe=17.1 ug L"! at the 95 flow percentile) compared
to low flow conditions (e.g., NO3=0.5 mg L', DOC=1.3 mgL"', Fe=8.7 pg L' at the
5™ flow percentile) (Table 2.A.4).

2.5.1.3 Spatiotemporal and Vertical Variation of Solute Concentrations in
the Soil Water and Groundwater

SC and most solutes (SC, Ca*", Mg?*, Na*, K*, CI', SO4>, Si, and Sr) had higher
median concentrations in ground water, while others (NO3", DOC, Al, Ba, Fe, and Mn) had
higher median concentrations in the soil water 0.1 to 0.4 meters deep (Figure 2.2; Table
2.A.1; Table 2.A.4). For example, median Ca>" concentration from all years was 0.9, 27.6,
and 28.4 mg L' at shallow upslope lysimeter UP SH (0.1 m deep), hillslope hollow well
BWI18 (1.0 m deep), and piezometer T1 (2.2 m deep), respectively, while median NO3
concentration was 1.0, 0.9, and 0.5 mg L™ at the same sites. Although CI" had a slightly
higher median (0.4) in the BW18 well samples than those at the lysimeter and piezometer,
concentrations changed little with depth (sd = 0.06 mg L!). Most solutes retained the same
vertical distribution of concentrations throughout the soil profile across all seasons (Table
2.A.5). CI changed between seasons with the highest median concentrations shifting to the
mid-depth lysimeters (0.4 m) in the dormant period and deep lysimeters (1 m) during the
rising limb of snowmelt. NOs™ also changed by having high median concentrations in the
mid-depth lysimeters during the dormant and rising limb and shifting to wells during the
growing season (Figure 2.2c). Lastly, the highest median concentrations of Ba (8.8 pug L)
shifted to the mid-depth lysimeters during the falling limb (Table 2.A.5).

The solute concentrations in groundwater often varied with the geographic location

of the wells (Table 2.A.6). Riparian wells had the highest median concentrations of SC,
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Ca®*, Mg?*, K', SO4*, Sr, and Ba, while the hillslope hollow wells had highest median
concentrations of ClI" and Al (Table 2.A.1). The hillslope wells had on average higher
median concentrations of Na* (1.1 mg L") and Si (11.0 mg L") while the hillslope bench

wells had the highest median concentrations of NO3".

2.5.2 C-Q Relationships in Streamflow

2.5.2.1 Multi-Annual C-Q Relationships

Of the studied solutes all but Al had significant (p < 0.05) multi-annual C-Q
relationships created using data from water years 1992 to 2015 (Figure 2.3). The R? values
for the significant relationships ranged from 0.03 to 0.82 (Table 2.1). Most geogenic solutes
(Ca*",Mg*", Na*, K*, SO4%, Sr) had C-Q relationships with higher R? values (R? = 0.48 -
0.82), while CI, NOs", DOC, Ba, Fe, Mn and Si had much lower R? values (0.03 - 0.38).
SC, Ca?*, Mg?", Na*, K*, SO4*, Mn, Sr, and Ba exhibited chemodynamic dilution patterns
(b < -0.1), while NO3", DOC, and Fe exhibited a flushing response (b > 0.1). CI" and Si
were the only two solutes showing chemostatic behaviors, as their b-coefficient < 0.1 and
> - 0.1 following Herndon et al. (2015). CVc/CVq values for all solutes ranged from 0.13
to 1.75 with a mean of 0.42 and a standard deviation of 0.44 (Table 2.1). SC, Ca*", Mg**,
Na®, K, CI', SO4%, Si, Sr, and Ba had lower CVc/CVq values (0.13 — 0.21) than NO3™ and
DOC (0.41 - 0.54). Some of the trace elements (Al, Fe, and Mn) had the highest CVc/CVo
values ranging from 0.87 - 1.75.

2.5.2.2 Yearly C-Q Relationships

Seven solutes (SC, Ca?", Mg?**, Na", K*, SO4*, and Sr) had significant C-Q
relationships in all water years, in which data was available (Table 2.2; Figure 2.4). The
remaining eight solutes had C-Q relationships that changed between years with some
having 1 to 12 years with insignificant annual C-Q relationships. Major ions (Ca?*, Mg?*",
Na*, K" and SO4+*) had the most significant C-Q relationships while CI', nutrients (NO3"
and DOC), trace elements (Al, Ba, Fe, and Mn) and Si had multiple years with insignificant
annual C-Q relationships (Figure 2.4).
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The annual C-Q relationships were consistent with the multi-annual ones for most
solutes (Figures 2.3 and 2.5). However, SC, K*, CI, NOs", SO+, DOC, Si, Al had at least
one year where the C-Q pattern changed. These eight solutes shifted between a
chemodynamic behavior to a chemostatic behavior. Al was the only solute that had
significant annual C-Q relationships for all three C-Q patterns. CVc/CVq mean values for
all the solutes ranged from 0.14 to 1.51 with standard deviations ranging from 0.02 to 0.55
(Table 2.2). Most CV¢c/CVq values were less than 0.50, while DOC, Al, and Fe were
between 0.50 and 1.0 (Table 2.2).

2.5.2.3 Seasonal C-Q Relationships

The seasonal C-Q relationships for the four periods (dormant, snowmelt rising,
snowmelt falling, growing) created for each individual year showed that nearly all solutes
had the highest |b| during the falling limb of snowmelt (Figure 2.6). Only NOs", DOC, and
Al had the highest median |b|-coefficients during the dormant period and Si had its highest
|b]-coefficient during the growing season. Most solutes had lower median |b|-coefficients
on the rising limb than the falling limb of snowmelt. Only Si and Al had a higher median

|b|-coefficient on the rising limb than the falling limb.

Some solutes had individual seasonal export patterns that differed from the multi-
annual pattern. The median b-coefficient for Si remained chemostatic for all periods except
the growing season where it was diluted. SC, K, NOs", Ba, and Mn also had periods during
which the median b-coefficient showed evidence of chemostasis (Figure 2.6). Conversely,
during the seasons where Al had significant C-Q relationships, the medians of all four
periods showed evidence of flushing. Aside from those six solutes, all others had seasonal

median b-coefficients consistent with their respective multi-annual C-Q relationship.

When concentration was plotted against discharge during the snowmelt period, few
solutes showed consistent visible hysteresis patterns (Figure 2.B.2). NO3s™ and DOC were
the only solutes that seemed to show weak hysteretic behavior with NOs™ exhibiting a

clockwise pattern and DOC exhibiting a much narrower and unclear clockwise pattern.
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2.5.3 End-Member Mixing Analysis

2.5.3.1 Conservative Solutes and the Number of End-Members

Using the diagnostic tools of mixing models (DTMM), seven major ions (Ca*",
Mg?*, Na*, K, CI', NOs", SO4*) were tested for conservative behavior and the number of
end-members contributing to streamflow using samples collected from water years 1992
to 2015 (n = 2420). The first principal component (PC1) explained 54% of the total
variance of seven ions, while the second (PC2) explained 16% (Table 2.3). By PC1, the
variances of Ca®*, Mg?*, and Na" were explained by 85-90%, those of K and SO4* by
71% and 47%, respectively, and those of Cl" and NOs™ only by 8% and 18% (Table 2.3).
Based on the high % of variance explained by the first principal component, Ca**, Mg?",
and Na* could be considered to be conservative under 1-D (two end-members), which is
consistent with Kendall et al. (1999). However, the increase in cumulative variance
explained by 2-D was marginal for these ions (Table 2.3). Thus, 2-D (three end-members)
was deemed to be more appropriate, similarly to Smith (1997). The RRMSE values were
lower in 1-D and 2-D for Ca*", Mg?*, and Na" than for other ions, but the values of K*, CI
, NO3™ and SO4* were not unusually high compared to other studies (e.g., Liu et al., 2020;
Liu et al.,, 2013).

2.5.3.2 Determination of End-Members

A mixing diagram was developed using PC1 and PC2 extracted from Ca?**, Mg*",
and Na" concentrations in streamflow, along with projected principal components of soil
water and groundwater using their median concentrations, to identify the three end-
members that control streamflow (Figure 2.7). Geometrically, a triangle was sought to
bound most stream samples. Many combinations of three potential end-members served as
viable vertices. Potential end-members that plotted well within the stream sample cloud
were rejected because they did not bound the stream samples, and they appeared to be a
mixture of other end-members, similar to stream samples. Listed in Table 2.4 were
examples of potential end-member combinations. From a geometrical perspective, UP SH,

BW30A, and BW6 would be the best combination to bound most stream samples (M1 in
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Table 2.4). Although only 6.1% of stream samples were outsiders, this model was rejected
because NSE was so poor for Ca?* (0.44) and Mg?* (0.23). A triangle of UP SH, T2, and
BW18 (M2), which tightly bound 87% of stream samples, significantly improved NSE
values for Ca?*, Mg?", and Na* (0.94-1.00) and marginally for SO4>" and Sr. The remaining
trials, we supplemented either one or two of UP SH, T2, and BW18 end-members to
identify the best combination. Substituting UP SH with precipitation changed the modeling
results only slightly (e.g., M2 vs M9 and M7 vs M3). Any trials substituting BW18 with
nearby neighbors worsened the modeling (e.g., M4, M6, M8, and M10), indicating that
BW18 was necessary. Substituting T4 for either T1 or T2 produced poor NSE values for
Ca?" and Mg*" even if both UP SH and BW18 were used (e.g., M5). In summary, four best,
competing models were identified, which were composed of UP SH/precipitation, T1/T2,

and BW18 (M2, M3, M7, and M9).

The end-members in these four competing models were further evaluated from a
hydrologic perspective. UP SH, a soil lysimeter placed 10 cm below the soil surface in an
upslope location, represented soil water that was derived from infiltration of snowmelt and
rainfall(Kendall et al., 1999; Shanley et al., 2002). Both UP SH and precipitation worked
well in EMMA because they had similar ionic concentrations, particularly of Ca**, Mg?",
and Na" (Table S1), and plotted very closely to each other in the mixing diagram (Figure
2.7). With hindsight, the mean fractional contribution of corresponding end-members
between alternative models had a difference < 3% with a R? of almost 1.0 when either UP

SH or precipitation was used (M3 vs M7 and M2 vs M9).

T1 and T2 were co-located in a riparian zone and differed only in screened depth
(T1’s screen centered at 2.2 m while T2’s at 1.5 m). Comparing the results of M2 and M3,
NSE was almost identical for Ca**, Mg?*, and Na" and slightly better for SC and Sr from
M3 (Table 2.4). The total number of samples outside the triangle (therefore negative
solutions for at least one end-member) was about the same, but the number of samples with
a negative contribution of SOF from M3 was much higher than that from M2 (219 vs 147),
while that number of hillslope hollow (characterized by BW18) was much lower from M3

than from M2 (40 vs 122). Examination of ionic concentrations in stream samples outside
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the triangle of M3 revealedthat samples below the UP SH-T1 side and above the UP SH-
BW18 side had abnormally high or low concentrations for one or two tracers compared to
samples collected within the day or a few days apart if there were no samples collected the
same day. However, abnormal ionic concentrations were hardly identified for those
unbounded on the T1-BW18 side. Interestingly, these unbounded points, with negative
contributions of SOF, occurred during very low flows (< 0.006 m®s!), regardless of
whether T1 or T2 was used. Having more samples with negative contributions of SOF (zero
after corrected following Liu et al., 2004) during low flows was more plausible than having
more samples with negative contributions of hillslope hollow groundwater (which turned

out to dominate baseflow; see below). Therefore, M3 was superior to M2.

2.5.3.3 End-Member Contributions

The results of M3 indicated that streamflow was dominated by hillslope
groundwater from hollows, with a mean of 0.44 and a standard deviation of 0.16 from
water years 1992 to 2015. The contributions of riparian groundwater and SOF were
comparable, with a mean of 0.27 and 0.29, respectively, and a standard deviation of 0.18
and 0.17. The contributions of the three end-members varied annually and seasonally and
between the rising to falling limbs of snowmelt (Figure 2.8). SOF contributed least during
the dormant period and growing season (median < 0.20) and dominated the snowmelt
period, with higher contributions on the falling limb than the rising limb. Riparian
groundwater has almost an opposite pattern compared to SOF, with lower contributions
during the snowmelt period (median < 0.25), but the contribution was still slightly higher
in the falling limb than the rising limb. The fractional contribution of hillslope groundwater
from hollows was higher during the dormant and growing seasons than the snowmelt
period and significantly higher than riparian flow during the same seasons. The fractional
contribution of hillslope groundwater from hollows was higher on the rising limb than the

falling limb contrary to both SOF and riparian groundwater.
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2.6 DISCUSSION

By combining the results from EMMA and the C-Q analysis, this study determines
the solute export patterns at multi-timescales and the key factors controlling annual or
seasonal shifts in export at W-9. The multi-annual C-Q relationships provide the “big
picture” of long-term solute concentration variation while the C-Q relationships at the
annual and seasonal timescales reveal increasingly more specific patterns in stream water
chemistry. In the multi-annual C-Q relationships, major geogenic ions and major nutrients
have contrasting patterns (Figure 2.3). The concentrations of major ions become diluted
during periods of high streamflow while the concentrations of major nutrients and some
trace elements enrich with increasing streamflow. This contrast is caused by the
distribution of solute concentrations throughout the soil profile (Table 2.A.1; Table 2.A.4;
Figure 2.2) and, subsequently, the conservative behavior and contrasting solute

concentrations in contributing end-members, consistent with Evans & Davies (1998).

2.6.1 Multi-Annual Pattern

The solute concentrations throughout the soil profile create unique concentrations
in end-members. Geogenic solutes (Ca?", Mg?*, Na*, and Sr) with strong C-Q relationships
(R? > 0.60) had vertical heterogeneity throughout the soil profile with increasing
concentrations at deeper depths, particularly for the end-members determined by EMMA
(Figure 2.2; Table 2.A.1). DOC had one of the highest |b|-coefficients and contrasting DOC
concentrations in the surficial soils vs the deeper soils, with median concentrations an order
of magnitude higher in surficial soils (Figure 2.2; Table 2.1; Table 2A.1). Conversely, CI"
lacked wvertical heterogeneity with only slight and inconsistent changes in solute
concentrations throughout the soil profile, leading to an extremely low b-coefficient (0.04)
although the CI'-Q relationship was significant (Figure 2.3). The b-coefficients of geogenic
solutes (SC, Ca*", Mg?", Na®, CI,, K¥, SO4%, Si, and Sr) were negatively correlated with
the ratio between shallow and deep end-member median solute concentrations (p < 0.05)
(Figure 2.9). These results indicate that vertical heterogeneity in solute concentrations is a

key factor controlling the b-coefficient and the strength of the C-Q relationship. An
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increase in solute concentrations with depth creates a negative b, while a decrease creates
a positive b. This field observation-based finding agrees with a hypothetical numerical
modeling result by Chen, Tague, Melack, & Keller (2020). However, if source pools are
not large enough in volume, as suggested by Ackerer et al. (2020), the C-Q power-law may
be very weak. Source limitation may explain why Ba and Mn do not exhibit flushing

patterns despite having higher median concentrations in the shallow soils.

Contrasting C-Q patterns and solute vertical distribution throughout the soil profile
revealed which major flowpaths became active during high flow events. The flushing
patterns of NOs™ and DOC and their high concentrations in surface soils indicate that a
significant amount of water flowed through or over shallow soils during periods of high
flow, as supported by EMMA. Several prior studies at SRRW indicated that SOF greatly
shapes NO3™ and DOC export (Dunne and Black, 1970; Kendall et al., 1999; Shanley et al.,
2002; Sebestyen et al., 2008; Sebestyen et al., 2014; Sebestyen et al., 2019). SOF begins
heavily contributing to streamflow during storm events once precipitation wets the

nutrient-rich shallow soils (Dunne and Black, 1970; Kendall et al., 1999).

It is worth noting that though Si-Q had a significant power-law relation at multi-
annual scale based on p value, its b was extremely low (-0.05) like that of C1 (Figure 2.4).
Silica has a significant biogenic cycling component and the dissolution of opal phytoliths
contained in leaf litter confound the shallow to deep concentration profile. When mixed,
this shallow source counters dilution to make the h-coefficient less negative. Additionally,
over the 24-year-long sampling period, SO4* concentrations in streamflow were
systematically lower after 2008 than before 2008 and were consistently under-estimated
using the EMMA results before 2008 but over-estimated after 2008 (Figure 2.10). This
decreasing trend is a result of the declining intensity of acid rain deposition in the
northeastern United States and has been observed at Hubbard Brook Experimental Forest
(Fuss, Driscoll, & Campbell, 2015). Using data from 2008 to 2015 in simulating stream
chemistry by the EMMA results, NSE becomes 0.56 and 0.55 for SO4* and Si,
respectively, significantly higher than their values for the entire period (M3 results in Table

4). Si appears to have become at least quasi-conservative after 2008.

23



2.6.2 Yearly Pattern

The variation of C-Q power-law coefficients over years is stronger for some solutes
than others (Figures 2.4 and 2.5). A key factor controlling this variability is whether the
solute behaves conservatively and whether solute concentrations in end-members are
relatively stable over time (Evans and Davis, 1998). The DTMM determined Ca®*, Mg,
and Na" were conservative (Table 2.3). Using their median concentrations in EMMA, their
concentrations in streamflow were very well simulated (e.g., Ca’" in Figure 2.10),

suggesting their concentrations in end-members were relatively constant over time.

Chloride and NO3™ were among the solutes that were determined non-conservative
and had they some of the most interannual variation, with multiple insignificant C-Q annual
relationships. Both R? and |b| values for Si became relatively high and stable after 2008,
consistent with Si behaving quasi-conservatively after 2008. DOC was assumed
conservative by Kendall et al. (1999), but this study’s EMMA results significantly
underestimated DOC concentrations (Figure 2.10), showing that DOC concentrations in
our SOF end-member were too low and also varied dramatically over time. A doubling of
DOC concentrations in SOF improved the mean values but not the overall temporal pattern.
Trace elements (other than Sr) were deemed to be non-conservative because their
concentrations in streamflow were not well simulated using the EMMA results (Table 2.4).
Their annual C-Q relationships had greater variability as well (Figures 2.4 and 2.5). Since
Al and Fe can be co-transported with DOC and colloidal materials, it is not surprising that
all three solutes have high interannual variability since all are controlled by similar
processes (Chorover, Derry, & McDowell, 2017). Non-conservative behavior degrades the
C-Q relationship and creates more variable concentrations due to factors such as instream
processes, biotic processes, plant uptake, anthropogenic additions, and colloid formation
and transport. The latter process tends to mobilize nutrients and trace metals (Mulholland

and Hill, 1997).

Furthermore, both NO3 and DOC concentrations are mainly delivered to the stream

via shallow flowpaths, with the amount of seasonal quick flow as one of the main factors
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explaining seasonal variation of stream NO3"loading and the single factor explaining DOC
loading (Kendall et al., 1999; Shanley et al., 2002; Sebestyen et al., 2008, Sebestyen,
Boyer, & Shanley, 2009). Hence, the C-Q relationships deteriorate from variability in
production and uptake/degradation of NO3™ and DOC due to weather and wetting/drying

cycles.

Like many areas of the US, there is high nitrogen deposition in SRRW. Nitrate can
be quickly transported to the stream during storms and snowmelt without being
transformed or immobilized by biological uptake (Campbell et al., 2004; Sebestyen et al.,
2008; Sebestyen et al., 2019). New N inputs may be highly variable and thus further
weaken the C-Q relationship. Prior studies from SRRW show that NOs™is source limited,
meaning that NO3™ becomes progressively depleted over long events such as snowmelt

(Sebestyen et al., 2008), further eroding the C-Q relation.

For those solutes with high interannual variation, b-coefficients more frequently
switched from flushing or diluting to chemostatic behaviors than from flushing to diluting
(or vice versa). Only Al had significant (p < 0.05) annual C-Q relationships where the b-
coefficient was positive one year and negative in another. This result reveals that, for most
solutes, flushing or diluting patterns are relatively stable, rarely switching between

chemodynamic patterns.

It is important to note that neither the b-coefficient nor CVc/CVq were necessarily
good indicators of mixing and strength of the C-Q relationship, as is seen in the multi-
annual and annual C-Q relationships. Results for Ca>", Mg?", and Na* showed that strong
mixing does not require a b near -1 (Godsey, 2009). Here, these major ions had high R?
values and small p values, but || was only 0.11-0.15 (Tables 2.1 and 2.2), which would be
considered chemostatic by the thresholds in Godsey et al. (2009). Meanwhile, CVc/CVqis
also low for these major ions and higher for NO3"and DOC (Tables 2.1 and 2.2). DOC has
a b of 0.26 and CVc/CVq of 0.54, but it cannot be predicted by conservative mixing and
its annual C-Q varies significantly (Figure 2.5). The EMMA results showed that C-QO
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relationships with low b-coefficients can still be strong when there is strong mixing among

distinct end-members with unique concentrations.

2.6.3 Seasonal Pattern

The seasonal C-Q relationships indicated that there was intra-annual variation over
seasons throughout the year. During the dormant and growing seasons, the C-Q patterns
were frequently similar (Figure 2.6). EMMA fractional contributions indicate that the
growing and dormant seasons have similar end-member contributions, with groundwater
from hillslope hollows contributing the highest fraction followed by riparian groundwater
and Surface Overland Flow (Figure 2.8). Surface Overland Flow and riparian groundwater
contribute slightly more during the growing season possibly because of high intensity

summer storms that enhance SOF.

During the snowmelt period, the C-Q relationships showed that the median
intensity of solute export for most solutes changed between the rising and falling limb of
snowmelt. Most solutes had smaller median |b| coefficients on the rising limb than the
falling limb of snowmelt (Figure 2.6). Only Si and Al had larger median |b| coefficients on
the rising limb compared to the falling limb. The EMMA results indicate that the
proportional contributions of hillslope hollow groundwater decreased and that of SOF and
riparian groundwater increased during the falling limb of snowmelt (Figure 2.8). The
difference in solute concentrations of major ions (except NO3’) was significant between
SOF (characterized by UP SH) and either riparian groundwater (T1) or hillslope hollow
groundwater (BW18) (Figure 2.2). The increase in fractional contribution of SOF during
the falling limb (Figure 2.8) increases the |b| value for all solutes except Si and Al (Figure
2.6). Because solute concentrations in groundwater from riparian zone and hillslope hollow
are very close (Figure 2.2), relative changes in fractional contributions between riparian
and hillslope hollow groundwater do not change much stream chemistry. Thus, a hysteresis
was not observed for most solutes. Similar to DOC, NOs™ is an exception because its
concentration was much higher in SOF based on the above discussion and also somewhat

different between riparian groundwater and hillslope groundwater (Figure 2.2), resulting
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in a subtle hysteresis (Figure 2.B.2). Certain studies have found hysteretic patterns in data
from individual years (Kendall et al., 1999; Sebestyen et al., 2014). Since our study
combined the data from all years to study snowmelt hysteresis, it is possible that the
hysteresis seen within individual years becomes obscured when looking at all data due to

interannual variation.

Changing C-Q patterns between seasons also means that timing of solute export
and nutrient availability might shift in a future climate as snow melt occurs earlier, dormant
season ends earlier, and the growing season becomes longer. Coupled with results from
existing studies on precipitation patterns and influence of storm events on stream nutrient
loadings, the observed seasonal patterns from my study of C-Q analysis and EMMA
reinforce the theory that climate change effects on the frequency and magnitude of storm
events will drive future patterns of stream nutrient loadings (Sebestyen et al., 2009). With
a warmer climate, solute export during snowmelt will continue to occur earlier in the year.
Additionally, during the growing season, there will be greater proportional contributions
of SOF as more intense and precipitation events are projected in the future (Hayhoe et al.
2007), causing more water to flow through quick flowpaths. Increased storm intensity will
also increase DOC export since DOC had a flushing pattern, consistent with Sebestyen et

al. (2008).

The observed seasonal variation in C-Q relationships also has implications for
sampling regime and data analysis. If sampling is not conducted representatively
throughout the year, researchers can potentially draw inaccurate conclusions from the
constructed relationships. This seasonal variation particularly poses a challenge for

collecting representative NO3”and DOC samples from surficial soils.

2.7 CONCLUSION

The power-law relationship between concentration and discharge in streamflow is
primarily controlled by vertical distribution of solutes in source waters, an increase with
depth generating a negative b-coefficient (dilution) while a decrease with depth generating

a positive b-coefficient (flushing). The strength (R?) and direction (b-coefficient) of the
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power-law depends on (1) conservative behavior of solutes, (2) distinctiveness of solute
concentrations among source waters, (3) temporal variability of solute concentrations in
source waters. Solutes that are conservative with distinct and relatively constant
concentrations in source waters, show a strong and persistent power-law relation over
variable timescales such as Ca**, Mg?*, Na, and Sr of this study. The strength of the power-
law cannot be solely measured by the magnitude of b-coefficient and CVqo/CVc. A |b|-
coefficient as low as 0.135, like those of Ca?", Mg?*, Na*, and Sr in this study, could still be
considered a strong power-law relationship and interpreted primarily as a result of mixing.
The power-law relationships of some solutes such as nutrients in this study could change
over timescales due to non-conservative behavior, variable source stores, and/or
intermittent flow pathways. With a change in snowmelt timing and precipitation intensities
in the future, concentration-discharge relationship in streamflow could change, particularly

at the seasonal scale.
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Figure 3.9. Spatial distribution of SC-Q b-coefficients and R? values with SWE (a) and land cover (b) on background.
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3.10 APPENDIX 3.A: SUPPLEMENTAL TABLES

Supplemental Table 3.A.1. Site locations for the 138 locations used for this study. *
indicates that the site measured water chemistry parameters and not specific conductance.
** indicates that the site measured specific conductance and additional water chemistry
parameters. Sites without a * are sites that only measures specific conductance and
stream discharge.

Site No Site ID STATES  Latitude  Longitude E'ez’]%t'o”
4014500~ USGS-04014500" MN  47.33742 9120072 755
4015475 USGS-04015475 MN  47.527146 -92.12267 1483
4024000*  USGS-04024000* MN 4670328 924188 1158
4024090 USGS-04024090 MN 46517444 -9248214 984
4024093 USGS-04024093 MN 465155  -92.46269 928
4024430* USGS-04024430* Wi 4663333  -9209389 659
4026561 USGS-04026561 Wi 46394722  -90.59 1266
4027000  USGS-04027000** Wi 4648661  -90.6963 735
4040000~  USGS-04040000** MI 46720774 -89.20709 856
4043097 USGS-04043097 MI 46734655 -88.44319 702
4043126 USGS-04043126 MI 46721043 -88.33013 1401
4043140 USGS-04043140 MI 46751043  -88.3618 1004
4043150 USGS-04043150 MI  46.804097 -88.31707 797
4043238 USGS-04043238 MI 46782222 -87.8775 1106
4043244 USGS-04043244 MI 46785759 -87.85235 1033
4043275 USGS-04043275 MI 46713539 -87.84069 1532
4044724* 21MICH-030077* MI  46.34078 -86.85015 853
4045500" USGS-04045500° MI 46574583 -8526964 748
4059000  USGS-04059000** MI 45008917 -87.21353 801
4059500  USGS-04059500** MI 45754967 -87.20208 702
4063700*  USGS-04063700"* Wi 4576361 -88.46361 1460
4067500*  USGS-04067500" MIWI 4532583  -87.66333 666
4072150  USGS-04072150" Wi 4453339  -88.12069 659
. SOKAOGON_WQX-
4074538 SCoP5E Wi 454883  -88.96372 1572
4074548 SOKAS%%%NMYV Qx- Wl 4547941 -88.99789 1575
4080798 USGS-04080798 W 44524444 8933778 1112
4081000 USGS-04081000 Wi 44.329167 -88.99583 804
4085108 USGS-04085108 Wi 44371944 -88.09222 656
4085427 USGS-04085427*" Wi 4410617  -87.71603 676
4085813 USGS-04085813 Wi 4363833 -87.89842 840
4085845 USGS-04085845 Wi 43696662 -87.82092 715
4086149 USGS-04086149 Wi 43527219 -88.22232 961
4086200 USGS-04086200 Wl 43550274 -88.18843 961
4086265 USGS-04086265 wi 43425  -88.08093 886
4086340 USGS-04086340 Wl 43482776 -88.06093 853
4086360 USGS-04086360 W 43472777 -87.98981 860
4086500 USGS-04086500 Wl 43.323056 -87.97861 853
4086600  WI_MMSD-RI-01S* Wi 4328028  -87.9425 725
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4087000**

4087030
4087050
4087070
4087088
4087119
4087120

4087142**
4087170
4087204**

4087214*
4087220*
4087233
4087240
4087242

4092750**

4095090**

4095300*
4099000*
4101500**
4107850
4108500*

4108660™*

4116000*
4119400
4121650
4121970
4122500*
4126802
4126970
4135000*

4137500**

4142000
4144032
4145000*
4149000*
4157005
4159492
4160398
4160625
4160800
4160900
4161000
4161540
4161820™*
4163030

WI_MMSD-RI-04S &
USGS-04087000**
USGS-04087030
USGS-04087050
USGS-04087070
USGS-04087088
USGS-04087119
USGS-04087120*
WI_MMSD-RI-11M &
USGS-04087142*
USGS-04087170
WI_MMSD-OC-05S &
USGS-04087204**
WI_MMSD-RR-04S*
WI_MMSD-RR-05S*
USGS-04087233
USGS-04087240
USGS-04087242
INSTOR_WQX-1899 &
USGS-04092750*
INSTOR_WQX-1918 &
USGS-04095090**
INSTOR_WQX-1924*
USGS-04099000*
USGS-04101500**
USGS-04107850
USGS-04108500*
21MICH_WQX-030077 &
USGS-04108660**
USGS-04116000*
USGS-04119400
USGS-04121650
USGS-04121970
USGS-04122500*
USGS-04126802
USGS-04126970
USGS-04135000*

21MICH-350061 & USGS-

04137500**
USGS-04142000**
USGS-04144032
USGS-04145000*
USGS-04149000*
USGS-04157005
USGS-04159492
USGS-04160398
USGS-04160625
USGS-04160800
USGS-04160900
USGS-04161000
USGS-04161540
USGS-04161820**
USGS-04163030

Wi

Wi
Wi
Wi
Wi
Wi
Wi

Wi
Wi
Wi

Wi
Wi
Wi
Wi
Wi

IL,IN

IN
IN,MI
Mi
Mi
Mi

Mi

Mi
Mi
Mi
Mi
Mi
Mi
Mi
Mi

Mi

Mi
Mi
Mi
Mi
Mi
Mi
Mi
Mi
Mi
Mi
Mi
Mi
Mi
Mi
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43.10001

43.172778
43.206674
43.123611
43.054722
43.043833
43.04556

43.0339
43.024444
42.925

42.945
42.87361
42.815556
42.751389
42.733909

41.649202

41.622259

41.716707
41.800883
41.829214
42.482256
42.593641

42.65086

42.971977
43.024188
43.693634
43.434746
43.945006
44.903329
4465667
45.093901

44.4364

44.07252
42.881698
43.254748
43.308359

43.42197

43.15086
42.858642
42.768366
42.720031
42.660309
42.633366
42.688366
42.614478
42.537813

-87.90897

-88.10389
-88.03842
-88.04361
-88.04611
-88.00511
-87.99972

-87.93425
-87.89833
-87.87

-88.01417
-87.99583
-87.99472
-87.82361
-87.78452

-87.46865

-87.17587

-86.85975
-85.7561
-86.25973
-85.79836
-85.9842

-86.1067

-85.06917
-86.02644
-85.46754
-85.66532
-86.27869
-85.96231
-85.43673
-83.49998

-83.43386

-84.01999
-83.98468
-84.10553
-83.95358
-83.95192
-82.62465
-82.53797
-82.51214
-83.35355
-83.39022
-83.22438
-83.14299
-83.02659
-83.00576

679

781
758
738
741
696
696

627
627
673

778
725
728
682
620

587

600

620
784
702
728
650

705

745
610
948
860
686
689
892
653

636

741
833
600
591
597
728
623
584
994
961
856
823
643
610



processes and how these are modified by existing climate and land-use change, scientists
and land managers can predict how ecosystems might change under further modified

conditions.
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