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ABSTRACT

Land use change threatens aquatic ecosystems through freshwater salinization and sediment pollution. Effective river
management requires an understanding of the dominant hydrologic pathways of sediment and solute delivery. To ad-
dress this, we applied hysteresis analysis, hydrograph separation, and linear regression to hundreds of events across a
decade of specific conductance and turbidity data from three streams along a rural-to-urban gradient. Thereafter, we
developed an index (ﬁ:umﬁ) to quantify the relative influence of surface runoff to event-scale suspended sediment gen-
eration, where a value of ‘1’ indicates complete alignment of suspended sediment generation with the temporal struc-
ture of runoff whereas ‘0’ indicates total alignment with baseflow. Solute hysteresis results showed a predominance of
dilution for the rural and mixed-use streams irrespective of road salt presence. On the other hand, urban stream behav-
ior shifted from dilution to flushing following salt application, which was largely driven by greater runoff coefficients
and the connectivity of distal solutes to the stream corridor. The newly developed index (8, indicated that
suspended sediment dynamics were more aligned with runoff in all three streams: rural stream (ﬁ;lmoff = 0.70),
mixed stream (ﬁ:m,ff = 0.57), and urban stream (ﬁ:u,wjf = 0.64). The relative importance of baseflow to sediment gen-
eration grows slightly in urbanizing streams, as impervious surfaces disconnect upland sediment, which would other-
wise transport with runoff, while piston-flow baseflow erodes exposed streambanks. Our findings emphasize the need
to consider the impact of human modification of the landscape on solute and sediment transport in freshwater systems
for effective water quality management. Further, our [)”nmff index provides a useful tool for assessing the relative
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influence of surface runoff on event-scale solute or sediment generation in streams, supporting river management and

conservation efforts.

1. Introduction

Increasing salinity and sediment pollution are two of the most critical is-
sues threatening freshwater habitats across the globe (Chapman et al.,
2014; Kaushal et al., 2018; Iglesias, 2020). The annual economic costs
due to their negative impacts are estimated to be in billions of U.S. dollars
and include ecological degradation (Vercruysse et al., 2017), hindered
water supply (Rahmani et al., 2018), and damage to crops (Schuler et al.,
2019). While natural phenomena, including weathering and soil erosion,
and agricultural activities, such as tillage and tile drainage, contribute to
sediment and solute loading to streams (Fitzpatrick et al., 2007; Michalek
et al., 2021), urbanization has accelerated this loading by increasing peak
discharge (Russell et al., 2018), wastewater contribution (Ledford and
Toran, 2019), road-salt application (Lakoba et al., 2020), and connectivity
of sediment sources (Zarnaghsh and Husic, 2021). Despite the recognized
impacts of urbanization on riverine water quality, uncertainty remains re-
garding the specific mechanisms by which human activity alters the deliv-
ery of sediment and solutes to streams (Oswald et al., 2023). Understanding
these changes is vital as two-thirds of the world population is projected to
live in urban areas by 2050 (Bettencourt et al., 2018), nearly doubling
current-day urban densities and bringing new water resources challenges
for the future.

Storm events are recognized as the key moments of sediment and solute
mobilization to streams (Vaughan et al., 2017; Musolff et al., 2021). How-
ever, analyzing land-use pattern effects on transport processes during
storms is challenging because event concentration-discharge relationships
have high temporal variability and are driven by hydrological and climatic
variables such as precipitation, storm intensity, and antecedent conditions
(Namugize et al., 2018; Zimmer et al., 2019). Further, human disturbances
add to the existing natural complexity by creating new sources
(e.g., wastewater treatment plants) and hydrologic pathways (e.g., storm
sewers and drainage ditches), which in turn contribute to additional hetero-
geneity in watershed-scale response to storms (Long et al., 2017; Aguilera
and Melack, 2018; Lakoba et al., 2020). For example, the application of
road salt in urban areas to remove snow from roadways and improve driver
safety is a common practice in cold regions. However, this practice has sig-
nificant environmental implications as runoff and infiltration of the applied
salt can lead to lasting impacts on riverine water quality (Daley et al., 2009;
Lakoba et al., 2020). In addition to hydroclimate and land use controls,
transport dynamics are significantly dependent on topography, geology,
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and soil type (Koenig et al., 2017; Wymore et al., 2019). To effectively iso-
late the specific impacts of land use on solute and sediment transport, it is
imperative to minimize the variability of other hydrologic drivers to limit
the overprinting of one set of transport controls on another. Therefore, sol-
ute and sediment transport dynamics in an urbanizing landscape cannot be
properly understood unless we have a long-term, detailed record of tempo-
ral variations in stream water quality during storm events.

With the advent of high-frequency aquatic sensors, such as turbidity and
conductivity, we can now observe changes to stream water quality at phys-
ically and biochemically relevant time scales (Fig. 1; Rode et al., 2016;
Burns et al., 2019). Sensors can resolve rapid changes in water quality,
such as the initial increase in solutes at the early stages of a storm (termed
the “first flush”), which may then be followed by rapid dilution of the same
constituent during later parts of an event (Lawler et al., 2006; Demers et al.,
2021). This asynchronous behavior between peak discharge and peak con-
centration of a water quality parameter is termed “hysteresis” and various
numerical indices have been created to characterize hysteresis (Lloyd
et al., 2016a; Zuecco et al., 2016). Analysis of hysteresis can help us to
gain more insights into spatial and temporal dynamics of sediment and sol-
ute source availability and storage due to its inherent high temporal resolu-
tion and quantitative description of concentration-discharge relationships
(Lloyd et al., 2016a, 2016b, Fovet et al., 2018). However, concentration-
discharge methods have limitations that relate to the difficulty of interpret-
ing transport processes for complicated hysteresis patterns, the scale depen-
dency of hysteresis results on the size of the watershed, and the
applicability of substituting time for space in interpreting results (Gao and
Josefson, 2012; Sherriff et al., 2016). Therefore, further work is required
to better understand the specific hydrologic pathways transporting the ma-
terial, and how these pathways may be altered by urbanization.

Hydrologic pathways can broadly be separated into two components:
runoff and baseflow (Cartwright and Miller, 2021). Baseflow (or “old”
water) can be interpreted to refer to water stored in the watershed prior
to a precipitation event whereas runoff (or “new” water) is usually consid-
ered as quick flow arriving to streams during and after a precipitation event
(Waterman et al., 2022). The relative timing and magnitude of each flow
component during a storm can be determined through end-member
hydrograph separation. In particular, researchers have increasingly used
specific conductance (SC) sensor data to determine the significance of sur-
face runoff and baseflow to stormflow generation (Miller et al., 2014, 2017;
Tunqui Neira et al., 2020; Nazari et al., 2021). Regarding land use effects, it
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Fig. 1. A conceptual diagram of hysteresis and flushing dynamics between the discharge of water (Q) and the concentration of a solute or particle (C). The four plotted events
are archetypal examples, real observations include a much broader variety of hysteresis patterns, such as figure-eight.
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is well-recognized that expansion of impervious area drives up runoff con-
tribution and that wastewater effluent discharges increase baseflow loading
(Lakoba et al., 2020). However, less certain is how these flow alterations
manifest in changing the dynamics by which sediments are generated
within the basin and arrive to a monitoring outlet. While urban areas typi-
cally experience exacerbated streambank erosion (Cashman et al., 2018;
Percich et al., 2022), it is uncertain whether that eroded bank material is
transported by water of runoff or baseflow origin. Increases in suspended
sediment concentrations during storm events, herein termed ‘suspended
sediment generation’, could be evaluated by assessing the coincident rise
in stream sediment concentration that is mirrored by an increase in the con-
tribution of a particular hydrologic pathway, such as runoff or baseflow. To
this end, coupling event-based hydrograph separation methods with high-
frequency turbidity sensing across an urbanization gradient may help re-
solve these uncertainties.

Our main objective was to analyze the effects of land use on the domi-
nant pathways of salinity and sediment generation in streams. We do this
by investigating 1) solute flushing and dilution dynamics, 2) the relative
significance of runoff versus baseflow to storm events, and 3) the role of
runoff versus baseflow to fluvial sediment generation. We hypothesized
that — because urbanization practices expose streambanks to erosion and
limit upland sediment availability — baseflow would become a more impor-
tant contributor to suspended sediment generation in urban streams. We
tested this hypothesis on up to 12 years of high-frequency conductivity
and turbidity data from three streams spanning a steep urbanization
gradient. We performed hysteresis analysis to assess solute dynamics,
end-member hydrograph separation to quantify new and old water compo-
nents, and multiple linear regression to evaluate the relationship between
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water components and sediment loading. Lastly, we introduce a new quan-
titative index — ﬁ;'unojf - to describe the relative importance of runoff versus
baseflow to sediment generation in a stream.

2. Study site and materials
2.1. Study site

Three watersheds in Johnson County, Kansas, USA, were selected as
testbeds for our study as they exhibit large spatial variability in anthropo-
genic land use despite similar climatological and geomorphological settings
(Fig. 2 and Table S1). From least-urban to most-urban, they are named Blue
River, Mill Creek, and Indian Creek, which we refer to herein as Rural
Stream, Mixed Stream, and Urban Stream, respectively. Rural Stream has
a high degree of row cropping, riparian tree canopy cover, and animal pas-
ture with relatively low impervious surfaces and roadway density as well as
no wastewater treatment facility (WWTF) effluent. On the other hand,
Urban Stream contains several WWTFs, is almost entirely urbanized, and
has three-to-four times the impervious surface and roadway density of
Rural Stream. Mixed Stream is a midpoint between the two contrasting
land uses and contains features characteristic of both the urban and rural
watersheds. The overall study region is characterized by a temperate cli-
mate with mean annual temperature and precipitation of 13.7 = 0.4 °C
and 958 + 211 mm yr~’, respectively. The range of elevation in the
Rural, Mixed, and Urban Watersheds varies from 222 to 355 m, 247 m to
338 m, and 263 to 333 m, respectively, indicating a relatively low relief
landscape. Although there are occasional steep slopes near stream channels,
the average slope is considered gentle (3.5°) in all three watersheds. All
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Fig. 2. The study site location within Johnson County, Kansas, USA. Land use, pour points, stream networks, roadways, weather stations, and wastewater discharges for the

rural, mixed, and urban streams.
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watersheds in Johnson County are underlain by relatively impermeable
limestone and shale, which limits the infiltration of precipitation to ground-
water in most parts of the catchments. As a result, the groundwater capacity
is low, and stormflow mainly originates from overland or shallow subsur-
face flow (Lee and Ziegler, 2009). The soils in Johnson County typically
consist of silt and silty clay loams that range from erosive to moderately ero-
sive. Streambeds are generally composed of bedrock, gravel, and cobble, in-
dicating that bedload is not a significant contributor to stream sediment.
However, streambanks and upland soils, which are mostly composed of
silt and silty clay loams, can contribute significantly to sediment yield.

2.2. Materials

Starting in 2002, the United States Geological Survey (USGS) began col-
lecting 15-min high-frequency water quality data in Johnson County, includ-
ing at the Rural Stream, Mixed Stream, and Urban Stream sites (Rasmussen
and Gatotho, 2014). For this study, we used their discharge, specific conduc-
tance, and turbidity data over the course of twelve years (2002 to 2014). The
extent of continuous data availability per site varies from 6 years in Mixed
Stream to 10 years in Urban Stream. At each site, discharge was estimated
using a piezometer whereas specific conductance and turbidity were mea-
sured using a YSI 6136 multiparameter sonde. The relationship between tur-
bidity (FNU) and suspended sediment concentration (SSC) was verified by
grab samples for each site (R? ranged between 0.80 and 0.90; Fig. S1).

To assess the influence of anthropogenic and natural features to solute
and sediment dynamics, we retrieved several geospatial and temporal
datasets. Road networks were extracted from the topologically integrated
geographic encoding and referencing data set (United States Census Bu-
reau, 2007). Road salt application dates and magnitudes were obtained
from Johnson County Stormwater Management Program (SMP) and the
daily wastewater discharges were acquired from the individual facilities
(personal communication with SMP, 2022). Additionally, we employed
the United States Forest Service (USFS) Tree Canopy Cover Dataset to deter-
mine the tree canopy coverage within a 200-m riparian buffer surrounding
each stream's main channel. Lastly, precipitation data were retrieved from
the closest gage to each stream's outlet using Johnson County StormWatch
(StormWatch, 2020).

3. Methods

To achieve an understanding of the movement of solute and sediment
through urbanizing basins, we leverage multiple high-frequency datasets
and modeling approaches (Fig. S2). Briefly, road salt application dates,
stream discharge, and high-frequency conductivity data inform our hyster-
esis and flushing results (Section 3.1). These results, together with
hydroclimatological drivers and wastewater discharge, are inputs to our
hydrograph separation model, providing insight into runoff and baseflow
dynamics (Section 3.2). Lastly, we couple the hysteresis and hydrograph
separation results with high-frequency turbidity data and multiple-linear
regression modeling to determine the relative importance of runoff and
baseflow to suspended sediment generation (Section 3.3).

3.1. High-frequency sensing of solute dynamics and hysteresis

To investigate the pathways of solute transport, we employed hysteresis
and flushing analyses on high-frequency specific conductance data, which
we use to infer general solute transport, for all storm events. First, we
begin with our criteria for an event. In our definition, a storm event refers
to a specific time interval that starts with a rise in water flow that is at
least three times the initial baseflow and ends either when the water flow
returns to the pre-event flow or when another storm event begins. We
visually check each storm event to avoid false endpoints or erroneous read-
ings. These criteria for storm identification were selected based on previous
studies (Tang and Carey, 2017; Koenig et al., 2017; Liu et al., 2020). Each
storm event can be visually classified into one of the following broad cate-
gories: clockwise-flushing, clockwise-diluting, anticlockwise-flushing, and
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anticlockwise-diluting (see Fig. 1). The first term in this classification indi-
cates the type of hysteresis and is dependent on the relative solute concen-
trations that are observed on the rising versus the falling limb. Clockwise
hysteresis usually indicates proximal solute sourcing or rapid mobilization,
whereas anti-clockwise patterns suggest distal sources, longer transport
times, or slower mobilization. The second term in the classification demon-
strates whether the mobilization of solutes is source (diluting) or transport
(flushing) limited. Following visual classification, we transformed the
timeseries of each event into normalized discharge and concentration
space to quantitatively estimate the magnitude of flushing and hysteresis.
This process involves the following steps: 1) normalizing specific conduc-
tance and discharge by their respective ranges and 2) discretizing the nor-
malized concentration and discharge into 5 % intervals over the rising
and falling limbs of the hydrograph.

We calculated the Hysteresis Index (HI; Lloyd et al., 2016a) as the differ-
ence between the normalized concentration on the rising limb (X®") and the
falling limb (X™") at corresponding flow intervals (i) as

HI = XX @

The possible values for HI range from —1 to +1 and the overall event
HI was estimated by taking the mean of all calculated HI; values for an
event. Positive values (HI > 0; clockwise) are inferred to represent a solute
source that is either rapidly mobilized or near to the measuring point. On
the other hand, negative values (HI < 0; anticlockwise) suggest either a dis-
tal source of solute or one that is slowly mobilized. The magnitude of HI in-
dicates the strength of this asynchronous behavior between specific
conductance and discharge. We calculated the Flushing Index (FI) as the
difference between the normalized concentration at the peak discharge
(Xmax @) versus the concentration at storm initiation (Xinuiq) as

FI = X max Q—Xinitial 2

The possible values for FI range from —1 to + 1, where negative values
(FI < 0; dilution) indicate solute dilution and positive values (FI > 0; flush-
ing) indicate solute mobilization during the rising limb of an event. De-
pending on the calculated HI and FI values, each event can be assigned to
one of the four quadrants: clockwise-flushing, anticlockwise-flushing,
anticlockwise-dilution, and clockwise-dilution.

To assess whether the timing of road salt application impacts the ob-
served solute transport dynamics, we compared the distribution of HI and
FI for (1) all events and for (2) events immediately following known road
salt application. Events after brine application, termed ‘brining events’,
were selected if they (1) occurred within 30 days of road salt application
and (2) if their discharge exceeded 3 m® s~ ! to ensure adequate potential
for salt mobilization and transport. Significant differences in non-brining
and brining events were assessed using the non-parametric Wilcoxon text
(a = 0.05). Lastly, we visually inspected the start of all storm events — brining
and non-brining — to assess the presence and magnitude of the ‘first flush’ of
solute. The first flush was defined as a rapid increase in specific conductance
(> 10 pS em ™) on the rising limb of the hydrograph, which can suggest
rapid transport of solute within the riparian corridor of a stream.

3.2. Hydrograph separation of runoff and baseflow

To investigate the timing and contribution of hydrologic pathways,
such as runoff and baseflow, to the overall stream discharge, we employed
specific conductance end-member mixing analysis (SC-EMMA) to storm
events (Fig. 3). We ultimately arrive at three hydrologic pathways: runoff
(Qrunof), baseflow (Qpasefiow), and wastewater treatment facility effluent
(Quwyp)- When combined, Qpasefiow and Q. constitute the pre-event flow
(Qpre-eveny) in a stream. First, a two-component hydrograph separation
model was used to estimate the two unknowns (Qruneg and Qure.evens) from
the following two equations:

Qtotal = Qrunoff + Qpre — event 3)



A. Zarnaghsh, A. Husic

High-Frequency

Conductivity Data

Runoff and Baseflow
Contributions

SC
Hydrograph
Separation

time time

High-Frequency

Transport of Sediment
Turbidity Data

by Flow Pathways

Tdata‘ Tmodel = Bbaseﬂowaaseﬂow T Brunoforunoff +€

Multiple-Linear

Regression
T
Q
time time

Test Regression Inferring Dominant
Performance Transport Pathways

, _ ﬁrunoff
runoff Bbaseﬂow + ﬁrunoff

Pathway

Control Index

Tda ta

-+ < 0.3 ...baseflow control

-+ 0.3 —0.7...pathway balance

-+ >07 ...runoff control

T

model

Fig. 3. A conceptual diagram of SC-EMMA hydrograph separation and multiple-
linear regression for the identification of sediment transport by runoff and
baseflow flow fractions. An example is presented where Sunoft > Bbaseflows i-€., the
sediment signal in this event is more closely correlated with the runoff pathway.

QrotaSCrotal = QrunofrSCrunoft + Qpre - eventscpre — event @

where Quyq is the combined stream flow (m® s ™), SCo is the in-stream
specific conductance, SCnof is the specific conductance of runoff, and
SCpre-event is the specific conductance of pre-event water. We fixed SCyno
to be 5 S cm ™! in our analysis. This value was estimated using commonly
reported values in the literature for rainwater and runoff, which range from
5t0 100 pS cm ™! (Cartwright and Miller, 2021). For SCpre.cvenss We used the
mean SC value for the 48-h period preceding the storm event. Egs. (3) and
(4) can be solved simultaneously to yield Qnnogr and Qpre.cvene- Thereafter,
Qbasefiow can be determined by subtracting out Q. from Qure-evene Quwer is
known at all time periods as it is recorded by the wastewater treatment fa-
cilities.

In order to apply SC-EMMA, several assumptions have to be reasonably
satisfied (Miller et al., 2014): 1) contributions from end-members other
than Qnnogrand Qpre.cyene are negligible; 2) SCrnorand SCphre-evens are constant
over the period of record; and 3) SCnofr and SCpre.eyen: are significantly dif-
ferent from one another. We satisfy the first assumption by lumping sources
of water into two broadly defined end-members: runoff and pre-event flow.
The second assumption is satisfied in two ways. First, while baseflow SC is
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time-variable over longer durations, we can reasonably expect it to remain
constant over the duration of a typical storm event in our area (~48 h) and
that it can be accurately characterized by the most up-to-date SCpre-eyen Pre-
ceding an event. Second, changing the SCpnoz value from 5 to 100 pS cm ™!
led to only 4 % deviation in the average contributions of runoff and
baseflow, indicating variations in SCj,, do not significantly impact our re-
sults as their magnitudes will be relatively small (< 100 xS cm ~ ') compared
to average stream SC,pq (> 600 pS cm ™ h. Lastly, we only analyze events
characterized by dilution rather than mobilization (FI < 0) to ensure that
our end-members are different, i.e., SCrynofr < SCpre-evenr- In addition to SC-
EMMA method, we also performed hydrograph separation using a Recur-
sive Digital Filtering (RDF) to provide a second method of estimating runoff
and baseflow components as a comparison to SC-EMMA. The RDF was per-
formed using the HydRun package in MATLAB (Tang and Carey, 2017). All
filtering parameters were set to their default values in the HydRun soft-
ware. The primary output from the RDF is surface runoff, which is intended
to represent overland flow, and baseflow, which we take to represent soil
and groundwater contributions.

To determine the likely drivers of hydrologic pathways for each water-
shed, we compared a suite of hydroclimatological variables as potential
event controls of Quneg and Qpasefiow- Previous research has indicated that
the contribution of runoff to stormflow is largely influenced by both
event characteristics and antecedent wetness (von Freyberg et al., 2018;
Pellerin et al., 2008). High-intensity storms tend to saturate the soil more
quickly, leading to an increase in runoff and a decrease in infiltration
(Sherriff et al., 2016; Hamshaw et al., 2018). Additionally, while the impact
of antecedent wetness on runoff contribution is more location-specific
when compared to event characteristics, studies have suggested that wetter
conditions generally result in smaller runoff contributions since the pre-
event water available in subsurface layers can be rapidly activated by in-
coming precipitation (von Freyberg et al., 2018). Thus, we broadly classify
these explanatory drivers as discharge, antecedent, or rainfall variables.
Discharge variables are Qpeqr (peak flow), Izooq (flood intensity), tiorm
(storm duration), and tyeqx (time-to-peak flow). Antecedent variables are
Qpase (baseflow), AP (three-day antecedent rainfall), AP;4 (fourteen-day
antecedent rainfall), and ty,, (time between events). Lastly, rainfall vari-
ables include P (precipitation), I, (thirty-minute rainfall intensity), and
trqin (rainfall duration). The methodology for calculating each parameter
is explained in a prior study within the same basins (Zarnaghsh and
Husic, 2021). The fractional contribution of Qpnep and Qpgsefiow for each
event was compared to the suite of explanatory variables using Spearman
rank correlation.

3.3. Runoff and baseflow contributions to sediment generation

To investigate the influence of runoff and baseflow pathways on
suspended sediment generation during storm events, we employed
constrained multiple linear regression (MLR) analysis to hydrograph sepa-
ration results and high-frequency turbidity data (Fig. 3). For each qualifying
event, we aimed to estimate whether the temporal structure of the observed
turbidity time-series (T gqq) aligned more closely with Quunofr OF Qpasefiow- TO
do this, we fit an MLR to each event, at the 15-min timestep, with Qqnogand
Qpasefiow as the dependent variables. For each event, the MLR has the follow-
ing form

Trodel = ﬁnmoff Qruncff + ﬁbaseﬂowaaseﬂow +e ()

where Tppqq is the modeled in-stream sediment concentration (mg/L),
Brunogr and Prasefiow are the runoff and baseflow slope coefficients, and ¢ is
the error term. We constrain the regression so that B and Byasesiow are al-
ways = 0, i.e., they either contribute positively or not at all to sediment
generation. We infer that the magnitudes of o and Bpasesiow Suggest the
relative importance of the respective flow components to overall sediment
generation in the stream. This type of inference has shown recent utility in
the literature, as in Nazari et al. (2021) for phosphorus transport in a tile-
drained landscape. To assess the performance of the MLR to accurately sim-
ulate the suspended sediment time-series, we calculated the R? value for



A. Zarnaghsh, A. Husic

each storm, and retain only events with an R* > 0.70 for further analysis.
Ninety percent of events satisfy this criteria.

We introduce a normalized index (ﬁ:wwff) that identifies the relative im-
portance of the runoff pathway to riverine suspended sediment generation.
The index can be calculated as

ﬁrunoff
Brunoft = 7ot —— ©)
unoff ﬁrunoff + ﬁbaseﬂow

The index is normalized between 0 and 1, where a score of ‘0’ indicates
that the total suspended sediment time-series is entirely uncorrelated with
timing or magnitude of runoff (Qrnef). On the other hand, a score of 1’ in-
dicates that Tpqe is largely controlled by Qe timing and magnitude. A
storm event with equal contribution of Qunof and Qpasesiow Would have a
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Brunor Of 0.5. We provide suggested ranges for f,,, of 0.0-0.3 for
“Baseflow Control”, 0.30-0.70 for “Pathway Balance”, and 0.70-1.00 for
“Runoff Control”. We calculate ﬂ;w,aff for all qualifying events across our
three basins to investigate if land use or storm event size impart influence
on the relative importance of runoff to sediment generation.

4. Results
4.1. High-frequency sensing of solute dynamics and hysteresis

Across the twelve-year study period (2002 to 2014), a total of 864 storm
events were identified, ranging from 177 in Rural Stream to 276 in Mixed

Stream to 411 in Urban Stream (Fig. 4). Visual inspection of the discharge
and SC time-series highlights contrasting event-scale patterns that vary
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Fig. 4. Time-series of flow rate, specific conductance, and turbidity for the rural, mixed, and urban land use watersheds.



A. Zarnaghsh, A. Husic

based on urban land use percentage. In Rural Stream, storm events are
less flashy with an average time to peak flow of 14.0 h. The stream occa-
sionally becomes very dry, and the in-stream SC typically has a consis-
tent baseline value (median: 576 pS cm ™ 1), with dilution in response
to events (minimum: 113 uS cm ™). As we transition to the Mixed and
Urban Streams, we observe flashier storm events with average time to
peak flow of 8.4 and 6.1 h, respectively. The urban streams also trend
toward higher baseflow values, which are sustained by one or multiple
wastewater treatment facility discharges in each basin. Further, the
baseline SC in Mixed Stream (884 pS cm™ 1) and Urban Stream (968
uS cm ™ 1) are much greater than in Rural Stream. During dry periods,
which are most evident each winter in Urban Stream, SC values can
spike as high as 5385 S cm ™! and likely consist entirely of wastewater
effluent. The initiation of a storm event can occasionally cause a small
flush of stored near-stream SC through the system that may later be
drowned out by dilution, termed the ‘first flush’, which ranged from
51 to 80 pS cm ™! in our basins (Table S2). Approximately 20 % of
Rural and Mixed Stream events experienced this flush while only 7 %
of Urban Stream events did, likely due to the very high background
wastewater effluent-driven SC in the Urban Stream.

Across all three basins, most storm events caused clockwise SC dilution
(HI > 0 and FI < 0), suggesting that water with less SC arrives later in a
hydrograph, either from distal locations or sources that are slowly mobi-
lized (Fig. 5). A breakdown of events based on the timing of roadway
brine application shows a shift in the in-stream flushing and hysteresis be-
havior, and that the manner of this shift depends on land use. In the Rural
Stream, storms after brining (n = 21) have a significantly higher HI
(p < 0.05) than non-brining events (n = 156) but exhibit no differences
inFI (p = 0.93), suggesting the solute source is more proximal to the mon-
itoring site but not necessarily more concentrated. In the Mixed Stream,
events after brining (n = 24) have a significantly lower HI (p < 0.05)
than non-brining events (n = 252) but exhibit no differences in FI (p =
0.41), suggesting more connectivity of distal solute sources in the mixed
system than in the rural system. Lastly, in the Urban Stream, events after
brining (n = 41) have a significantly lower HI (p < 0.05) than non-
brining events (n = 370) as well as significantly higher FI (p < 0.05), indi-
cating more intense distal flushing of solute than in the other two basins.
For non-brining events in Urban Stream (Fig. S3), the vast majority
(92 %) of events are characterized by clockwise-dilution of SC. This is
largely because the baseflow SC is so large in Urban Stream — due to the
multiple wastewater treatment facility operations in the basin - that any
kind of event is likely to dilute the pre-existing baseflow SC values. How-
ever, for events following brine application, 66 % were characterized by
flushing, likely because of the heavy brine application to the expansive
and extensive impervious surfaces and roadway networks in the highly de-
veloped basin. With an understanding of SC dynamics of baseflow and run-
off, in the next section we proceed to use these data to quantitatively
separate total streamflow into its constituent components.
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Fig. 5. Hysteresis and flushing indices for the study watersheds for non-brining
storms and storms immediately following brining application. Solid markers
represent the median values with 50 % prediction error bars. Transparent
markers represent individual events.
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4.2. Hydrograph separation of runoff and baseflow

Of the 864 total events, a subset of 222 events satisfied the SC-EMMA
criteria for hydrograph separation (as explained in Section 3.2). The events
include 38 in Rural Stream, 44 in Mixed Stream, and 140 in Urban Stream.
To ensure that this smaller subset of storms was representative of all events,
we compared the mean discharge of events that qualified for SC-EMMA
(7.9 = 6.1 m®s™ 1) and those that did not (7.5 = 15.9 m® s~ 1), and we
find no significant difference (p = 0.77 using a Mann-Whitney test). Re-
garding water components, all watersheds show the prominence of
baseflow (plus wastewater effluent, if present) to the overall event dis-
charge (Fig. 6). Importantly, as watersheds urbanize, the fraction of runoff
to total streamflow increases from 0.31 #* 0.14 (Rural Stream) to 0.38 *+
0.15 (Mixed Stream) to 0.43 = 0.14 (Urban Stream). In Mixed Stream,
the single small wastewater treatment facility has negligible contribution
to total streamflow (0.02 #+ 0.01), whereas in the Urban Stream effluent
from the two large facilities constitutes a significant fraction of streamflow
(0.19 + 0.11). Rural Stream does not contain a wastewater treatment facil-
ity thus its baseflow entirely consists of shallow subsurface and deeper
groundwater flows. The inner quartile ranges of Quunog Qbasefiows AN Quuuy
predictions are somewhat wide because each individual event has unique
climatological and antecedent drivers, causing variable hydrologic re-
sponses from one event to the next across basins. Table S3 shows the
hydrograph separation results obtained using RDF. Although we observed
a similar pattern in the variability of runoff and baseflow contributions
across the three watersheds using both RDF and SC-EMMA, RDF showed
slightly higher runoff contributions in all three watersheds. This difference
may be due to the use of a filtering coefficient value that was not calibrated
for our study watersheds.

Runoff and baseflow fractions to the overall storm event discharge were
strongly related to the peak event discharge, Qucax (Fig. 6). In all three
streams, as Qpeqx increases, the fractional contribution of Qo increases
while Qpasefiow and Qe decrease. This effect is more prominent in the
rural system compared to the mixed and urban streams. Spearman correla-
tion (p) reinforced the importance of event and rainfall intensity as drivers
of runoff fraction as Qpeax, flood intensity (Igo.q), event precipitation (P),
and thirty-minute rainfall intensity (I3p) were the most prominent
hydroclimatological predictors (Table S4). The explanatory strength of
these predictors typically reduced as basins urbanized, indicating added
complexity of urbanization to runoff processes. For example, Qpeqx correla-
tion with Quofr decreased from the rural (o = 0.89) to mixed (o = 0.78) to
urban (o = 0.65) systems. Likewise, P correlation with Qg fraction
followed a similar pattern from rural (o = 0.70) to mixed (o = 0.65) to
urban (p = 0.52) systems. Predictors related to antecedent conditions
(Qpase» AP3, and AP;,) and timing (tseomm, teaks toap, AN train) Were relatively
uncorrelated with Qqpnef fraction and did not indicate behavior that syste-
matically varies with land use.

4.3. Runoff and baseflow contributions to sediment generation

Of the 222 events that met the criteria for SC-EMMA analysis, 154
events also had concurrent turbidity data. Therefore, we performed our
MLR analysis on these 154 events to develop a new index (ﬁ;umﬁ) that iden-
tifies the relative importance of runoff and baseflow to stream suspended
sediment (Fig. 7). As a reminder, a ﬂ'mmﬂ value of ‘1’ indicates that the
stream sediment signal has strong temporal alignment with Qqn. Whereas
a value of ‘0’ indicates the inverse, i.e., the sediment signal is strongly cor-
related with the timing of Qpqsefiow- The MLR approach was successful in
explaining the bulk of variance (R? > 0.70) in the sediment time series for
138 of 154 events, giving us confidence in the robustness of the approach.

To visually demonstrate the concept of ﬁ;lmﬁ, we present time series of
total flow, baseflow, runoff, conductivity, and sediment concentration for
three selected storms across a range of [S/mmff values (Fig. 7). Storm events
where sediment arrival to the stream coincides with runoff are character-
ized by a larger ﬂ'mmﬂ value. In these “Runoff Control” type events,
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discharge (bottom row). Power regressions are fit to each of the pathways (solid lines) and the 50 % prediction interval is plotted (shaded regions).

sediment concentration does not significantly increase until the contribu-
tion of Qunef is initiated. Further, the sediment concentration peak occurs
almost simultaneously with the maximum value of Qqnof Hence, in this
storm event, the sediment signal is predominantly influenced by runoff

dynamics, even though runoff constitutes a smaller proportion of the total
stormflow. When neither runoff or baseflow have an outsized influence,
such as in the “Pathway Balance” event, multiple peaks in sediment concen-
tration may correspond to pulses of sediment delivered by both the Qo
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Fig. 7. Total flow, baseflow, runoff, conductivity, and suspended sediment for three selected storms along with their respective ﬁ,’wwﬁf values. Events are ranked from left to

right based on their ﬁ:umﬁ value, from Runoff Control to Pathway Balance to Baseflow Control. Each plot is normalized by event duration and maximum discharge and

sediment concentration.
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and Qpasefiow Pathways. Finally, in “Baseflow Control” events, the observed
sediment pattern is strongly correlated with the temporal structure of
Qpasefiow Tather than Qnnep- A rapid increase in sediment can be observed
when the baseflow grows, followed by a dilution when baseflow begins
to decrease. An important caveat to note is that a ﬁ;umff value of ‘1’, for ex-
ample, does not indicate that runoff is the only contributor of sediment to a
stream, but rather that the in-stream sediment response is strongly aligned
with the temporal structure of runoff arrival. Likewise, a ﬁiwwﬂc value of ‘0’
does not suggest that stream sediment is exclusively generated via
baseflow. Nonetheless, understanding how sediment and hydrologic path-
way signals coincide can be informative to understanding the response of
a watershed to rain events.

Analysis of all storm events reveals mean ﬁ;maﬂf values for Rural, Mixed,
and Urban Streams to be 0.70, 0.57, and 0.64, respectively (Fig. 8). These
results indicate a greater net impact of Qnnfr0n the sediment concentration
signal, i.e., [Sﬁmuff > 0.50, for all three basins, but to varying extents. Nota-
bly, ﬁ}unoff is greater in the Rural Stream than the basins experiencing sub-
stantial urbanization. To understand the hydroclimatological predictors of
ﬂ;umﬁ, we performed a correlation analysis that revealed a significant neg-
ative relationship between [siunoﬁc and Qpeaks Ifiood» and P (p < 0.01), suggest-
ing that storm size and intensity play a role in shifting the hydrologic
pathways of sediment transport.

To varying degrees, ﬁ:wwﬁc results suggest a shift in the water pathways
delivering high sediment concentrations, from Qo sourcing at lower
flows to Qpasefiow sourcing at higher flows (Fig. 8). This was most true for
the Rural Stream where the sediment signal for smaller events
(Qpear < 20 m® s~ 1) is almost entirely controlled by the timing and magni-
tude of Qrunosy (ﬁ:unoﬁ‘ > 0.70) whereas for larger events (Qpear > 20 m3s™h),
the sediment signal shifts toward greater alignment with the timing and
magnitude of Qpasefiow ([J’;wwff < 0.30). While this relationship is strong for
Rural Stream (R? = 0.73), it begins to weaken under greater anthropogenic
stresses in Mixed Stream (R? = 0.59) and Urban Stream (R®> = 0.09). Un-
like in Rural Stream, where sediment concentrations in small events was
largely associated with runoff contribution, this was not always the case
for the urbanized streams. In Urban Stream, two events with the same
Qpeak can be characterized by vastly different [J;MOff values, suggesting en-
tirely different hydrologic delivery pathways of sediment. The ability of
hydroclimatological drivers to explain the behavior of [S;moff weakens as ba-
sins urbanize, suggesting other non-hydroclimatological controls, such as
the addition of impervious surfaces or the removal of riparian buffers.

5. Discussion

We performed hysteresis analysis, hydrograph separation, and multiple
linear regression on hundreds of events to gain better insight into how land
use affects solute dynamics and the generation of high-sediment water by
runoff and baseflow pathways. Our results showed solutes are generally
source-limited; however, winter brining in the urban watershed led to a
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significantly increased distal connectivity of solutes. These results emphasize
the role of urbanization in augmenting the hydrologic connectivity of a basin.
Regarding sediment, multiple linear regression results between in-stream
total suspended sediment and hydrologic pathways showed overall align-
ment of sediment with runoff, but also that baseflow becomes more relevant
to sediment generation in urbanized watersheds and during large storms.
These results support our initial hypothesis of the augmented role of subsur-
face flow in eroding, transporting, and delivering sediment to urbanized
streams.

5.1. Urbanization increases the connectivity of distal salty runoff to the streams

While it is well-established that urbanization accelerates the trend of
freshwater salinization, largely due to the excess application of road deicers
(Moore et al., 2020; Kaushal et al., 2021), our knowledge regarding how
anthropogenic disturbances change the sourcing and transport dynamics
of solutes during storm events is less certain. We found one paper in the lit-
erature that employs high-frequency data to analyze the impact of road salt
application to salinity hysteresis patterns (Lakoba et al., 2020). In that
study, the authors reported no clear change in river flushing or hysteresis
behavior in response to brine application for 114 events in a single
mixed-use watershed. To extend this analysis, we calculated the same met-
rics for 864 events, occurring over twelve years, in three basins along an ur-
banization gradient. This analysis helped us answer the following
questions: 1) how do urban elements affect the connectivity of solutes to
streams in the presence and absence of road salts, and 2) how anthropo-
genic activities such as wastewater effluent impact the flushing and diluting
patterns of salt during storm events?

For non-brining events, the dominant SC hysteresis type was diluting-
clockwise in all watersheds regardless of land use (Fig. S3), indicating solutes
are primarily stored in the near-channel riparian zones and that they are rap-
idly depleted upon storm onset (Wymore et al., 2019; Miller et al., 2021). The
independence of geogenic solute transport to land use and hydroclimatic
conditions has previously been observed in forested and agricultural settings
(Musolff et al., 2021; Koenig et al., 2017). Here, we observe the same pat-
terns for urban watersheds, indicating the spatial and temporal homogeneity
of solutes in the absence of brine application. The diluting impact of storm
event on groundwater-sourced solutes was most evident in Urban Stream,
where wastewater treatment facility discharge constitutes an average of
80 % flow during extended baseflow periods (Zarnaghsh and Husic, 2021),
thereby seeding the stream with very high salinity water prior to storm
onset. After rainfall, urban features, such as storm sewers and drainage
ditches, rapidly transfer less salty runoff to streams, resulting in the observed
diluting pattern. Due to the high antecedent salinity in the Urban Stream, it
had half as many ‘first flush’ events as the Mixed and Rural Streams
(Table S2) likely because the near-stream salt stores that are initially flushed
are less concentrated than the existing in-stream wastewater effluent. These
results emphasize the impact wastewater treatment facilities have on in-
stream salt levels even in the absence of road deicing operations.
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Fig. 8. ﬁ’nmﬁf vs peak discharge for all storms. Linear regressions are fit to each of the streams (solid lines) and the 50 % prediction interval for each regression is plotted
(shaded regions). A kernel density distribution of ﬁ;umﬁ for each basin is plotted to the right of each tile. The median of the [J’:muﬁ distribution for each basin is indicated
by a dashed line and text.
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For events immediately following brine application, we observed differ-
ent SC hysteresis based on land use. In the rural watershed, where the
amount of salts applied is expected to be lower given the smaller roadway
density (Table S1), the dominant hysteresis remained diluting with no
counterclockwise events identified (Fig. S3), suggesting that whatever
road salts were applied did not have the necessary hydrologic connectivity
to arrive to the monitoring location, potentially due to the presence of
disconnecting features such as vegetation and flow limitation (Lakoba
et al., 2020). In contrast, the Urban Stream was characterized by a signifi-
cant increase in the proportion of flushing events and counterclockwise
hysteresis patterns, indicating not only widespread availability of road
salts, but also the necessary connectivity to the fluvial network. The re-
moval of vegetation and the channelization of flow paths through drainage
ditches likely accelerates solute delivery, as has been noted for sediment de-
livery in prior study of these basins (Zarnaghsh and Husic, 2021). As a re-
sult, artificial pathways such as storm drainage systems have the potential
to become primary methods of salt transport to urban streams.

Together, our finding shows urbanization can have a dual impact on sol-
ute transport dynamics. During the non-winter period when distal salt avail-
ability is limited, direct delivery of runoff by impervious surfaces and storm
drainage networks dilutes the salty baseflow in urban streams (Long et al.,
2017). However, when brine is applied to the roadway, the same connectiv-
ity mechanism is responsible for the direct mobilization of road salts, as evi-
denced by a 50 % increase in flushing behavior in the Urban Stream.
Therefore, flushing of salt to streams due to the application of road-brine
can be reduced by utilizing storm drainage mechanisms such as detention
ponds that delay the delivery of solutes to fluvial systems. (Daley et al.,
2009; Long et al., 2015). Analyzing the solute-discharge relationship across
an urbanization gradient revealed that the relationship between proportion
of flushing events in a basin is not linearly related to fraction of impervious
surfaces. In other words, mixed-use watersheds may not necessarily flush sol-
utes following road salt application — even given a large fraction of urban
land use (62 % in our Mixed Stream; Table S1). However, at some point, a
threshold is reached whereby the amount of urbanization is considerable
enough to overcome disconnectivities in the system and the stream behavior
shifts toward flushing in response to most brining events. Lakoba et al.
(2020) attributed this behavior to watershed complexity caused by multiple
transport mechanisms (e.g., drainage systems, impoundments, etc.) and salt
inputs (e.g. agricultural inputs) in mixed streams (Lakoba et al., 2020). We
observed similar complexity and variability in the Mixed Stream. However,
in the Urban Stream, there was a clear difference in HI and FI between brin-
ing and non-brining events, suggesting that once the degree of urbanization
exceeds a certain point, urban features simplify complexities related to solute
dynamics and make the impact of brining on flushing and diluting behavior
clearer.

5.2. Urbanization adds complexity to sediment delivery pathways during storm
events

Despite the important role urbanization plays in accelerating
streambank erosion (Whitney et al., 2015; Pickering and Ford, 2021;
Percich et al., 2022), the specific pathways of water that are responsible
for eroding and transporting this bank material are not as well understood.
In this study, we develop and apply a new index — ﬁ;unoﬂr — to quantitatively
compare the relative significance of surface runoff and subsurface baseflow
to the temporal structure of sediment generation. Prior sediment tracing
work in our three study basins, using plutonium isotopes (Percich et al.,
2022), showed that the fraction of sediment originating from subsurface
bank sediment was 50 % in the Rural Stream and 93 % in the Urban Stream.
While we understand the source of suspended sediment in our basins, it is
uncertain what hydrologic pathway cause its erosion and transport, a chal-
lenge often posed in urban water quality work (Oswald et al., 2023). Thus,
in this study, we answer the following questions: 1) is the timing of in-
stream sediment generation correlated more strongly with runoff or
baseflow, and 2) how does urbanization alter the correlation of sediment
generation with runoff and baseflow?
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Our hydrograph separation results showed faster mobilization of “old”
water — as opposed to “new” runoff — during the rising limb of the majority
(58 %) of storm events, which is known as the “old water” paradox. The
paradoxical rapid mobilization of old water in urban watersheds remains
an open question, despite well-known surface runoff pathways such as im-
pervious channels and roadway drainage ditches. Researchers attribute this
rapid delivery of pre-event water to mechanisms such as the mobilization of
high-conductivity soil water and lateral flow at the soil-rock interface
(Bhaskar and Welty, 2015). Others, such as Yang et al. (2021) and
Pellerin et al. (2008), suggest that this water component may represent
water flushed from swamps and depressions or flood-waves of baseflow
water displaced by runoff, rather than the slow bank storage return flow
that typically emerges during the falling limb of storm events. Our results
lead us to support the former hypothesis whereby storm events rapidly
flush out water stored in near-channel soil zones in a piston-like manner,
as supported by the work of Bhaskar and Welty (2015) and Bonneau
et al. (2018). This flushing of “old” water occurs prior to the arrival of sur-
ficial runoff and is accompanied by an increase in sediment concentrations
as the arriving subsurface water entrains readily erodible sediment from re-
cent streambed deposits or exposed banks.

The mean value of [5’moff was larger than 0.5 for all watersheds, regard-
less of land use, suggesting that, whatever the mechanism of the rapid mo-
bilization of old water is, the dynamics of in-stream suspended sediment are
more aligned with surface runoff than baseflow. Thus, despite the rapid ar-
rival of old water to the stream and its generation of a sediment pulse, much
of the overall storm sediment delivery occurs because of runoff arrival. This
is consistent with previous studies that have shown the important role of
surface runoff in erosion and delivery of sediments to water bodies (Da
Silva et al., 2013; Boithias et al., 2021). Interestingly, the mean ﬁ:wwﬁ was
slightly smaller in the mixed (lB,’,u,wﬁc = 0.57) and urban (ﬁ’mmff = 0.64)
streams compared to rural stream ([Simoﬁ = 0.70), indicating an elevated
role of baseflow in suspended sediment generation in the urban basins, po-
tentially due to the limited upland sediment availability caused by the pres-
ence of impervious surfaces (Mahoney et al., 2021).

While the mean 3, ,,, Was generally similar across the three sites, how
ﬁ;.wwﬂr varied as a function of maximum event discharge was considerably
different between the Rural and Urban Streams. In Rural Stream, we ob-

served a negative correlation between storm peak flow and ﬁ;wwff ®R?
0.73; Fig. 8), suggesting that suspended sediment generation becomes
more aligned with the mobilization of old water to the streams during
more intense storm events. This is particularly interesting because our cor-
relation analysis indicated that larger events are characterized by a smaller
baseflow fraction of storm flow (Table S4). During small events, water
stored in the unsaturated zone is less hydrologically connected to streams,
and thus the majority of sediments are delivered by runoff arrival. How-
ever, as storm events become more intense, subsurface pathways become
more activated, enabling erosive water to be quickly transported to streams
during the rising limb (Nazari et al., 2021; Sherriff et al., 2019; Bieroza and
Heathwaite, 2015). This rapid mobilization of water stored in the unsatu-
rated zone, coupled with flow from well-drained soils, generates consider-
able shear forces that are capable of eroding streambank materials
(Oeurng et al., 2010; Sherriff et al., 2019), and creating the large early
peak in sediment concentration we often observed (Fig. 8). As the storm
event progresses, although runoff continues to be transported to the stream,
it carries less and less sediment due to the depletion of upland sources. This
results in a larger contribution of runoff to storm flow, but a larger contribu-
tion of base flow to suspended sediment generation. Previous studies, in-
cluding a study on the same watershed, have shown that larger peak flow
promotes a clockwise turbidity hysteresis pattern, suggesting a more signif-
icant proximal sourcing (Zarnaghsh and Husic, 2021; Hamshaw et al.,
2018). Our hydrograph separation results indicate that this larger fraction
of clockwise pattern is most likely due to the increased transport of sedi-
ment caused by the delivery of water from subsurface pathways rather
than surface runoff.
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In contrast to the Rural Stream, very little correlation was observed be-
tween [B’mmff and peak discharge in the Urban Stream (R*> = 0.09; Fig. 8),
indicating a more complex relationship between the timing of water com-
ponents and suspended sediment in developed streams. Previous studies
have attributed the temporal variability in sediment-discharge relationship
to the activation of multiple sources, including in-channel/gully erosion, re-
suspension of recently deposited sediment in the fluvial network, and con-
struction sites and road networks (Pickering and Ford, 2021; Gellis and
Noe, 2013). However, our sediment tracing study in the urban site indi-
cated that the source of transported material is always the same, with
93 % of suspended sediment originating as bank material in the Urban
Stream (Percich et al., 2022). Therefore, we argue that the variability in re-
sponse mostly originates from the variability in hydrological pathways by
which pre-event and runoff water components are transported to the chan-
nels and lead to the erosion of bank material, which is already facilitated by
the removal of riparian vegetation and wastewater contributions. While nu-
merous previous studies have shown large fraction of pre-event water con-
tributions to stormflow in urban watersheds (Bhaskar and Welty, 2015;
Pellerin et al., 2008), we show in this study that this mobilization of pre-
event water corresponds to an increase in suspended sediment.

Urban features add complexity and variability to the hydrologic path-
ways that transport sediment to the stream network, which we try to under-
stand through analysis of event-based variables. We considered a slew of
discharge (Qpeaks Ifioods tstorms aNd tpeald), antecedent (Qpase, AP3, AP14, and
tgap), and rainfall (P, I3o, and tr,;,) variables to try to explain the behavior
of [3/moff as landscapes urbanize, but the variables provided limited explan-
atory strength. This is in line with the results of a previous study that
showed that the flashier an urban stream, the more difficult its sediment re-
sponse is to predict solely using discharge (Chen and Chang, 2019). Thus,
we believe that observed variability of ﬁ:unoﬁ‘ is a result of land use differ-
ences and the arrangement of urban features as opposed to
hydroclimatological processes. First, impervious surfaces blanket and dis-
connect upland sediment that would otherwise have the potential for ero-
sion and transport to the stream corridor (Devereux et al., 2010; Russell
et al., 2019). Second, because of the lack of upland erosion to satisfy the
sediment transport carrying capacity of runoff, impervious surfaces, waste-
water treatment facilities, and drainage networks convey relatively
sediment-free (or ‘hungry’) water into stream networks where it can rapidly
erode bank material (Heckmann et al., 2017; Russell et al., 2020). These
features likely play a large role in modifying the pathways of sediment de-
livery in urban systems, while ultimately causing the same type of sediment
to be eroded, i.e., bank material. Together, our findings suggest that
constraining excess bank erosion in urban basins must consider not only
surficial runoff, which is often the prime focus for management, but also
subsurface baseflow, which we show to be relatively more important to sed-
iment generation in urban than rural streams.

5.3. An index for identifying hydrologic pathway influence on water quality

In this study, we couple hydrograph separation with high-frequency
sensing of sediment to develop a quantitative index — ﬁ;mmﬁ - to gain a bet-
ter understanding of sediment generation in rivers. This index quantifies
the relative contribution of runoff and baseflow to the temporal structure
of in-stream sediment. Beyond our development of ﬁ;unoﬂr for turbidity
data, there is clear potential for its application to other aquatic sensing
data sets, including nitrate, phosphorus, dissolved organic matter, and
chlorophyll-a, to name a few, so long as coincident specific conductance
data (or other methods) are available for hydrograph separation. For exam-
ple, applying ﬂ;.wwﬁc to nitrate data would improve understanding of the
flow pathways associated with nitrate arrival to the stream network,
which is a major challenge for effective management of non-point source
pollution. Nazari et al. (2021) use multiple linear regression to assess phos-
phorus transport in a tile-drained landscape, which could be expanded, as
in our study, to consider the temporal coherence of phosphorus stores
and hydrologic pathways. Studies in the literature stress the importance
that timing prediction plays in the success of measures aimed at reducing
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problems caused by sediment erosion and other pollutant-generating
events (Zaimes et al., 2021; Mohanavelu et al., 2022).

Despite the utility of [J’;wwff, there are several considerations that need to
be made prior to its use. First, it is important to note that [3’,’1,,“,13r does not
quantify the magnitude of the sediment yield carried by a hydrologic path-
way, but rather represents the temporal correlation between the arrival of a
hydrologic pathway to the stream and the corresponding response of the
sediment signal — a slight but important distinction. Quantifying sediment
loading due to each component would require detailed knowledge of the
sediment source end-member concentrations, which may not be stationary
through time and thus would violate mixing model assumptions. Second
the values we get from ﬁ;umjf are heavily dependent on the method of
hydrograph separation (EMMA vs RDF). We recommend SC-EMMA as it
provides a flow-independent approach that is unique to each storm event
and not influenced by the selection of filtering parameters. Digital filter
methods, by their mathematical construction, impose that baseflow arrives
after runoff, which may not be the case in many basins. Because we use lin-
ear regression in calculating ﬂ;moff, the model may not entirely capture non-
linear relationships that exist in the data, and it may be sensitive to outliers
and noise in the turbidity signal. Nonetheless, [j’:wwﬁ was shown in this
study to be a robust tool for the assessment of hydrologic pathway influence
to sediment generation across 138 events, and it has potential promise for
application to other high-frequency aquatic sensing data sets.

6. Conclusions

The rapidly increasing availability of high temporal resolution water
quality data provides a great opportunity to assess the impact of land use
change on hydrologic pathways and sediment transport. Analyzing over a
decade of specific conductance data in three watersheds along a rural-to-
urban transect, we found that urbanized streams are significantly more
prone to salinization due to the enhanced hydrologic connectivity of
deicing agents distal to the stream network. Hydrograph separation results
showed an increasing fractional contribution of runoff to total streamflow
as a function of land use: rural stream (0.31 * 0.14), mixed stream (0.
38 * 0.15), urban stream (0.43 = 0.14). Turbidity data and hydrologic
pathway results were coupled to create a new quantity index describing
the temporal structure of sediment delivery to streams, ﬁ;lmﬂ. In the rural
basin, in-stream sediment is strongly correlated to the arrival of runoff at
low flows and to baseflow at high flows. Baseflow becomes more relevant
to sediment generation in the most urban stream, potentially arising from
relatively sediment-free runoff from impervious surfaces coupled with
baseflow-driven erosion of streambanks. The new index developed as part
of this study — ﬁﬁwwff — shows promise for identifying important hydrologic
pathways to sediment generation as well as potential application to other
water quality constituents, such as nitrate.
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