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ABSTRACT

Elevated nutrient concentrations present significant challenges to surface water
quality management globally, and dissolved organic matter mediates several key
biogeochemical processes. Storm events often dominate riverine loads of nitrate,
phosphorus, and dissolved organic matter, and are expected to increase in frequency and
intensity in many regions due to climate change. The recent development of in situ
optical sensors has revolutionized water quality monitoring and has highlighted the
important role storms play in water quality. This dissertation focuses on improving the
application of in situ optical water quality sensors and interpreting the high-frequency
data they produce to better understand biogeochemical and watershed processes that are
critical for resource management.

We deployed in situ sensors to monitor water quality in three watersheds with
contrasting land use / land cover, including agricultural, urban, and forested landscapes.
The sensors measured absorbance of ultraviolet-visible light through the water column at
2.5 nanometer wavelength increments at 15-minute intervals for three years. These
deployments provided a testbed to evaluate the sensors and improve models to predict
concentrations of nitrate, three phosphorus fractions, and dissolved organic carbon using
absorbance spectra and laboratory analyses through multivariate statistical techniques. In
addition, an improved hysteresis calculation method was used to determine short-
timescale storm dynamics for several parameters during 220 storm events.

Goals of each dissertation chapter were to: (1) examine the influences of
seasonality, storm size, and dominant land use / land cover on storm dissolved organic
carbon and nitrate hysteresis and loads; (2) evaluate the utility of the sensors to determine
total, dissolved, and soluble reactive phosphorus concentrations in streams draining
different land use / land covers, and perform the first statistically robust validation
technique applied to optical water quality sensor calibration models; and (3) analyze
storm event dissolved organic matter quantity and character dynamics by calculating
hysteresis indices for DOC concentration and spectral slope ratio, and develop a novel
analytical framework that leverages these high frequency measurements to infer
biogeochemical and watershed processes. Each chapter includes key lessons and future
recommendations for using in situ optical sensors to monitor water quality.
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CHAPTER 1. PRESSING WATER QUALITY CHALLENGES AND
THE BENEFITS OF IN SITU OPTICAL SENSORS

The roles of nitrogen, phosphorus, and dissolved organic matter in surface water
quality issues

Eutrophication as a result of elevated nutrient concentrations is one of the most
pronounced threats to water quality globally (e.g., Schindler et al. 2016), and is the most
common reason for waterbody impairment in U.S. rivers (EPA 2016c), lakes (EPA 2016b),
and coastal areas (EPA 2016a). Over the past century, global nitrogen and phosphorus
cycles have been dramatically altered by human activities (e.g., Driscoll et al. 2003;
Galloway et al. 1995; Jarvie et al. 2013), often increasing nutrient bioavailability in
freshwater lakes (Smith et al. 1999) and streams (Dodds and Smith 2016). Human activities
have more than doubled the rate of nitrogen fixation over natural levels in the last century
(Vitousek et al. 1997). The effects of this change interact with pronounced alterations in
global and regional carbon cycles, affecting both the climatic settings of freshwater systems
(Guilbert et al. 2015) and the dissolved organic matter (DOM) character and quantity in
waterbodies (Dhillon and Inamdar 2013). For example, eutrophication and increased
temperatures have led to increased prevalence of cyanobacteria blooms worldwide (O’Neil
etal. 2012), which often drive watershed management decisions (Scavia et al. 2014). Using
innovative tools to gain a better understanding of freshwater nitrogen, phosphorus, and
carbon dynamics in human-altered catchments will be critical to address these challenges.

Many surface water problems are the result of nitrogen from non-point sources
(Boyer et al. 2002) and a disproportionate amount is delivered by storms (McClain et al.

2003). Agriculture and urban land use / land covers (LULCs) contribute non-point sources
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of nitrogen and have led to elevated nitrate loads in streams (Boesch et al. 2001). These
land uses can alter the storm response of a watershed from supply-limited (limited by the
amount of a source constituent), typical of a forested stream, to a transport-limited
condition (limited by the available water to connect the source constituent to a stream)
(Carey et al. 2014; Rosenzweig et al. 2008). Elevated levels of inorganic nitrogen in surface
waters, usually in the form of nitrate (NOgz’), can cause numerous adverse effects on
downstream freshwater ecosystems (Camargo and Alonso 2006; Smith et al. 1999), and
coastal waters, which are often nitrogen-limited (Howarth 2008; Howarth and Marino
2006). Effects include changes in the biotic community structure and loss of biodiversity
(Pardo et al. 2011), eutrophication (Smith et al. 1999), and increased acidification in
forested systems (Driscoll et al. 2001) leading to increased mobilization of toxic aluminum
(Baker et al. 1996). Elevated nitrogen levels also pose a risk to human health through
deteriorating drinking water supply quality and ecological feedbacks to disease (Townsend
et al. 2003), and has a significant detrimental impact on the economy (Camargo and Alonso
2006).

Phosphorus, another nutrient of concern, is thought to often limit cyanobacteria
growth that impacts recreation, drinking water quality, property values, and ecosystem
health (Carpenter et al. 1998; Conley et al. 2009). Inputs of phosphorus to aquatic systems
depend greatly on LULC and have increased dramatically in the past century. Phosphorus
accumulates in receiving waterbodies after the negatively charged phosphate (PO4>) ion
forms complexes with metal-containing minerals (Davison 1993). In forested systems,
organic and inorganic phosphorus is primarily sourced from parent material weathering
and ecosystem cycling (Likens 2013). While these processes also occur in urban and
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agricultural catchments, fertilizer amendments, animal feed importation, and other human
activities also contribute additional organic and inorganic phosphorus (Daloglu et al. 2012;
Wironen et al. 2018).

Phosphorus is delivered to waterbodies in several forms that can differ in
bioavailability for cyanobacteria growth (Correll 1998; Isles et al. 2017). Phosphorus is
most bioavailable as dissolved inorganic orthophosphate, commonly measured as soluble
reactive phosphorus (SRP), or as part of the total dissolved phosphorus fraction (TDP). In
addition, a portion of the organic phosphorus pool can be directly bioavailable, or can be
rapidly decomposed by heterotrophic bacteria into the inorganic form that can be quickly
utilized (Kane et al. 2014). Particulate phosphorus has potential bioavailability dependent
upon the speciation of solid phase phosphorus and its interaction with receiving water
column and pore water solutions (Giles et al. 2015; Schroth et al. 2015). Phosphorus in all
forms is primarily delivered by storm events (Gerten and Adrian 2000; Pierson et al. 2013).
For example, the magnitude of summer cyanobacteria blooms in Lake Erie have been
shown to be positively correlated to spring river discharge and inputs of total phosphorus
(TP) (Michalak et al. 2013; Stumpf et al. 2012). Quantifying phosphorus loads, the
fractionation of those loads, and short- and long-term changes in these quantities will be
key to meeting future water resource management goals.

Dissolved organic matter is considered a master variable that is linked to several
key biogeochemical processes and water quality challenges (Stubbins et al. 2014). DOM
abundance, sources, and driving processes are each altered by LULC (e.g., Parr et al. 2015;
Wilson and Xenopoulos 2009). On a local scale, DOM is a major source of terrestrial
carbon to receiving waterbodies (Prairie 2008), attenuates ultraviolet radiation that is
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harmful to microorganisms (Bukaveckas and Robbins-Forbes 2000; Morris et al. 1995),
and affects metal pollutant transport and bioavailability (Driscoll et al. 1988; Ravichandran
2004). DOM plays a key role in stream metabolism in temperate forests (Roberts et al.
2007), and its availability can limit denitrification, a microbial process that is central to
maintaining high water quality (Sobczak et al. 2003). DOM also has been identified as the
primary cause of harmful trihalomethane disinfectant byproduct formation during drinking
water treatment (Chow et al. 2007; Kraus et al. 2008; Nguyen et al. 2013; Reckhow and
Singer 1990). Globally, DOM is a significant source of carbon dioxide emissions into the
atmosphere (Battin et al. 2009; Cole et al. 2007; Weyhenmeyer et al. 2012), and is a link
between upland carbon sources and the oceans (Ludwig et al. 1996; Raymond and Bauer
2001). Dissolved organic carbon (DOC) loads generally have increased in the Northeast
U.S. in recent decades (Monteith et al. 2007; SanClements et al. 2012; Stoddard et al.
2003). This increase has been attributed to decreased sulfate (SO42") concentrations and
acidity in surface waters since the Clean Air Act of 1970 and Clear Air Act Amendments
of 1990 greatly reduced sulfur deposition in the region (Baumgardner et al. 2002).

The natural and anthropogenically influenced pool of DOM in surface waters can
contain a complex pool of thousands of compounds (Kim et al. 2006; Sleighter and Hatcher
2007; Stubbins et al. 2014). The “character” of DOM refers to the specific composition of
this pool, which can differ over several temporal and spatial scales and among various
ecosystem types (e.g., Jaffé et al. 2008). Human influences based on LULC can strongly
influence DOM character during times of baseflow and storm events (e.g., Dalzell et al.
2005; Wilson and Xenopoulos 2008). DOM character can also have important implications
for water quality management, since waters with elevated DOC concentrations and high
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aromatic content have higher formation potential of disinfectant byproducts in drinking
water treatment (Kitis et al. 2001; Reckhow and Singer 1990). Some types of in situ
monitoring equipment offer the potential to measure DOM character independently of
DOC concentration on a continuous basis to observe changes on short- and long-
timescales.

Although the importance of nitrogen, phosphorus, and carbon and the influence of
LULC on the supply, chemical form, and transport of these constituents is well known,
more study is needed to determine how short-timescale storm nutrient and carbon dynamics
differ among landscapes with various LULCs. Describing these differences may lead to
opportunities for improved land use and resource management through identifying sources
and pathways of pollutant delivery to stream networks.
The importance of storms and the value of high-frequency water quality monitoring

Storm events generate high stream flows that can transport considerably more
nutrients and carbon to receiving water bodies than fluxes during times of baseflow
(Fellman et al. 2009; Hinton et al. 1997; Inamdar et al. 2006). For example, storms can
make up approximately 20% of a time period and export over 60% of the DOC load in the
same time period (Oeurng et al. 2011). In addition, storms can mobilize distinct watershed
and atmospherically deposited sources of nitrate through hydrologic pathways activated by
storm watershed wetting; these sources can differ based on LULC and storm size (Buda
and DeWalle 2009). Projections that storms in the US are expected to increase in frequency
and intensity (Walsh et al. 2014) and that rapid LULC change is expected to continue
(Lawler et al. 2014) together suggest that predicting future interactions of storm dynamics
and LULC will be important to effectively manage water resources.
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Capturing rapid water quality changes that often occur during storms can provide
insight regarding watershed sources of pollutants, their hydrologic pathways during storms,
and can provide the basis for more effective management. For example, quantifying the
dynamic relationship between a key parameter and stream discharge during storm events
can reveal solute transport pathways and active source areas (e.g. Chanat et al. 2002; Evans
and Davies 1998; House and Warwick 1998). Hysteresis occurs when the parameter —
discharge relationship differs on the rising limb of a storm versus the falling limb (e.g.
Bowes et al. 2015; Johnson and East 1982). When a solute has higher concentrations on
the rising limb versus the falling limb, a plot of these parameters forms a clockwise loop.
This non-linear relationship is often the result of an exhaustible solute supply that is close
in proximity to the measurement location (e.g. Bowes et al. 2009). When concentrations
are higher on the falling limb versus the rising limb, an anti-clockwise hysteresis pattern
emerges. This occurs when sources are more distal, have a longer transport time, stem from
deeper subsurface zones, or a combination of these factors (Bieroza and Heathwaite 2015;
Donn et al. 2012). In order to capture storm hysteresis effects or to determine that they do
not occur, key water quality and quantity parameters must be measured on the timescale
on which changes occur.

The development of in situ optical sensors has revolutionized water quality
monitoring and gives researchers an improved view of the important role storms play in
water quality (e.g., Kirchner et al. 2004). Storm solute loads and hysteresis dynamics are
difficult to characterize with traditional “grab sampling” approaches because of the effort
necessary for high-frequency sampling, and because storms are ephemeral in time and
variable in space. Auto-samplers can increase temporal resolution of data, but these have
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limitations. For example, they can hold a limited number of samples, and samples often sit
unattended, which can compromise data quality. In situ optical water quality sensors have
several advantages over these traditional methods, including: (1) sub-hourly measurement
intervals to resolve rapid changes in water quality; (2) no need for hazardous chemicals to
analyze solute concentrations; (3) no storage or transportation issues that can impact lab
analyses of grab samples; and (4) the ability to characterize large episodic events when
manual sampling may be impractical, expensive, and/or unsafe (Carey et al. 2014;
Saraceno et al. 2009). Dynamics that occur on seasonal or diel timescales are also better
described by this approach (Heffernan and Cohen 2010; Pellerin et al. 2012). Assessing
solute export using in situ sensors can also potentially reduce error associated with
discharge based load estimations due to variable event-based hysteresis (Guo et al. 2002;
Pellerin et al. 2014), though the improvement over concentration-discharge measurement
may be limited for some applications (Musolff et al. 2017). Optical sensors can also
provide a continuous measurement record of water quality constituents to allow for greater
understanding of seasonal trends, annual change, and increases the likelihood of capturing
“hot moments” in a watershed (McClain et al. 2003). These continuous datasets may serve
as historical benchmarks that can provide baseline conditions to monitor and evaluate
environmental change due to future episodic disturbances and long-term pressures.
Ultraviolet-visible spectrophotometers have been shown to make rapid, continuous,
concurrent, and accurate measurements of dissolved organic carbon, nitrate, and total
suspended solids concentrations in surface waters with varying environmental conditions
(Fichot and Benner 2011; Langergraber et al. 2003; Pellerin et al. 2013; Rieger et al. 2006;
Sakamoto et al. 2009). These instruments measure light absorbance of the ultraviolet-
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visible portion of the electromagnetic spectrum through the water column; these
absorbance values can then be related to laboratory-measured concentrations through
several multivariate statistical techniques. This approach also has been used to predict
concentrations of non-ultraviolet-visible light absorbing solutes (e.g., P, Si, Mn) with
promising results (Birgand et al. 2016). Generating algorithms to predict nutrient and DOC
concentrations from water column light absorbance spectra presents a challenge due to the
high dimensionality of the independent variables (light absorbance spectra) compared to
the single response variable (e.g., nutrient concentration). Partial least squares regression
(PLSR) is a technique that condenses independent variables into orthogonal, uncorrelated
components and combines them in a multivariate model to predict the parameter of interest.
This method can be used to harness the information of a rich collection of ultraviolet-
visible absorbance spectra to predict a desired dependent quantity (e.g., Etheridge et al.
2014).

In addition to their current relatively high cost, there are several knowledge gaps
that in part prevent the adoption of in situ ultraviolet-visible spectrophotometers by
watershed managers. This technology has not been evaluated in streams draining
watersheds of various LULCs in the same region, so their improvement over more
traditional sampling technigues in these environments is not known. Also, previous studies
evaluating this method have not presented model validation results; that is, all of the
available laboratory analyses are often used to calibrate models, without verifying
predictions with independent observations. In addition, though in situ spectrophotometer

sensors may offer the potential to concurrently measure multiple phosphorus fraction



concentrations (e.g., TP, TDP, SRP) at a high frequency, few researchers have attempted
this in a limited number of environmental conditions.

Ultraviolet-visible spectrophotometer sensors have shown promise to predict
phosphorus fractions in some cases (Etheridge et al. 2014), though predictions of TP, TDP,
and SRP concentrations from optical sensors have not been evaluated rigorously in a
variety of systems. Studies and monitoring programs often make TP concentration
estimates based on correlations of laboratory-measured TP concentration from grab
samples with continuously measured discharge, turbidity, or a combination of the two.
Unlike solutes such as nitrate and dissolved organic carbon, most phosphorus fractions do
not directly absorb light in the ultraviolet-visible spectrum. Therefore, calibrations with
concentrations of different phosphorus fractions would rely on proxy correlations alone,
similar to correlations relating TP concentration to discharge. If robust proxy correlations
were developed, phosphorus fractions could be monitored continuously on short timescales
that capture rapid changes in hydrologic and biogeochemical processes critical to inform
watershed management and nutrient reduction goals.

Overarching research questions, study design, and dissertation outline

This dissertation aims to address several overarching research questions while
assessing and developing an emerging water quality monitoring technology:

1. Can in situ ultraviolet-visible spectrophotometer sensors be used in a wide
variety of riverine environments to accurately and precisely monitor nitrate,

phosphorus fractions, and DOM continuously and at a high frequency?



2. How does land use / land cover influence biogeochemical and watershed
processes during storm events, and what are the downstream implications of
these influences?

3. Can high-frequency water quality data be used to inform on sources and
hydrologic pathways of nitrate and DOM?

4. How do land use / land cover, seasonality, and storm events together influence
nitrate and DOM loading?

To answer these questions, monitoring stations were installed at three sites that were
chosen to represent distinct end-members of LULC: agricultural, urban/suburban, and
forested. Sites at Hungerford Brook (agricultural), Potash Brook (urban/suburban), and
Wade Brook (forested) are located in the US state of Vermont on streams that drain to Lake
Champlain. These stations were part of a larger network of sensors in the Northeast Water
Resources Network (NEWRnet), which supported similar stations in the US states of
Rhode Island and Delaware. Site characteristics are described in detail in the following
chapters.

Each station was outfitted with an in-stream s::can Spectrolyser spectrophotometer
that measured the absorbance of multiple wavelengths of ultraviolet and visible light, and
a YSI EXO2 multi-parameter sonde that measured stream temperature, specific electrical
conductivity, fluorescent dissolved organic matter, pH, and dissolved oxygen
concentration. Each station was also equipped with a tipping bucket rain gauge, an in-
stream pressure transducer, an atmospheric pressure transducer, solar panels, a datalogger,
and a modem-antenna system to transmit data and troubleshoot remotely. These sites were
an excellent test-bed for the next generation of water quality monitoring systems, where
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researchers can see and react to water quality changes remotely and in real-time. All
measurements were collected at a one measurement per 15-minute frequency, or at the rate
of tip occurrence for the tipping bucket gauge. This measurement frequency was a key
element of our study design that allowed for water quality changes to be characterized on
the timescale on which they occur. Significant effort was put into collecting an adequate
number of grab samples so that sensor measurements could be compared to laboratory
analyses of nitrate, TP, TDP, SRP, and DOC concentration.

Significant thought and effort were put into the on-site sensor deployment design
and installation. This design needed to accommodate dry baseflow, dangerously high
stormflow, in-stream debris and sediment, temperature extremes, variable turbidity
conditions, biological fouling, and both wildlife and human tampering. In-stream
equipment was anchored with lag bolts into bridge infrastructure and/or cinder blocks and
were always secured with redundant cables that were often activated by high stormflows.
Large PVC pipe housings for sensors were reinforced with stainless steel lag bolts that
allowed water, solutes, and fine sediment to flow past measurement windows while
restricting the influx of in-stream debris and larger sediment. Biological fouling was
minimized with silicone sensor wipers and with regular cleaning in the field. Wildlife
tampering was minimized with above and underwater electrical conduit, and human
tampering was minimized by disguising expensive monitoring equipment as refuse. Stream
discharge measurements and stage-discharge rating curve development presented an
ongoing challenge at the three sites. These challenges were due to inaccessible high flows,
difficulty in the prediction of storm timing, variable groundwater contribution, and non-
uniform channel morphology. Although rarely a focus of recent novel research on water
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resources, accurately measuring stream discharge forms the basis of many studies in stream
dynamics and considerations to reduce uncertainty in discharge should not be discounted
during study design.

While high-frequency data can reveal short-timescale changes not characterized by
grab sampling, the management, organization, and analysis of high-frequency data is non-
trivial (e.qg., Porter et al. 2012). For example, measuring a single parameter at a 15-minute
interval for one year produces over 35,000 measurements; this is in contrast to 12 — 52
samples per year for the common practice of discrete monthly or weekly sampling (Pellerin
et al. 2016). Code infrastructure in the R programming language was extremely useful to
manage and make effective use of our large dataset. After several data management
iterations, the most effective was a system based on compiling two main sets of data: (1) a
dataframe containing concurrent raw sensor measurements and corresponding laboratory-
measured values, and (2) a dataframe containing best 15-minute frequency estimates for
all parameters of interest. For each dataframe, a row represented a single point in time, and
each column represented a measurement made at that time, or analytical results from grab
samples taken at that time. This system allowed for a two-step process in which models
could be developed and validated from dataset (1) to relate raw sensor measurements to
laboratory-measured value. These models could then be applied to create dataset (2), and
derived timeseries could be used to infer watershed processes through subsequent analyses.
For this work, dataframe (1) contained 649 rows and 444 columns, and dataframe (2)
contained approximately 166,000 rows and 15 columns. Details on these models,

validations, and analyses are presented in subsequent chapters. This approach allowed for
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a “big data,” or “near-census” approach to storm response analysis that ultimately revealed
a previously unknown and remarkable variability in storm dynamics of nutrients and DOM.

The subsequent chapters of this dissertation address the overarching questions
using multiple approaches and both novel and established methods. The second chapter,
High-frequency dissolved organic carbon and nitrate measurements reveal differences in
storm hysteresis and loading in relation to land cover and seasonality, compares the
performance of optical sensors in untested environments and uses a newly developed
hysteresis metric to determine how LULC influences nitrate and DOM dynamics.
Continuous monitoring for the spring, summer, and fall seasons over two years allowed us
to capture and characterize 126 storm events and describe the influence of LULC and
seasonal effects on nitrate and DOC loading. This number of storms is relatively high for
the literature and shows a remarkable amount variability has not been observed with other
techniques. This is the first study to apply this emerging technology to watersheds with
varied LULCs in the same region, and we were able to directly observe what appears to be
the complex interaction of farm management practices and seasonal dynamics. This
chapter was published in a special section of Water Resources Research: “Continuous
nutrient sensing in research and management: Applications and lessons learned across
aquatic environments and watersheds.”

The third chapter, Using in situ UV-Visible spectrophotometer sensors to quantify
riverine phosphorus partitioning and concentration at a high frequency, aims to evaluate
the use of ultraviolet-visible spectrophotometers to monitor three different riverine
phosphorus fraction concentrations: total, dissolved, and soluble reactive phosphorus. This
chapter builds upon others’ work in this field by assessing the utility of this technology to
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measure multiple phosphorus fraction concentrations concurrently in a variety of
environmental settings. It also introduces a robust model validation technique that is
recommended for future studies using optical water quality sensors. Rather than displaying
model statistics using all available calibration data, robust validation requires that some
data be withheld to compare model predictions with observations not used in model
development. A bootstrap validation technique was used to repeat this process randomly
one thousand times so the validation would not be sensitive to sampling error. Similar
validation techniques are common in other scientific fields, but applied here for the first
time to high-frequency water quality monitoring. The result is a robust estimate of
uncertainty associated with predicting an unknown water quality parameter using
established models based on ultraviolet-visible absorbance spectra. This chapter was
published in Limnology and Oceanography: Methods in October, 2018.

The fourth chapter, Shining light on the storm: In-stream optics reveal hysteresis
of dissolved organic matter character, builds upon the methods developed in the second
and third chapters by incorporating the spectral slope ratio. The spectral slope ratio is
inversely proportional to the molecular weight of DOM pool, and can be derived from the
shape of an ultraviolet-visible spectrum curve. We incorporated these measurements into
a novel analytical framework where storm spectral slope ratio hysteresis is plotted versus
storm DOC concentration hysteresis in a four-quadrant cartesian grid. The location of each
storm in this plotting space indicates the source and character of DOM during different
stages of each storm, and provides context to conjecture on rapid changes in DOM
provenance depending on LULC. Calculations from 220 storms again showed remarkable
variability and reveal significant influences of LULC on DOM sources, processing, and
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transport. This chapter was submitted for publication to Biogeochemistry on October 10,

2018.

This dissertation forms a basis for future work on optical water quality sensors,
high-frequency environmental data analysis, and interpretation of biogeochemical
processes based on near-census sampling of environmental change. Recommendations for
using in situ water quality sensors and resulting data are included throughout this work in
an effort to aid watershed managers in adopting this emerging technology.
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CHAPTER 2. HIGH-FREQUENCY DISSOLVED ORGANIC
CARBON AND NITRATE MEASUREMENTS REVEAL
DIFFERENCES IN STORM HYSTERESIS AND LOADING IN
RELATION TO LAND COVER AND SEASONALITY

Abstract

Storm events dominate riverine loads of dissolved organic carbon (DOC) and
nitrate, and are expected to increase in frequency and intensity in many regions due to
climate change. We deployed three high-frequency (15-minute) in-situ absorbance
spectrophotometers to monitor DOC and nitrate concentration for 126 storms in three
watersheds with agricultural, urban, and forested land use / land cover. We examined
intrastorm hysteresis and the influences of seasonality, antecedent conditions, storm size,
and dominant land use / land cover on storm DOC and nitrate loads. DOC hysteresis was
generally anti-clockwise at all sites, indicating distal and plentiful sources for all three
streams despite varied DOC character and sources. Nitrate hysteresis was generally
clockwise for urban and forested sites, but anti-clockwise for the agricultural site,
indicating an exhaustible, proximal source of nitrate in the urban and forested sites, and
more distal and plentiful sources of nitrate in the agricultural site. The agricultural site had
significantly higher storm nitrate yield per water yield and higher storm DOC vyield per
water yield than the urban or forested sites. Seasonal effects were important for storm
nitrate yield in all three watersheds and farm management practices likely caused complex
interactions with seasonality at the agricultural site. Hysteresis indices did not improve
predictions of storm nitrate yields at any site. We discuss key lessons from using high-

frequency in-situ optical sensors.
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Introduction

Storms transport considerably more carbon and nutrients to receiving water bodies
than during times of baseflow (Fellman et al. 2009; Inamdar et al. 2006). Understanding
fluxes during storm events is critical since storms in the US are expected to increase in
frequency and intensity in the future (Walsh et al. 2014). Storms are difficult to characterize
with traditional “grab sampling” approaches because they are ephemeral in time and
variable in space. The development of in-situ optical sensors has revolutionized water
quality monitoring and gives researchers an improved view into the important and dynamic
role that storms play in water quality. These instruments have several advantages over
traditional hand or automatic grab sampling to characterize storms, including: (1) sub-
hourly measurement intervals to resolve rapid changes in water quality; (2) no need for
hazardous chemicals to analyze solute concentrations; (3) no storage or transportation
issues that can impact lab analyses of grab samples; and (4) the ability to continuously
monitor streamwater chemistry so that rare and episodic events can be characterized.
Assessing solute export using in-situ sensors also reduces error associated with discharge
based load estimations, since discharge-solute relationships can break down during
extreme precipitation events or due to variable event-based hysteresis loops (Dhillon and
Inamdar 2013).

Recently, in-situ spectrophotometers have been used to measure streamwater
dissolved organic carbon (DOC) and nitrate (NO3") concentrations, two important water
quality characteristics. DOC is transported from terrestrial sources of carbon to receiving
water bodies (Prairie 2008), attenuates ultraviolet radiation that is harmful to
microorganisms (Bukaveckas and Robbins-Forbes 2000; Morris et al. 1995), affects metal
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pollutant transport and bioavailability (Driscoll et al. 1988; Ravichandran 2004), and has
been identified as the primary cause of harmful trihalomethane disinfectant byproduct
formation during drinking water treatment (Chow et al. 2007; Kraus et al. 2008; Nguyen
et al. 2013; Reckhow and Singer 1990). Nitrate is an essential nutrient to aquatic
ecosystems; however, when supply exceeds ecosystem demand, elevated concentrations in
surface waters cause numerous adverse effects on downstream freshwater ecosystems
(Camargo and Alonso 2006; Smith et al. 1999), including changes in the biotic community
structure and loss of biodiversity (Pardo et al. 2011), eutrophication (Smith et al. 1999),
increased acidification in forested systems (Driscoll et al. 2001) leading to increased
mobilization of toxic aluminum (Baker et al. 1996), and deterioration of drinking water
supply quality (Townsend et al. 2003). Therefore, in-situ high-frequency measurements of
these key parameters have exciting potential to inform our understanding of a diverse suite
of water quality issues operating across multiple spatial and temporal scales.

Quantifying the dynamic relationship between solute concentration and stream
discharge can improve understanding of solute transport pathways and active source areas
(e.g. Chanat et al. 2002; Evans and Davies 1998; House and Warwick 1998). Hysteresis
occurs when the concentration — discharge relationship differs on the rising limb of a storm
versus the falling limb (e.g. Bowes et al. 2015; Johnson and East 1982). When a solute has
higher concentrations on the rising limb versus the falling limb, a plot of these parameters
forms a clockwise loop. This non-linear relationship is often the result of an exhaustible
solute supply that is close in proximity to the measurement location (e.g. Bowes et al.
2009). When concentrations are higher on the falling limb versus the rising limb, an anti-
clockwise hysteresis pattern emerges. This occurs when sources are more distal, have a
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longer transport time, stem from deeper subsurface zones, or a combination of these factors
(Bieroza and Heathwaite 2015; Donn et al. 2012). Hysteresis relationships can provide
some indication of the general sources of solutes during storms, though it is not clear
whether hysteresis dynamics correlate with solute loading.

Seasonal effects can have significant influences on storm DOC and nitrate export.
During spring snowmelt, high water table levels activate upper organic soil horizons during
storms, causing greater export of DOC, especially from riparian soils (Boyer et al. 1997,
Raymond and Saiers 2010). This is also a season in which nitrate export loads tend to be
higher because nitrate stored in the snowpack is transported to the stream during rain-on-
snow events, and biological uptake has not yet begun (Driscoll et al. 2003). In the summer
months, stream water DOC loads tend to decrease because lower precipitation and drier
soils result in fewer storms that activate flow paths in upper soil horizons that leach DOC.
Stream water nitrate concentrations also tend to fall at this time as biological uptake
increases dramatically (Likens 2013).

Land use / land cover (LULC) also plays a key role in determining the amount of
DOC and nitrate that is exported during storms. Studies in small agricultural watersheds
often note elevated baseflow DOC concentrations relative to other streams in the same
region and increases in DOC concentration during storm events (Dalzell et al. 2005; Royer
and David 2005; Saraceno et al. 2009; Vidon et al. 2008) because agricultural activities
alter the source of stream water DOC and lead to greater in-stream DOC production due to
greater fertility (Stanley et al. 2012; Wilson and Xenopoulos 2008). A significant portion
of nitrogen delivered to water bodies during storms is from non-point sources, stemming
from agricultural practices and atmospheric deposition due to human activities (Boyer et
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al. 2002). Agriculture and urban land use change have been shown to contribute to
increased nitrate loads in streams (Boesch et al. 2001), and can alter the storm response of
a watershed from supply-limited, typical of a forested stream, to a transport-limited
condition (Carey et al. 2014; Rosenzweig et al. 2008). Urbanization often has a substantial
impact on stream hydrology (Walsh et al. 2005), and can result in elevated organic carbon
loading in streams (Newcomer et al. 2012; Sickman et al. 2007). Increased DOC loads in
urban streams during storms can be sourced from wastewater inputs (Aitkenhead-Peterson
et al. 2009; Sickman et al. 2007), organic material deposited onto impervious surfaces,
human and animal waste, and grass clippings from home lawns, all combined with greater
hydrologic response (Sickman et al. 2007). These numerous sources are in addition to
decomposing organic matter that accumulates in soil layers, as in unaltered systems. Even
so, there is no consensus on the overall effects of urbanization on DOC concentrations and
loads. Studies suggest that urbanization causes DOC export to either increase (Kaushal and
Belt 2012), decrease (Kominoski and Rosemond 2011), or provide a compensatory
mechanism where internal production balances decrease of external inputs, resulting in no
net change (Parr et al. 2015).

The Northeast Water Resources Network (NEWRnet) was created in Spring 2014
to better understand water quality dynamics in the Northeast US by using emerging optical
water quality sensor technology. Our sensor array provided an excellent resource to see
how several of the factors summarized above influence storm DOC and nitrate dynamics.
Continuous monitoring in the spring, summer, and fall seasons over 19 months using in-
situ spectrophotometers allowed us to quantify DOC and nitrate storm exports using high-

frequency measurements. We use these data to address the following research objectives:
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(1) evaluate the use of in-situ spectrophotometers to quantify DOC and nitrate storm
hysteresis and exports using high-frequency measurements in streams with varied LULCs;
(2) compare intrastorm DOC and nitrate hysteresis relationships between watersheds of
differing LULCs to determine differences in source areas and solute transport processes;
(3) compare the influence of agricultural, urban/suburban, and forested LULCs on storm
DOC and nitrate exports; and (4) determine what factors, including hysteresis, might
explain the variance in storm DOC and nitrate exports. Through these analyses, we develop
a more holistic perspective of how land use, seasonality, and storm event water yield

impact storm event loading and the temporal evolution of water chemistry during storms.

Study areas

We compared streams draining watersheds with various primary LULCs to
characterize the influence of LULC on storm hysteresis and exports of DOC and nitrate.
The study sites were in the Lake Champlain Basin of Vermont in the northeastern US
(Table 2.1, Figure 2.1). Hungerford Brook is a primarily agricultural catchment, including
dairy, row crops, hay, and pasture. Potash Brook is situated near the city of Burlington,
Vermont’s densest population center. Its watershed is primarily characterized by urban and
suburban development (54%), though there is some agricultural and forest cover (29% and
11%, respectively). The Wade Brook catchment is primarily forested (95%) and is situated
on the western slope of Vermont’s Green Mountain chain. Hungerford Brook and Wade
Brook eventually drain to the Missisquoi River and Lake Champlain; Potash Brook drains

directly to Lake Champlain. Precipitation totals in the Wade Brook catchment are higher
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than the catchments of Hungerford Brook and Potash Brook due to orographic effects
(Table 2.1).

Hungerford Brook Wade Brook

(agricultural) (forested)
S W

#" Forested
¢} Agricultural

#® Urban/ developed
Potash Brook A water

(urban) @7 Barren/brush

Figure 2.1. Map showing location and land use / land cover of the three study areas.
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Table 2.1. Summary of study area characteristics

Hungerford Brook  Potash Brook ‘Wade Brook

Primary land cover Agricultural Urban / Suburban Forest
Watershed area (km") 48.1 18.4 16.7
Percentage forested 40.5 10.6 95.1
Percentage agricultural 448 29.1 0.6
Percentage urban 5.6 53.5 0.8

Percentage impervious area 2.3 239 0

Sensor elevation (m) 80 42 320
Maximum watershed elevation (m) 354 143 981
Mean watershed slope (%) 5.6 5.3 26
Mean air temperature (°C) 6.7 7.8 4.2
Mean precipitation (mm yr") 1000 961 1453
o e
Sensor optical path length (mm) 5 5 15

Coordinates (WGS 1984)

Soil and Surficial Geology

Vegetation

44.918403° N,
73.055664° W

44.444331° N,
73.214482°W

44.864468° N,
72.552904° W

Sandy, silty, and Sandy and silty  Glacial till, sandy
stony loams loams, clay loam
Urban / suburban
Agricultural, mixed landscap;ﬁg, mixed Mixed northern
northern hardwoods torfiern hardwoods and
. hardwoods and .
and conifer . conifer
conifer,
agricultural
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Methods

In-situ methods

We used s::can Spectrolyser UV-Vis spectrophotometers (s::can Messtechnik
GmbH, Vienna, Austria) in each stream, deployed from June 2014 to December 2015 for
spring, summer, and fall seasons. The sensors were housed in PVC tubing for protection
during high flows, were solar powered for autonomous operation, and transmitted data in
real time through a cellular data network. The spectrophotometers measure light
absorbance at wavelengths ranging from 220 to 750 nm at 2.5 nm increments and were
programmed to take measurements every 15 minutes. Optical path lengths were either 5 or
15 mm, depending on the typical turbidity of each stream (Table 2.1), and absorbance
spectra were normalized by optical path length for comparison. Sensor measurement
windows were automatically cleaned before each measurement with a silicone wiper and
cleaned manually in the field at least every two weeks using pure ethanol. To focus on
dissolved constituents, absorbance spectra were corrected for the effects of turbidity by
fitting a third-order polynomial in the visible range of the spectrum, extrapolating into the
UV portion, and then subtracting the extrapolated absorbance from the raw spectrum
(Avagyan et al. 2014; Langergraber et al. 2003). Discharge measurements were acquired
from a U.S. Geological Survey gaging station where available (Hungerford Brook Station
04293900), or calculated from discharge-depth rating curves developed with velocity-area
calculations (Turnipseed and Sauer 2010), salt dilutions (Moore 2005), and 15-minute

stage measurements using atmospherically compensated pressure transducers.
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Lab measurements

Manual grab samples were collected during baseflow and storms to compare and
calibrate in-situ absorbance spectrophotometer measurements to laboratory measurements.
A total of 226 grab samples were taken over the duration of this study. Each sample was
filtered using rinsed glass fiber GF/F filters (hominal pore size of 0.7 um) into new HDPE
bottles. Samples were stored on ice in the field, then DOC samples were stored in a cooler
at 2 °C (for DOC samples), and nitrate samples were stored in a freezer at -23 °C until
analysis. Lab DOC measurements were made using a Shimadzu TOC-L analyzer using the
combustion catalytic oxidation method. Lab nitrate-N measurements were made using the
QuickChem method 31-107-04-1E on a Latchat analyzer.
Preparation of in-situ sensor data

Because of the high dimensionality of absorbance spectra, dimension reduction
combined with multiple regression techniques have proven effective in recent studies to
predict DOC and nitrate concentrations (Avagyan et al. 2014; Etheridge et al. 2014). We
used an identical approach to Etheridge et al. (2014), where partial least squares regression
is employed with the pls package in R to generate calibration algorithms (Mevik et al. 2015;
R Core Team 2015). To validate calibrations, we ensured that a randomly chosen subset
representing 10% of each calibration dataset could be adequately predicted using the
remaining data. Once validated, the full dataset was used for each calibration. Spectral
slope ratio (Helms et al. 2008) was calculated for all grab samples and compared among
sites to determine how DOC character might influence calibrations. Spectral slope was

calculated using the equation
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a; = alrefe_s(l_’lref) , 1)
where S is the best fit spectral slope (nm™), a is the Naperian absorption coefficient (m™),
J.is wavelength (nm), and Aref is the reference wavelength (285 nm). The spectral slope ratio
was then found by dividing the spectral slope over the 275-295 nm range by the spectral
slope in the 350-400 nm range.

Time series of DOC and nitrate-N concentration (mg L™) were generated using
each calibration, and short data gaps (< 2 hr) were filled using cubic spline interpolation to
produce a continuous dataset for the analyzed storms. We then multiplied predicted
concentration by concurrent discharge (m® s™) to estimate DOC and nitrate-N load (g s2).

Storms were delineated by baseflow separation using the filter method outlined in
Arnold et al. (1995). This filtering approach partitions the streamflow hydrograph into
baseflow and direct runoff components. A minimum rise criterion determined the start of
each storm and the end of the storm was chosen manually as a point on the falling limb
where storm event discharge approached antecedent or inter-event levels (Figure 2.2).
Manual selection of the inflection point was used since we found that analyses were not
sensitive to minor differences in the designated ending point of the storm. Geographic
separation of sites and differences in hydrologic response for each watershed resulted in

differing numbers of observed storms for each site.
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Figure 2.2. Plot of high frequency (15-min) data from a storm at the forested site on October 4 —
6, 2014. DOC and nitrate concentrations were measured with the s::can spectrophotometer and
load was calculated by the product of concentration and concurrent discharge. The shaded region
between the dashed lines shows the period of the record that was considered for this storm; the
DOC and nitrate loads were integrated over this period, and then divided by watershed area to
determine storm DOC and nitrate yield.

Calculation of hysteresis indices

We used a recently improved hysteresis index to quantify temporal solute
concentration dynamics for each storm and compare across our sites (Lloyd et al. 2016).
This hysteresis index is based on normalized discharge and storm solute concentrations, as

follows:

Qi—Qmi
Qi,norm =~ (2)

Qmax—Qmin

_ Ci—Cmin
Ci,norm - ’ (3)
Cmax—Cmin

where Qi and C; are the discharge and solute concentration values at timestep i, Qmax and

Qmin are the maximum and minimum discharge values in the storm, and Cmax and Cpin are
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the maximum and minimum solute concentrations in the storm. Then, we found an
interpolated solute concentration C;by linear regression of Ci,norm at 2% intervals of Qi,norm
on both the rising and falling limbs at interval j using two adjacent measurements. The
hysteresis index at each discharge interval was determined by subtracting the falling limb
from the rising limb:
HI; = Cjrising — Cj falting- (4)
HI;j was only calculated for intervals where data existed for both rising and falling
limbs because not all storms returned to their initial discharge condition. An overall
hysteresis index for each storm event was determined by calculating the mean of all Hl;
values (Figure 2.3a - b). This value is conveniently scaled from -1 to 1, where negative
values indicate anti-clockwise hysteresis, positive values indicate clockwise hysteresis, and
the magnitude of HI indicates the amount of difference between the rising and falling limbs.
We compared these measures using the non-parametric Kruskal-Wallis test for differences
in the medians (Kruskal and Wallis 1952), and Levene’s test for equality of variances
among sites (Levene 1960).
Storms were further characterized using a flushing index FI similar to the one used

by Butturini et al. (2008):

FI = Copeaknorm — Cinitialnorm 5)
where Cqpeak,norm and Cinitia,norm are the normalized solute concentrations at the point of
peak discharge and the beginning of the storm, respectively. This index also conveniently
ranges from -1 to 1, where negative values indicate a diluting effect on the rising limb, and
positive values indicate an increase in concentration, or “flushing” effect on the rising limb.

FI values are equal to the slope of the line that intersects the first normalized solute
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concentration measured in a storm and the normalized solute concentration at peak

discharge (Figure 2.3c).
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Figure 2.3. Plot of (a) normalized nitrate concentration vs. normalized discharge, (b) hysteresis
index, and (c) flushing index illustration for a storm at the agricultural site on September 30 —
October 2, 2015. We calculated hysteresis index HI; by subtracting the normalized solute
concentration on the falling limb from that of the rising limb for each 2% of normalized
discharge, and the storm hysteresis HI is the mean of these values. Flushing index FI is the slope
of the line that intersects the normalized solute concentration at the beginning and at the point of
peak discharge of the storm. For this storm, nitrate HI = -0.03 and FI = 0.64.

Statistical analyses for storm nitrate and DOC vyield

For each storm, we integrated DOC and nitrate-N load from the beginning to the
end of the event to determine export mass (kg) of each solute. This was divided by
watershed area to calculate DOC and nitrate-N yield (kg km) for comparison among sites.
We also integrated discharge for each storm to calculate the amount of runoff and then

divided by watershed area to determine water yield (mm). The ratio of storm DOC yield to
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water yield (kg C km? mm™), and the ratio of storm nitrate yield to water yield (kg N km
2 mmt) were also calculated for each storm. The non-parametric Kruskal-Wallis test was
employed to detect significant differences in population medians (Walford 2011).

To explore the relationship between both storm DOC vyield and water yield, and
storm nitrate yield and water yield, least squares linear regression was performed for each,
grouped by site. When less than 90% of variance was explained, additional regressions
were performed by grouping storms by season. Since storm DOC and nitrate yields are
calculated using stream discharge, they are intrinsically auto-correlated with storm water
yield. This means that if solute concentration is constant, we would expect a perfectly linear
correlation. A weak correlation is indicative of greater variability in solute concentration
that is related to other factors besides stream discharge. Difference in correlation
coefficients between sites stems from differences in solute concentrations during and
among storms.

Regression coefficients between these subgroups were tested for statistically

significant differences using the equation
by—b;

/5512+5522 ’ ©

where by and by are the regression coefficients of each model, and SEi, SE> are the

7 =

associated standard errors (Paternoster et al. 1998). Models with regression coefficients
that were not significantly different were then tested for categorical differences using
analysis of covariance (ANCOVA). For this test and all others in the paper, we used p <

0.05 as significant.
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Results

Sensor performance

The partial least squares regression technique used sensor absorbance spectra to
predict nitrate-N concentrations with excellent comparison to lab measured values. Over
99% of the variance in laboratory measured concentrations was explained by sensor
predictions at all three sites, with a standard error of + 0.0078 mg N L* (Figure 2.4a).

Spectral slope ratios of grab samples were significantly different among sites (p <
0.0001) (Figure 2.5), and calibrations to predict DOC concentrations were optimal when
data were grouped by site (Figure 2.4b - d). The sensors explained 96%, 95%, and 97% of
the variance in lab measured DOC concentrations at the agricultural, urban, and forested
sites, respectively. The standard error was highest at the agricultural site with a value of £
0.045 mg C L%, and was lowest at the forested site with a value of + 0.025 mg C L™
Storm DOC hysteresis

We observed 126 storms, including 40 at the agricultural site, 26 at the urban site,
and 60 at the forested site (Supporting Figure 2.S1). The DOC hysteresis loop pattern
varied greatly from storm to storm, and the median DOC hysteresis index was negative for
all three sites, indicating a typical anti-clockwise loop pattern (Figure 2.6a). The median
DOC hysteresis indices were not significantly different among sites, though the variances
were significantly different among sites by Levene's test (p = 0.013). The agricultural
stream had the highest variance in DOC hysteresis index (c2 = 0.09), which was more than
double that of the urban and forested sites (c® = 0.04 for each).

Plotting DOC storm hysteresis index vs. DOC storm flushing index revealed that
most storms at all three sites increased in concentration on the rising limb, and had falling
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limbs that were even higher in concentration than the rising limb. There was notable

variability in this relationship for all three sites (Figure 2.6¢). We found no apparent

patterns relating storm DOC hysteresis or flushing index to seasonal or other measured

variables.
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Figure 2.4. Plots of sensor predicted (2) nitrate and (b-d) DOC concentrations vs. lab measured
values. Shaded regions indicate 95% confidence intervals. The partial least squares calibration
algorithm causes all regression lines to assume the equation y = x, and the dashed line is 1:1. All
relationships were highly significant (p < 0.0001).
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The nitrate hysteresis analysis for the 126 storms revealed differences among the
sites. The median nitrate hysteresis indices were negative for the agricultural site (anti-
clockwise loop pattern), positive (clockwise loop pattern) for the urban and forested sites,
and were significantly different by the Kruskal-Wallis test (p < 0.0001). The forested site
had a higher positive median hysteresis index than the urban site, indicating larger
clockwise loop patterns (Figure 2.6b). The agricultural stream had the highest variance in
nitrate hysteresis index (¢® = 0.15), and was two to three times higher than variances for

the urban and forested sites (o2 = 0.05 and 0.08, respectively).



Plotting nitrate storm hysteresis index vs. nitrate storm flushing index revealed
remarkable variability among sites. Most storms at the urban and forested streams showed
decreasing nitrate concentrations on the rising limbs, and even lower nitrate concentrations
on the falling limbs. The agricultural stream showed greater variability than the others
though tended toward clockwise hysteresis and negative flushing index, or anti-clockwise
hysteresis and positive flushing index (Figure 2.6d). We found no apparent patterns relating
storm nitrate hysteresis or flushing index to seasonal or other measured variables.

Storm DOC yield

The median ratio of storm DOC vyield to water yield was statistically different at
each site, as revealed by a Kruskal-Wallis test (p < 0.0001). The highest median ratio is at
the agricultural (8.39 kg C km? mm™), followed by the urban (5.37 kg C km2 mm™), and
is lowest at the forested site (2.98 kg C km mm™). Water yield alone explains a large
portion of the variance in storm DOC yield for each of the three monitored sites. With
respect to DOC yield per storm water yield, the agricultural stream was largest, followed
by the urban and finally the forested streams. By equation (6), differences in slope are
statistically significant between the agricultural and the other two sites (p < 0.0001), but
not between the urban and forested sites (p = 0.16) (Figure 2.7a). The lack of a significant
difference in slope qualifies these sites for an ANCOVA test, which reveals that there is a
statistically significant difference in the relationship between storm DOC yield and storm

water yield for the urban and forested stream.
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Figure 2.7. Plot of (a) storm DOC yield vs. storm water yield and (b) storm nitrate yield vs. storm
water yield for all 126 storms observed during the 2014 — 2015 field seasons. Shaded regions
indicate 95% confidence intervals. For storm DOC yield, relationships were highly significant for
each site (p <0.0001), and hypothesis tests comparing the sites showed significant differences
between each site. For storm nitrate yield, the agricultural site had a significantly steeper slope
than the forested and urban sites, and no significant differences were apparent between the urban
and forested sites.

Storm nitrate yield

The median ratio of storm nitrate yield to water yield is statistically different at each
site, as revealed by a Kruskal-Wallis rank sum test (p < 0.0001). The highest median ratio
is at the agricultural (2.52 kg km2 mm™), followed by the urban (0.27 kg km? mm), and
is lowest at the forested site (0.12 kg km? mm). Among the three sites, a large portion of
the variance in storm nitrate yield can be explained at the agricultural site with storm water

yield through linear regression (R? = 0.77). However, only 53% and 14% of the variance
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can be explained by storm water yield for the urban and forested sites, respectively (Figure
2.7b).

In general, the agricultural site exports higher storm nitrate yield per water yield
than the urban site, and the forested site exports the lowest amount of storm nitrate yield
per storm water yield of the three. Differences in storm nitrate yield among sites became
more pronounced with increased storm water yield. The regression slopes between the
agricultural and urban sites, and between the agricultural and forested sites were
significantly different by equation (6) (p < 0.0001). The difference in regression slopes for
the urban and forested stream were not significant, however (p =0.076), and an ANCOVA
test showed no significant difference between the regressions (p = 0.39).

Seasonal effects on storm nitrate yield

At the agricultural site, a larger portion of the variance in storm nitrate yield could
be explained by storm water yield when the storms were grouped by spring, summer, and
fall seasons. In addition, the regression slope coefficient between storm nitrate yield and
storm water yield was significantly greater for summer than spring storms (p < 0.0001),
greater for summer than fall storms (p = 0.016), and greater for fall storms than spring
storms (p = 0.024) by equation (6) (Figure 2.8a).

A larger portion of the variance in storm nitrate yield at the urban site could be
explained by storm water yield when grouped by season (Figure 2.8b). Equation (6) also
revealed that the regression slope at the urban site was significantly higher for spring
storms than summer storms (p = 0.027), but not significantly different between other
storms. This qualified these subgroups for an ANCOVA test, which revealed that there is
a significant categorical difference between spring and fall storms (p < 0.0001). The
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ANCOVA test showed no significant differences between summer and fall storms at the
urban site.

Grouping storms by season at the forested site showed a significant difference in
regression slopes between spring storms and the other two seasons (p < 0.0001), though
not between summer and fall storms (Figure 2.8c) (p = 0.14), and the ANCOVA test
showed no significant categorical difference between summer and fall storms.

Plotting the ratio of storm nitrate yield to water yield for each storm reveals that
there are large differences among sites and that seasonal trends differ (Figure 2.9). At the
agricultural site, this ratio increases through the spring, decreases through the summer, then
increases once again in the fall. While swings in this ratio are less pronounced at the urban
site, there is a decrease through the spring, the ratio stays low in the summer, then increases
again in the fall. At the forested site, this ratio is by far highest in the early spring, then

decreases throughout the year.
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the storm started. Lines were created with high-order polynomial regression. Shaded regions
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Discussion

Effects of LULC on optical sensor calibrations

This study is the first to apply UV-Vis spectrophotometry to determine DOC and
nitrate concentrations in agricultural, urban, and forested catchments in the same region,
and lessons learned in utilizing these sensors may be applicable to others who wish to
monitor water quality parameters in a variety of settings at a high frequency. The s::can
Spectrolyser sensors provided accurate and precise in-situ UV-Vis spectra, though we
found that local calibrations for DOC and nitrate based on our own lab analyses performed
better than the “global calibration” algorithms provided by the vendor (Supporting Figure

2.S2). The partial least squares regression calibration technique was successful in using the
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high dimensional UV-Vis spectra to predict DOC and nitrate concentrations in a variety of
conditions (Figure 2.4a-d), so we recommend using this approach.

Nitrate concentrations were predicted well in all sites using one common algorithm
generated by partial least squares regression, despite differences in optical properties of
stream water between sites (Figure 2.4a). This is not surprising since the nitrate molecule
consistently absorbs UV light near A = 220 nm (Johnson and Coletti 2002). In contrast,
significant differences in DOC pool composition among sites did necessitate site-specific
DOC calibrations. The DOC pool likely represents thousands of molecules absorbing light
in the UV-Vis spectrum (Stubbins et al. 2014), and diversity in the composition of this pool
can influence the calibration used to predict DOC concentration from UV-Vis absorbance
spectra. Agricultural and urban land uses have been shown to influence DOC character
(e.g., Wilson and Xenopoulos 2009), and the spectral slope ratio, a proxy that is inversely
related to molecular weight, was significantly different among the sites (Figure 5). In
addition, studies measuring DOC export character in a variety of land use conditions have
found that aromatic and humic content increases significantly during storms (Inamdar et
al. 2011; Saraceno et al. 2009; Yoon and Raymond 2012). It is therefore quite likely that
both cross-site differences (due to LULC) and intra-site variability (due to shifts in DOC
sources during storm events) in DOC composition necessitated individual calibrations at
each site. These issues are likely broadly applicable and should be considered by any
investigator seeking to study storm event DOC dynamics using this technology.

Calibrations were also affected by the method of sample collection. Automated
programmable pump samplers (e.g., ISCO samplers) are popular as a means to collect
water samples remotely when researchers are not able to be in the field. However, we found
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that including samples from automated samplers resulted in lab results that were less
reliable for calibration purposes. This impact was more pronounced for DOC than for
nitrate (Supporting Figure 2.S3). We suspect that this effect may be due to unstable storage
temperature and the variable amount of time between sample collection and filtration. If
these challenges can be addressed with remote filtration and refrigerated storage, then
perhaps automatic samplers could be useful in expanding calibration datasets for future
studies.
Effects of LULC on storm DOC and nitrate hysteresis

This study applied the recently improved hysteresis index metric outlined by Lloyd
et al. (2016) to DOC and nitrate dynamics for a large number of storms, and we calculated
hysteresis indices at finer resolution than previously used (2% intervals of storm
discharge). Hysteresis patterns for DOC and nitrate were highly variable (Figure 2.6a - b)
and did not correlate with seasonal or other measured variables. The three sites exhibited
high variability in storm DOC dynamics, though all sites showed generally similar storm
DOC anti-clockwise hysteresis and positive flushing behavior (Figure 2.6a, ¢). The positive
flushing index suggests that proximal DOC sources are plentiful enough to increase
streamwater concentration on the rising limb, while the anti-clockwise loop pattern
suggests that DOC concentrations are higher on the falling limb than the rising limb, and
that distal sources of DOC are activated later in the storm as hydrologic pathways connect,
and/or that transport time for DOC is greater than that of water in the stream channel. This
finding differs from the findings of some small forested catchments (Buffam et al. 2001,
Hood et al. 2006; Raymond and Saiers 2010), though it is similar to results of other forested
catchments (Brown et al. 1999; McGlynn and McDonnell 2003; Moore and Jackson 1989;
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Pellerin et al. 2012), and at least one study in an agricultural catchment (Morel et al. 2009).
The dynamics we observed fit well with the conceptual model described by McGlynn and
McDonnell (2003). They found that source waters shifted from riparian to hillslope waters
during storm events, and that the rising concentrations from hillslope waters occurred as
soil became sufficiently saturated to connect upslope sources to the stream. While our
different sites have distinct upland sources of DOC, it appears that they all share a similar
dynamic, in that these sources are likely distal and hydrologically connected to the stream
later in the storm cycle. This is remarkable, considering the differing sources of DOC and
hydrologic pathways among the three watersheds. Urban systems, for example, are heavily
affected by sewers, ditches, gutters, and runoff from impervious surfaces (Kaushal and Belt
2012). Watershed DOC sources range from manure and residual crop matter in agricultural
fields, to wetlands and upland organic soils in the forested catchment, to sewer bacterial
communities and grass clippings in the urban stream, yet the relative timing of connectivity
and possibly the mechanism for delivery is not significantly different among the three sites.

The agricultural watershed displayed high variability in storm nitrate hysteresis
(Figure 2.6b), though tended toward an anti-clockwise pattern. This pattern coupled with a
positive flushing index for many storms (Figure 2.6d) suggests the transport of plentiful
proximal sources early in storm cycles, followed by enrichment from distal and plentiful
sources of nitrate. Others have attributed this pattern to the rise of the water table to the
upper horizons that store accumulated nitrate from fertilizer application (Oeurng et al.
2010). While differences in watershed characteristics may be a contributing factor in
differing storm nitrate dynamics, soil nitrate enrichment from fertilizer application may be
a primary driver. While results on nitrate hysteresis in agricultural areas reported by others
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vary, our results generally agree with many that also report anti-clockwise nitrate hysteresis
patterns (Oeurng et al. 2010; Outram et al. 2014; Van Herpe and Troch 2000). In contrast,
Bowes et al. (2015) observed clockwise nitrate hysteresis for 21 out of 36 storms in an
agricultural watershed in southern England. While this does not reflect the trend toward
anti-clockwise hysteresis behavior we observed, both this study and ours observed a high
amount of variance in agricultural nitrate hysteresis behavior. Interestingly, Darwiche-
Criado et al. (2015) also observed a wide variety of storm nitrate hysteresis patterns in an
agricultural area in the Flumen River, Spain. Though agricultural practices in that region
differ greatly from those of our study area, they identified possible linkages between
fertilization and irrigation practices with hysteresis patterns.

The median nitrate hysteresis index at the forested site was positive (clockwise)
and the flushing index was generally negative, which suggests a proximal nitrate supply
that is quickly depleted from riparian soils (Creed and Band 1998). Others’ observations
vary on the direction of nitrate hysteresis found in forested streams. Studies find clockwise
behavior (Zhang et al. 2007), anti-clockwise behavior (Buffam et al. 2001; Rusjan et al.
2008), and at times no consistent pattern (Andrea et al. 2006). Storms at our urban site also
had a positive median nitrate hysteresis index and generally negative flushing index. To
our knowledge, only one other study has investigated storm nitrate hysteresis in urban
streams, in which case the stream exhibited clockwise nitrate hysteresis for 14 out of the
17 storms observed (Carey et al. 2014), which is in agreement with the nitrate hysteresis
pattern at our urban site. Any nitrate sources that have accumulated on impervious surfaces
will quickly transport to the urban stream network due to artificially increased drainage
density, in addition to nitrogen pools accumulated in riparian soils, as in the forested
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system. In both the urban and forested systems, the combination of general clockwise
hysteresis and negative flushing index patterns suggest that distal nitrate sources are not
plentiful enough, and/or do not hydrologically connect to the stream network sufficiently
to increase streamwater concentrations at the point of measurement.

The breadth of our dataset shows what is possible with continuous high-frequency
water quality data and new methods to quantify storm hysteresis. However, the remarkable
variability that we observed in instrastorm hysteresis dynamics within and across sites
highlights the need for continuously monitoring many storms, since sampling error is likely
when inferring hysteresis patterns and suggested biogeochemical processes if only a few
storms are observed. This level of detail in hysteresis calculations and the emergence of
optical sensor technology will allow for better hysteresis measurement and comparisons in
the future, but the dramatic variability and unpredictable hysteresis trajectories when
comparing 126 storms across LULC clearly illustrates that there is much work needed to
understand what controls the behavior of solutes within specific storm events over time
and space.

Effects of LULC on storm DOC yield

The high proportion of the variance in storm DOC yield explained by water yield
at our sites suggests that DOC flux is driven by storm water yield for each LULC, and is
not influenced by the exhaustibility of these source areas (Figure 2.7a). The wetting of soil
columns during storms connects DOC source areas to streams, and this process of DOC
delivery appeared to be similar among sites. However, we found statistically significant
differences in storm DOC vyield versus water yield relationships, indicating that LULC
drives the relationship between storm DOC vyield and water yield across these sites by
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essentially setting a concentration range for stormwater. This storm water concentration
range is likely determined by the relative abundance, nature and connectivity of DOC
sources within each catchment, which is impacted heavily by LULC. Other factors such as
seasonality and the antecedent conditions we observed did not have a substantial impact
on storm DOC yield. While storm water yield is known to be subject to shifts in seasonal
patterns, the DOC that we expect to be exported at each site with a given water yield does
not vary significantly in our study areas.

It has been established that human activities in agricultural areas alter the source of
fluvial DOC and lead to greater autochthonous DOC production (Stanley et al. 2012;
Wilson and Xenopoulos 2008), and the differences we observed in storm DOC vyield
between land uses are similar to what others have recently found (Caverly et al. 2013; e.g.
Yoon and Raymond 2012). Urban and suburban development has also been shown to alter
sources of DOC (e.g., Sickman et al. 2007). Our results also suggest that urban and
suburban development increase the storm export of DOC over undeveloped forest land
cover, which is similar to the findings of Kaushal and Belt (2012) in the city of Baltimore,
Maryland. This increase has been attributed to increased hydrologic connectivity and
greater drainage density following installations of underground pipe networks, gutters, and
ditches (EImore and Kaushal 2008), and additional DOC sources not found in forested
catchments, such as sewage, lawn clippings, and more prevalent algal communities
(Kaushal and Belt 2012).
Effects of LULC and seasonality on storm nitrate yield

The relationships between storm nitrate yield and water yield suggest that LULC
has a dramatic impact on storm nitrate yield in the study areas. Our results comparing
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agricultural to urban and forested LULC is consistent with others’, as nitrate concentrations
are often elevated in agricultural areas due to nitrogen amendment (Carpenter et al. 1998).
The regression slopes between storm nitrate yield and water yield were significantly
different between the agricultural site and the other sites, suggesting that the effect of
agricultural LULC on nitrate loads is enhanced by larger storms (Figure 2.7b). In addition
to increasing nitrate loads through direct fertilizer application, agricultural practices also
alter the hydrology of watersheds by influencing evapotranspiration, and by developing
tile drainage, which bypasses potential nitrogen retention hotspots (Royer et al. 2006).
Agricultural tile drainage could potentially be a key driver for the higher nitrate yield in
this system, as it forms direct pathways to transport leached nitrate to streams (Dinnes et
al. 2002; Hatfield et al. 1998). Tile drainage is currently unregulated in the study area and
the precise extent is unknown, though extent estimates for the agricultural site range from
60 — 76% (Winchell et al. 2011).

Urbanization is known to cause an increase in nitrate loading due to the production
of new nitrate sources, and the alteration of hydrologic pathways due to impervious
surfaces that bypass nitrogen retention hotspots, such as wetlands and riparian zones
(Groffman et al. 2002; Kaushal et al. 2008; Rosenzweig et al. 2008). While the median
ratios of storm nitrate yield to water yield were shown to be significantly different among
sites, the slope of the correlation between the storm nitrate yield and water yield was not
significantly different between the urban and forested sites (Figure 2.7b). Increased DOC
concentrations in urban streams have also been shown to increase biological uptake and

denitrification of nitrogen (Kaushal and Belt 2012; Sivirichi et al. 2011), so although we
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might expect increased inputs of inorganic nitrogen to the urban stream, the altered DOC
dynamics may create a compensatory mechanism to curb this impact.

Interestingly, the seasonal effects on the relationship of storm nitrate yield vs. water
yield caused opposing trends between the agricultural and the other two sites. Regression
slopes at the agricultural stream ranked from highest to lowest in the summer, fall, and
spring, respectively. At the urban and forested sites, the descending order of regression
slopes was spring, fall, and summer (Figure 2.8). The seasonal fluctuations in the ratio of
storm nitrate yield to water yield we observed at the agricultural site (Figure 2.9) may be a
signature of agricultural land use practices interacting with seasonal dynamics. A winter
ban on manure application is lifted annually on April 1, leading to widespread application
during the spring. During this time, the ratio of storm nitrate yield to water yield increased
throughout the spring season and peaked just after the beginning of the summer season.
This pattern may be affected by biological uptake from field crops, which likely begins to
increase substantially at this time. Through the summer growing season, this ratio
decreased; we suggest that this may be due to a decrease in fertilizer application to fields,
while concurrent biological uptake continues. In addition, the groundwater flux is likely
lower during this time, causing the thickness of the unsaturated zone to increase, and the
temperature is seasonally higher — all leading to higher rates of biogeochemical cycling
and longer retention times. The ratio eventually reached a second minimum following the
beginning of the fall season. When harvest occurred and biological uptake slowed, the
greater leaching potential may have caused the ratio to increase again into late fall. Fall
storms are also likely to be influenced by increased hydrological connectivity due to wetter
soils following lower crop transpiration, and by the common practice of late season manure
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application prior to the winter ban that begins on December 15. Manure is often applied in
the fall due to the availability of labor, favorable weather, and lower fertilizer prices
(Dinnes et al. 2002), although the majority of the nitrogen applied at this time is lost
through pathways other than crop production before the subsequent growing season
(Sanchez and Blackmer 1988).

The ratio of storm nitrate yield to water yield was generally lower at the forested
stream, and the seasonal pattern differed from the other sites. The ratio was highest during
the few spring snowmelt events we observed, which may be when a pulse of
atmospherically deposited nitrate is released from the melting snow pack, as inferred by
Pellerin et al. (2012) at the Sleepers River in Vermont. Decreases in this ratio throughout
the spring may be due to increasing vegetative nitrogen uptake across the catchment with
green-up, leaving less nitrate available to be transported during storm events. This
downward trajectory continues into the fall season, and the very low values of this ratio in
the fall may be due to low nitrate concentrations during the litterfall period. Studies have
observed lower baseflow nitrate concentrations during this time of year, which has been
attributed to increased heterotrophic uptake and denitrification of in-stream nitrate
following the leaching of labile DOC from leaves in streams (Goodale et al. 2009;
Sebestyen et al. 2014; Sobczak et al. 2003; Webster et al. 2009). Patterns in storm nitrate
yield versus storm water yield in our studied forested catchment underscore the importance
of atmospherically deposited nitrogen stored in forest snowpack and frozen soils released
during spring storms, and the biological uptake of mineral nitrogen in the summer and fall

which may lower the nitrate yield of storms.
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Challenges and recommendations for high-frequency storm monitoring

This study combines emerging optical sensor technology with recently developed
methods for characterizing storms, and sheds light on the large amount of variation and
complexity possible in DOC and nitrate storm dynamics. Many studies previously
documenting DOC and nitrate hysteresis were conducted using grab samples, and often
only considered a few storms. Therefore, comparing our results to those with smaller
sample sizes may be problematic due to the potential for sampling error, and limited storm
coverage and scope.

There are differences in watershed characteristics between our study areas that may
confound LULC comparisons. Agricultural and urban areas have developed on flat valleys
in the Northeast US, while steep mountain catchments remain forested, largely due to the
difficulty to develop them and greater distance from population centers. Differences in
topography, surficial soils, and hydrologic pathways are likely to impact our results, though
the magnitude of the difference between agricultural and other LULCs presented here is
compelling evidence that a significant portion can be attributed to LULC. As in-situ water
quality sensors become more affordable and accessible, future studies that investigate the
influence of LULC would benefit from deploying sensors across a wider variety of
agricultural, urban, and forested systems.

Collecting continuous, high-frequency data was critical to the success of this study,
though we encountered several challenges in maintaining sensors due to biological fouling,
flood damage, vandalism, and wildlife tampering. Significant effort was required for
regular site visits to ensure data quality, and for troubleshooting when hardware or software
failed. Also, calibration results show that regular and storm grab samples were needed to
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validate in-situ measurements, so sensors are not able to completely replace manual grab

samples at this point. We make the following recommendations as lessons learned for

future studies employing in-situ sensors:

1.

We recommend using manual grab samples in place of automatically pumped
samples that are stored unfiltered and unrefrigerated. We found that samples from
our automatic samplers made the comparison to UV-Vis absorbance spectra
unreliable for DOC calibrations (Supporting Figure 2.S3).

We recommend reinforcing submerged wires to protect from aquatic wildlife and
flood damage.

Maintaining the cleanliness of the optical measurement windows and wiper
mechanism is critical for obtaining reliable UV-Vis absorbance spectra. For the
s::can Spectrolyser, we found that cleaning with pure ethanol and deionized water
worked well to clear biological fouling in most situations. A thorough cleaning
every two weeks was usually sufficient, though more frequent cleaning was
necessary when stream conditions fostered high rates of biological production.
We recommend a system design that transmits data remotely. This was extremely
useful in order to monitor data in real-time, react promptly to problems, store data
offsite, and even troubleshoot remotely. In our sensor installations, Campbell
Scientific CR1000 dataloggers with modems and antennas allowed us to access
measured data through cellular networks via a laptop or handheld device.

We relied on solar power, which generally worked very well. Power supply was an
issue at times, especially when daylight hours decline in the late fall season. If
relying on solar power, we recommend careful selection of solar panel array and
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battery storage, and thoughtful installation with full exposure to the sun. A gridded
power system could be ideal, though this would still necessitate a battery backup
since storms are often when power grids fail.

6. While the s::can Spectrolyser is field-rugged, we recommend constructing a
secondary housing unit for stream installation. We used large PVVC piping and steel
carriage bolts, which protected the sensors from damage during several large flood
events, but also allowed water and sediment to pass through unobstructed. This
housing was also secured to land-based anchors via a steel cable to prevent loss of
equipment during the largest events. This safety line proved useful on several
occasions.

Conclusions

High-frequency measurements allowed for a new hysteresis calculation method to
be applied to 126 storms and provided highly accurate and precise solute yield estimates.
We observed remarkable variability in DOC storm dynamics and general trends in storm
DOC hysteresis were similar in general among the three sites despite distinct DOC sources
and hydrologic pathways. In addition, we found that the amount and timing of nitrate
delivery to streams during storms differed significantly among the LULCs. We attribute
this to land use practices generating more distal and plentiful nitrate source areas in the
agricultural system, while nitrate depletion from more proximal riparian sources is more
common in the urban and forested systems. We observed several differences among our
sites of varied LULCs for storm DOC and nitrate loading. Both storm DOC and nitrate
yields were elevated in the agricultural stream, and seasonal patterns reflected the complex
interaction of land use practices, biogeochemical cycling, and climatic drivers. We also
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found that larger storm size magnifies differences between all LULCs for storm DOC vyield
and for storm nitrate yield in the agricultural site compared to the others.

While future work should include monitoring more storms during years with varied
hydrologic inputs, more study areas are needed to put these findings into a cohesive
context. As in-situ optical sensor technology becomes more widely used, we can expect
the cost of obtaining and maintaining these instruments to drop significantly. By
incorporating sites with varied degrees of each end-member LULC type, we could better
isolate land use effects from other watershed characteristics. Also, coupling in-situ sensors
with terrestrial sensor networks may help to better characterize the spatial distribution and
temporal dynamics of source areas for DOC and nitrate, and aid in interpretation of
integrated watershed signals.
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Supporting information
Supporting Text S1
To explain remaining variance in storm nitrate yield, additional measured
parameters were combined with water yield in multiple linear regression models

(Supporting Table 2.S1). Julian day for the start of each storm was transformed by the

equations:
. 2m]
Dsin = sin 365.25 ()
_ 21
D.,s = cos Pyt (8)

where J is the Julian date. If either Dsin Or Dcos Was significant, both were included together
in models to account for seasonal phases (Aulenbach et al. 2016). For all models, standard
assumptions for multiple linear regressions were checked, including autocorrelation of
independent variables, and normality and homoscedasticity of residuals. Variables
containing information on solute concentrations during a given storm were excluded from
models that predicted storm export of that solute.
Supporting Text S2

Multiple linear regression models revealed that neither DOC nor nitrate storm
hysteresis indices were significant in predicting nitrate loading for any of the sites. The
models also showed that 79% of the variance in storm nitrate yield at the urban site could
be explained by combining the seasonality variables and the time duration from storm start

to discharge peak with water yield for that storm (Supporting Table 2.S2). The time
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duration from storm start to discharge peak variable had a positive coefficient in the model,
indicating that storms with similar water yield may export a higher nitrate yield if the storm
takes a longer period of time to reach peak discharge.

Multiple linear regression revealed that 81% of the variance in storm nitrate yield
could be explained at the forested site by combining the seasonal variables, the initial
nitrate concentration at the start of storm, and the peak nitrate concentration of the previous
storm. Each of these predictors had positive coefficients in the model. No additional
variables increased the amount of variance in storm nitrate yield for the agricultural site
that did not violate auto-correlation assumptions.

Supporting Text S3

Multiple linear regression models were successful in improving prediction of storm
nitrate yield for the urban and forested sites, though different factors were important for
each. At the urban site, the time duration from the storm start to Q peak improved the model
when combined with the Dsin sSeasonality variable (Eg. 7) and storm water yield (Supporting
Table 2.S2). On a storm to storm basis, the time duration of the rising limb is a function of
rainfall intensity, antecedent moisture conditions, and the evapotranspiration potential of
the watershed, so it is possible that the correlation with the timing is indicative of a proxy
variable for factors that were not directly measured. In addition, this could be caused by a
process in which storms with a slower onset may cause greater watershed connectivity, so
that it is not just the first flush of impervious surfaces that is contributing to the storm
nitrate yield.

At the forested site, the seasonal variables, the initial nitrate concentration, and the
peak nitrate concentration from the previous storm all combined with water yield to predict
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storm nitrate yield quite well (Adjusted R?> = 0.81, Supporting Table 2.S2). The
improvement over the model with water yield alone (R? = 0.14) was dramatic. While the
initial nitrate concentration does vary seasonally, this variable did not correlate with
seasonal variables included in the model. In addition, since the nitrate peak concentration
from the previous storm was significant in the model, we conjecture that this may be a
proxy for watershed wetness, where hydrologic pathways to significant nitrate sources are
activated. It is remarkable that storm hysteresis indices did not significantly improve

prediction of storm nitrate yield at any of the sites.
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Supporting Table 2.S1. Variables tested in multiple linear regression models to predict storm
nitrate yield

Variable Units
Storm water yield mm

Storm DOC hysteresis index -

Storm nitrate hysteresis index -
Julian day of storm start -

Dsin (EQ. 7) -

Dcos (EQ. 8) -
Storm initial DOC conc. mg L
Storm initial stream stage m
Storm initial stream discharge m3 st
Storm initial nitrate conc. mg L?
Storm minimum DOC conc. mg L*
Storm minimum nitrate conc. mg L*
Storm maximum DOC conc. mg L?
Storm maximum nitrate conc. mg L*
Storm initial water temperature °C
Time duration from storm start to Q peak hr
Time duration from Q peak to storm end hr

Time duration from Q peak to DOC conc. peak hr
Time duration from Q peak to nitrate conc. peak hr

Time duration of storm days
Ratio of water yield to time duration of storm mm days*
Storm range of DOC conc. mg L™
Storm range of nitrate conc. mg L™
Time duration since previous storm started days
Time duration since previous storm ended days
Water yield of previous storm mm
Maximum nitrate conc. of previous storm mg L*
Maximum DOC conc. of previous storm mg L*
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Supporting Table 2.52. Summary of results for the multiple linear regression models to predict
storm nitrate yield (kg N km2)

Urban site: Adjusted R? = 0.79; Std. Error = 0.78; p < 0.0001

Variable Coefficient  Std. Error p
Storm water yield (mm) 0.14 0.03 <0.0001
Dsin 0.70 0.30 0.028
Dcos 0.41 0.33 0.22

Time duration from storm
start to Q peak

Intercept 0.61 0.37 0.12

0.04 0.02 0.018

Forested site: Adjusted R? = 0.81; Std. Error = 1.1; p < 0.0001

Variable Coefficient ~ Std. Error p
Storm water yield (mm) 0.094 0.020 < 0.0001
Dsin 0.75 0.33 0.030
Dcos 0.94 0.37 0.015

Storm initial nitrate

concentration (mg L) 75 16 0.018
Maximum nitrate conc. of 37 15 0.017
previous storm (mg L)

Intercept -1.1 0.61 0.074
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2015 field seasons. The shaded region in plot (e) is the storm featured in Figure 2.2.
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CHAPTER 3. USING IN SITU UV-VISIBLE
SPECTROPHOTOMETER SENSORS TO QUANTIFY RIVERINE
PHOSPHORUS PARTITIONING AND CONCENTRATION AT A

HIGH FREQUENCY

Abstract

Accurate riverine phosphorus concentration measurements are often critical to meet
watershed management goals. Phosphorus monitoring programs often rely on proxy
variables such as turbidity and discharge and have limited ability to accurately estimate
concentrations of dissolved phosphorus fractions that are most bioavailable. Optical water
quality sensors can make sub-hourly measurements and have been shown to reduce
uncertainty in load estimates and reveal high-frequency storm dynamics for nitrate and
dissolved organic carbon. We evaluated the utility of in situ UV-Visible
spectrophotometers to predict total, dissolved, and soluble reactive phosphorus
concentrations in streams draining agricultural, urban, and forested land use / land covers.
We present the first statistically validated application of optical water quality sensors to
demonstrate how sensors may perform in predicting phosphorus fraction concentrations
through training set models. Total phosphorus predictions from UV-Visible spectra were
optimal when models were site-specific, and the proportion of variance explained was
generally as high as or higher than the results of other studies that rely only on discharge
and turbidity. However, root mean square errors for total phosphorus models were
relatively high compared to the median concentrations at each site. Models to predict
dissolved and soluble reactive phosphorus explained a greater proportion of the variance
than any other known proxy variable technique, and results varied by land use / land cover.

Though accuracy limitations remain, this approach has potential to predict concurrent total,
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dissolved, and soluble reactive phosphorus concentrations at a high frequency for many
applications in water quality research and management communities.
Introduction

Elevated phosphorus concentrations cause persistent problems such as
eutrophication and potentially toxic cyanobacteria growth in many fresh waterbodies that
impact recreation, drinking water quality, property values, and ecosystem health
(Carpenter et al. 1998; Conley et al. 2009). To address these challenges, watersheds are
often managed to reduce tributary total phosphorus (TP) loads (Djodjic et al. 2002;
Sharpley et al. 1994). Accurate tributary phosphorus load estimation is critical to meet
these management goals, and TP load estimates assess the efficacy of watershed-scale
phosphorus reduction efforts (Medalie 2016). Episodic storm events are particularly
important to capture, since they deliver disproportionately large loads of water, sediment,
and phosphorus (Jordan et al. 2007; Sharpley et al. 2008) and phosphorus concentrations
change rapidly during storms (Correll et al. 1999).

TP is delivered to waterbodies in several forms that can differ in bioavailability for
cyanobacteria growth (Correll 1998; Giles et al. 2015; Isles et al. 2017). Phosphorus is
most bioavailable as dissolved inorganic orthophosphate (PO4%), commonly measured as
soluble reactive phosphorus (SRP), or as part of the total dissolved phosphorus fraction
(TDP). A portion of the organic phosphorus pool can also be directly bioavailable, or can
be rapidly decomposed by heterotrophic bacteria into the inorganic form that can be
quickly utilized (Kane et al. 2014). Particulate phosphorus has potential bioavailability
dependent upon the speciation of solid phase phosphorus and its interaction with receiving
water column and pore water solutions (Giles et al. 2015; Schroth et al. 2015). Because
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each phosphorus fraction has differing degrees of bioavailability, understanding the
magnitude and dynamic chemical partitioning of riverine phosphorus fraction loads
delivered to a receiving waterbody is necessary to inform management of potential
cyanobacteria growth and to reach desired management outcomes (Isles et al. 2017; Stumpf
et al. 2012). Long-term continuous monitoring is particularly important to characterize
changes as management decisions and land use change influence the amount and
composition of phosphorus delivery to receiving waterbodies (Dodd and Sharpley 2016;
Jarvie et al. 2017).

TP concentration estimates are often based on correlations of lab measured TP
concentration from grab samples with continuously measured discharge, turbidity, or a
combination of the two. Although these correlations can be strong (Hyer et al. 2016), this
approach has two disadvantages: (1) solute-discharge and solute-turbidity relationships are
variable among storm events due to hysteresis effects and threshold behavior changes
(Bieroza and Heathwaite 2015; Dhillon and Inamdar 2013), and (2) these methods only
estimate TP concentrations and typically do not provide critical information on phosphorus
partitioning. Alternatively, SRP concentration can be directly measured in situ at an hourly
to sub-hourly frequency with newly available wet chemistry instruments (e.g., Cohen et al.
2013).

In situ spectrophotometer sensors offer the potential to concurrently measure
multiple phosphorus fraction concentrations (e.g., TP, TDP, SRP) at a high frequency
continuously with no reagents or waste products. These sensors measure light absorbance
in the UV-Visible spectrum and have been shown to make continuous, concurrent, and
accurate measurements of dissolved organic carbon, nitrate (NO3’), and total suspended
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solids concentrations in surface waters with varying environmental conditions and aqueous
matrices (Fichot and Benner 2011; Langergraber et al. 2003; Rieger et al. 2006; Sakamoto
et al. 2009). Because optical sensors can be deployed on a long-term basis and operate
continuously, researchers and watershed managers can better characterize large episodic
events when manual sampling may be impractical, expensive, and/or unsafe (Carey et al.
2014; Saraceno et al. 2009). Dynamics that occur on seasonal or diel timescales are also
better described by this approach (Heffernan and Cohen 2010; Pellerin et al. 2012). While
methods that rely on discrete grab samples may assign a single concentration to an entire
storm or day of record, high-frequency measurements capture short timescale hysteresis
and threshold behavior changes not documented by discrete samples. In addition, optical
sensors have the potential to predict nutrient concentrations and vertical profiles in lakes
and reservoirs, where concentration-discharge relationships are not applicable (Birgand et
al. 2016; Joung et al. 2017). Continuous and high-frequency monitoring can improve
accuracy of load estimates (Guo et al. 2002; Pellerin et al. 2014), though the improvement
over concentration-discharge measurement may be limited for some applications (Musolff
etal. 2017).

Only a few researchers have attempted to use multi-wavelength UV-Visible
spectrophotometers to estimate phosphorus fraction concentrations in a limited number of
environmental conditions, and it is unknown how performance may differ among streams
draining different land uses and land covers (LULCs). Unlike solutes such as nitrate and
dissolved organic carbon, most phosphorus fractions do not directly absorb light in the UV-
Visible spectrum, so calibrations with concentrations of different phosphorus fractions rely
on proxy correlations alone, similar to correlations relating TP concentration to discharge.
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This approach has also been used to predict other non UV-Visible wavelength light
absorbing solutes (e.g., Si, Mn, Fe) with promising results (Birgand et al. 2016). Because
spectrophotometers measure absorbance throughout the entire UV-Visible spectrum, it is
possible that multiple light sensitive proxies co-vary with phosphorus fractions differently
by site, season, and/or storm event. Different phosphorus fractions may be tracking light
sensitive aqueous components that reflect phosphorus provenance and biogeochemical
cycling within a particular catchment and across different temporal scales or flow regimes.
UV-Visible spectrophotometer sensors have shown promise to predict phosphorus
fractions in some cases (Etheridge et al. 2014), though predictions of TP, TDP, and SRP
concentrations from optical sensors have not been evaluated rigorously in a variety of
systems. It is not known to what extent site-specific calibrations are necessary as is often
the case for other solutes (e.g., Vaughan et al. 2017), or whether multiple different
phosphorus fraction concentrations can be predicted accurately from UV-Visible
absorbance spectra. If robust proxy correlations were developed, phosphorus fractions
could be measured continuously on short timescales that capture rapid changes in
hydrologic and biogeochemical processes critical to inform watershed management and
nutrient reduction goals.

Generating algorithms to predict nutrient concentrations from absorbance spectra
presents a challenge due to the high dimensionality of the independent variables (light
absorbance spectra) compared to the single response variable (nutrient concentration).
Partial least squares regression (PLSR) can be used to harness the information of a rich
collection of independent variables to predict a desired dependent quantity. PLSR is a
technique that condenses independent variables into orthogonal, uncorrelated components
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and combines them in a multivariate model to predict the parameter of interest. Visible,
near-infrared, and far-infrared reflectance spectra have been used extensively in
combination with the PLSR approach to describe soil characteristics such as available
phosphorus, electrical conductivity, pH, organic carbon, lime requirement, and cation
exchange capacity (e.g., McCarty et al. 2002; Viscarra Rossel et al. 2006). In addition, UV-
Visible spectra have been used to predict concentrations of various nutrients in fresh and
brackish water with encouraging results (Avagyan et al. 2014; Birgand et al. 2016;
Vaughan et al. 2017). However, previous studies evaluating this method to predict
constituent concentrations in water have not presented model validation results; that is, all
of the available laboratory analyses were used to calibrate the model, without verifying
predictions using independent observations.

We deployed spectrophotometers in well-characterized watersheds of different
LULC (Rosenberg and Schroth 2017; Vaughan et al. 2017) that drive different phosphorus
dynamics, concentrations, and partitioning. UV-Visible absorption spectra from
spectrophotometers were coupled with grab water samples for conventional laboratory
analysis of TP, TDP, and SRP concentrations. Our objectives were to: (1) evaluate in situ
UV-Visible spectrophotometer prediction of TP, TDP, and SRP concentrations in riverine
waters, (2) compare prediction performance in surface waters draining watersheds of
various LULCs, and (3) present statistical validation of these predictions. To our
knowledge, this work constitutes the most rigorous assessment to date of the utility of this
sensor technology to predict multiple phosphorus fraction concentrations across a range of

riverine environments.
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Study areas

The study sites were in the Lake Champlain Basin of Vermont in the northeastern
US (Table 3.1, Figure 3.1). The study streams were selected because their watershed LULC
was dominantly agricultural, urban, or forested, and each watershed met criteria for
watershed size, accessibility, and discharge data availability. Hungerford Brook is a
primarily agricultural catchment, including dairy production, row crops, hay, and pasture.
Potash Brook is situated near the city of Burlington, Vermont’s densest population center.
Its watershed is primarily characterized by urban and suburban development (54%), and
includes some agricultural and forest cover (29% and 11%, respectively). The Wade Brook
catchment is primarily forested (95%) and is situated on the western slope of Vermont’s
Green Mountain chain. Hungerford Brook and Wade Brook drain to the Missisquoi River
and Lake Champlain; Potash Brook drains directly to Lake Champlain. Precipitation totals
in the Wade Brook catchment are higher than the catchments of Hungerford Brook and

Potash Brook due to orographic effects (Table 3.1).
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Table 3.1. Summary of study area characteristics.

Hungerford Brook  Potash Brook ‘Wade Brook

Primary land cover Agricultural Urban / Suburban Forest
Watershed area (km") 48.1 18.4 16.7
Percentage forested 40.5 10.6 95.1
Percentage agricultural 448 29.1 0.6
Percentage urban 5.6 53.5 0.8

Percentage impervious area 2.3 239 0

Sensor elevation (m) 80 42 320
Maximum watershed elevation (m) 354 143 981
Mean watershed slope (%) 5.6 5.3 26
Mean air temperature (°C) 6.7 7.8 4.2
Mean precipitation (mm yr") 1000 961 1453
o e
Sensor optical path length (mm) 5 5 15

Coordinates (WGS 1984)

Soil and Surficial Geology

Vegetation

44.918403° N,
73.055664° W

44.444331° N,
73.214482°W

44.864468° N,
72.552904° W

Sandy, silty, and Sandy and silty  Glacial till, sandy
stony loams loams, clay loam
Urban / suburban
Agricultural, mixed landscap;ﬁg, mixed Mixed northern
northern hardwoods torfiern hardwoods and
. hardwoods and .
and conifer . conifer
conifer,
agricultural
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Figure 3.1. Map showing location and land use / land cover of the three study areas.

Methods

In-stream measurements

We used s::can Spectrolyser UV-Visible spectrophotometers (s::can Messtechnik
GmbH, Vienna, Austria) in each stream, deployed from June 2014 to December 2016 for
spring, summer, and fall seasons. The sensors were housed in PVC tubing for protection
during high flows, were solar powered for autonomous operation, and transmitted summary
data through a cellular data network. Full UV-Visible spectra measurements were stored
on-board the sensor and downloaded manually on site. The spectrophotometers measured
light absorbance at wavelengths ranging from 220 to 750 nm at 2.5 nm increments and

were programmed to take measurements every 15 minutes. Optical path lengths were either
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5 or 15 mm, depending on the typical turbidity of each stream (Table 3.1), and absorbance
spectra were normalized by optical path length for comparison. Sensor measurement
windows were automatically cleaned before each measurement with a silicone wiper and
cleaned manually in the field at least every two weeks using pure ethanol. To focus on
dissolved constituents, raw absorbance spectra were corrected for the effects of turbidity
by fitting a third-order polynomial in the visible range of the spectrum, extrapolating into
the UV portion, and then subtracting the extrapolated absorbance from the raw spectrum
(Avagyan et al. 2014; Langergraber et al. 2003).
Laboratory measurements

Manual grab samples were collected at the sensor sites across the monitored
seasons during baseflow and storms (peak flow, rising and falling limb), timed to coincide
with sensor measurements to calibrate in situ UV-Visible absorbance spectra to laboratory
TP, TDP, and SRP concentration measurements (Figure 3.2). Care was taken to collect
samples directly adjacent to the sensor measurement window. We analyzed a total of 560
grab samples over the course of the study. Samples taken in 2015 were analyzed for TDP
and SRP; samples taken in 2016 were analyzed for TP, TDP, and SRP. We filtered TDP
and SRP samples in the field using sample-rinsed glass fiber GF/F filters (nominal pore
size of 0.7 um) into new, triple-rinsed HDPE bottles, and collected TP samples from the
stream without filtering. This filter size differs from that of some others studies where 0.45
pm filters are used. This may influence absolute lab value comparability (where values in
this study may be slightly higher in comparison), but would not influence the evaluation of

model calibration or validation techniques, which is the focus of this work. We stored
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samples on ice in the field and in transport, then stored either in a cooler at 2 °C (for TDP
and SRP samples) or in a freezer at -23 °C (for TP samples) until analysis.

We analyzed for TP concentration by first liberating organic phosphorus as
inorganic phosphorus through oxidation by persulfate, followed by the molybdate method
(US EPA method 365.1 4500-PJ). We measured TDP concentration the same way as TP
after samples had been filtered as described above. SRP concentration was determined
colorimetrically by measuring absorbance of 885 nm following sample reaction with
molybdate, ascorbic acid, and trivalent antimony, also consistent with US EPA method
365.1 (Parsons et al. 1984). For each analyte, the non-parametric Kruskal-Wallis test
(Kruskal and Wallis 1952) was used to determine whether concentrations were

significantly different among the three sites.
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Figure 3.2. Discharge at each site for 2015 and 2016 (grey lines) and timing of manual grab
samples (black vertical lines). Samples taken in 2015 were analyzed for TDP and SRP; samples
taken in 2016 were analyzed for TP, TDP, and SRP.

96



Phosphorus fraction concentration prediction: training and validation techniques

When reporting correlations of a particular method to predict lab measurements, it
is common to develop a model using all available data and then assume model statistics
will apply to future predictions using unknown data. In contrast, we used a bootstrapping
technique to validate the accuracy of calibration models built on only a portion of the data
to provide a more robust method to assess uncertainty in concentration prediction. Training
and validation prediction sets were generated for TP, TDP, and SRP using combined data
from all sites for each parameter, and by separating the available data by each site. For each
training dataset, 85% of available observations were selected randomly to generate a
model. The model was developed by an identical approach to Etheridge et al. (2014), where
PLSR was employed with the pls package in R to generate calibration algorithms (Mevik
et al. 2015; R Core Team 2015). Each model incorporated a number of components equal
to a maximum of approximately 10% of the observations as recommended by Mevik et al.
(2015).

The training model was then used to predict a validation set, which was comprised
of the remaining 15% of observations that were randomly withheld. This process was
repeated 1,000 times with replacement for each parameter, and predictions and statistics
for each model were collected and aggregated. We then calculated the means and standard
deviations of predicted concentration values for all 1,000 iterations of training and
validation sets. Sensor performance was evaluated by performing linear correlations on the
mean predicted value for training and validation sets versus the corresponding lab
measured values. Throughout the paper, adjusted R? values are presented to compare
goodness of fit for regressions to remove the bias associated with differing sample sizes
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(Ohtani 2000), and root mean square errors (RMSE) are presented as estimates of model
accuracy. The result of this process is a quantifiable level of confidence for how accurately
UV-Visible absorbance spectra may predict TP, TDP, and SRP concentrations at times
when no lab measurement is available for comparison. This type of model validation is
common in many disciplines and is more robust than other approaches that develop models
using the entire available dataset and therefore provide stronger prediction statistics (Aber
1997).

Logarithmically transformed discharge or turbidity measurements are often used to
predict riverine TP concentrations (Hirsch et al. 2010; Stutter et al. 2017). We performed
multiple linear regression using these two variables to predict TP concentrations at each
site and compared this method with the performance of the UV-Visible
spectrophotometers. These models included all available data for each site in order to form
comparisons using the most favorable case for this method.

Results
Phosphorus grab samples and UV-Visible absorbance measurements

The non-parametric Kruskal-Wallis test revealed that grab sample concentrations
for TP, TDP, and SRP were each significantly different among these three sites (p < 0.001;
Table 3.2). When UV-Visible absorbance spectra were plotted and colored by
corresponding phosphorus fraction concentrations, it is evident that much of the variance
in UV-Visible spectra occurs in the wavelength range of 220 — 350 nm (Figure 3.3).
Furthermore, while generally higher absorbances correspond with higher phosphorus
fraction concentrations, complex relationships exist between spectral data and phosphorus
fraction concentrations. The ratio of lab measured TDP to TP concentrations and the ratio
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of lab measured SRP to TP concentrations varied considerably at the agricultural and urban
sites, and the ratio of SRP to TP was significantly different between these sites as
determined by the non-parametric Mann-Whitney U test (p = 0.001) (Figure 3.4). The
highest observed concentrations of TDP and SRP were higher than the highest TP
concentration because relatively large storms in 2015 produced high TDP and SRP
concentrations and TP concentrations were not measured at that time.

Table 3.2. Summary statistics for grab samples collected at the study sites (all concentrations are
inug P LY.

Total phosphorus (2016 only)

Agricultural Urban Forested
Count 36 27 42
Minimum 13.4 6.50 0.70
Maximum 917 89.6 12.3
Median 79.0 20.6 3.8
Mean 130 24.7 4.5
Variance 31.6 0.40 <0.10

Total dissolved phosphorus (2015-2016)

Agricultural Urban Forested
Count 77 80 89
Minimum 8.50 3.5 1.8
Maximum 1413 263 31.6
Median 63.0 32.1 7.6
Mean 133 64.6 10.7
Variance 42.2 5.4 0.10

Soluble reactive phosphorus (2015-2016)

Agricultural Urban Forested
Count 77 105 89
Minimum 3.0 0.30 0.60
Maximum 1240 231.5 22.8
Median 46.2 17.4 4.2
Mean 110 37.1 6.9
Variance 35.3 2.6 <0.10
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Figure 3.3. Plots of compensated UV-Visible absorbance spectra vs. wavelength of light and
corresponding (a-c) TP, (d-f) TDP, and (g-i) SRP concentrations (ug P L) in color for
agricultural, urban, and forested sites.
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Figure 3.4. Box and whisker plots of the ratios of (a) TDP to TP, and (b) SRP to TP for the
agricultural and urban sites in 2016. Data from the forested site is not shown, since concentration
differences between different operationally-defined fractions were within the range of analytical
error.

Total phosphorus

Predictive models for TP were developed using data for all sites, with ten
components (11% of observations). The training sets explained a relatively high proportion
of the variance in TP concentration (adj. R? = 0.96; p < 0.001), while correlations from the
bootstrap validation method explained approximately three-quarters of the variance in TP
concentration (adj. R? = 0.78; p < 0.001) (Figure 3.5). RMSEs were 25 ug P L for training
sets and 59 pg P L for validation sets. The RMSE of the validation set was 75% of the

median TP concentration for the agricultural site, and was three and sixteen times greater
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than the median TP concentrations at the urban and forested sites, respectively. Separating
datasets by site did not improve goodness of fit for predictive models, though it resulted in
validation RMSE values that were 74 — 80% of the median TP concentrations at the urban
and forested sites (Table 3.3).

When logarithmically transformed discharge and turbidity measurements were
used to predict TP concentration using a multiple linear regression model for each site
separately, the adjusted coefficients of determination were 0.05, 0.14, and 0.41 for the
forested, urban, and agricultural sites, respectively. However, models for the forested and
urban sites were not statistically significant and the accuracy for the agricultural site model

was lower than for models based on the UV-Visible absorbance spectra (RMSE = 138 ug
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Figure 3.5. Bootstrap TP training and validation plots for (a-b) all combined, (c-d) agricultural,
(e-f) urban, and (g-h) forested sites. Correlations were statistically significant (p < 0.001) for all
but the forested validation sets (h). Shading represents 90% confidence intervals. Error bars
represent one standard deviation for the predictions over 1,000 bootstrap iterations. Note that
error bars are present for all points but may not be visible and that scales differ among plots.
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Table 3.3. Summary of partial least squares regression model results.

. . , Training RMSE Validation Validation
Site(s) Observations Components  Training adj. R

(mgPLY adj.R> RMSE (ugPL™
Total phosphorus
All 90 10 0.96 25 0.78 59
Agricultura 31 4 0.85 70 0.61 115
Urban 24 3 041 14 0.24 17
Forested 36 4 0.49 1.9 -0.02 2.8
Total dissolved phosphorus
All 222 18 0.96 29 0.61 90
Agricultura 70 8 0.88 73 0.56 147
Urban 3 8 09 24 0.68 43
Forested 79 9 0.94 1.8 0.72 4.2
Soluble reactive phosphorus
All 247 18 0.96 23 0.68 68
Agricultura 70 8 092 54 0.7 109
Urban 98 10 0.94 13 0.57 36
Forested 79 9 0.95 1.2 0.79 24

Total dissolved phosphorus

Predictive models for TDP using data for all sites were developed with 18
components (8% of observations). The training sets explained a relatively high proportion
of the variance in TDP concentrations (adj. R? = 0.96; p < 0.001), while correlations from
the bootstrap validation method explained nearly two thirds of the variance in TDP
concentration (adj. R? = 0.61; p < 0.001) (Table 3.3; Figure 3.6a-b). Separating datasets by
site increased accuracy and the proportion of the variance explained in validation sets for
the urban site (adj. R? = 0.68; p < 0.001) and the forested site (adj. R? = 0.74; p < 0.001)
with eight components, but did not improve validation performance at the agriculture site.
Accuracies for these models were limited, however. Validation set RMSEs were greater
than the median TDP concentrations for the agricultural and urban sites, and was 55% of
the median TDP concentration for the forested site. Plotting residuals in the TDP models
by lab measured value, turbidity, and discharge did not reveal discernable patterns in

prediction error (Supporting Figure 3.S2).
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Figure 3.6. Bootstrap TDP training and validation plots for (a-b) all combined, (c-d) agricultural,
(e-f) urban, and (g-h) forested sites. All correlations were statistically significant (p < 0.001).
Shading represents 90% confidence intervals. Error bars represent one standard deviation for the
predictions over 1,000 bootstrap iterations. Note that error bars are present for all points but may
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Soluble reactive phosphorus

Predictive models for SRP using data for all sites were developed with 18
components (7% of observations). The training sets explained a relatively high proportion
of the variance in SRP concentration (adj. R? = 0.96; p < 0.001), while correlations from
the bootstrap validation method explained approximately two-thirds of the variance in SRP
concentration (adj. R2 = 0.68; p < 0.001) (Table 3.3; Figure 3.7a-b). Separating datasets by
site improved validation accuracy for the urban and forested sites, but did not improve
validation accuracy at the agriculture site (Figure 3.7c-h). As with TDP models, no
discernable patterns could be found by plotting SRP model residuals by lab measured

value, turbidity, and discharge (Supporting Figure 3.S3).
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Discussion

UV-Visible spectra as proxies for phosphorus fraction concentrations

Integrated results from this study suggest that in situ UV-Visible
spectrophotometers can concurrently predict the concentration and distribution of the
phosphorus fractions (TP, TDP, SRP) at a high frequency and with modest and variable
accuracy that may be suitable for some applications (Figure 3.8). Model goodness of fit
statistics for these fractions are among the most favorable published for other proxy
models. Accuracy limitations remain, however, as RMSE statistics were relatively high
compared to median concentration values at our study sites. These analyses indicate that
in streams draining watersheds of different primary LULCs and varying seasonal and event
conditions, the measured UV-Visible absorbance spectra co-varied with a suite of

constituents that varied in proportion with phosphorus fractions of interest. The degree to
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which phosphorus fraction concentration correlates with components of the absorbance
spectra can be site-specific and may vary by fraction and/or dominant biogeochemical
processes and hydrologic pathways within a particular catchment. In the following
discussion, we focus on the strengths and limitations of this approach, and make
recommendations for how researchers and water resource managers can use this
technology for monitoring phosphorus.

Models to predict TP concentrations using all data available explained a relatively
high proportion of the variance, but had RMSE values that were higher than the median
concentrations at the urban and forested sites (Figure 3.5a-b). Site-specific models had
higher accuracy but lower predictive power for the forested site where phosphorus
concentrations were lower. We found that models from UV-Visible spectra explained more
of the variance in TP concentration than multiple linear regression models using turbidity
and logarithmically transformed discharge. The method for TP prediction demonstrated
here may be best used in agricultural areas or other sites with elevated TP phosphorus
concentrations; these areas may also be where this technology could be most useful for
informing management goals.

The UV-Visible spectra were used to predict TDP and SRP concentrations with a
greater proportion of variance explained than any other models based on a high-frequency
method known to the authors, though RMSE values indicate limited accuracy for low
concentrations. The proportion of variance explained suggests that this method is a useful
approach to characterize TDP and SRP concentrations, particularly during hot moments
for phosphorus transport when concentrations can become elevated (e.g., Underwood et al.
2017). The high bioavailability of dissolved phosphorus fractions makes the unique ability
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of this approach to model both the TDP and SRP fractions particularly useful. Furthermore,
the necessity of site-specific models suggests that sources and pools of dissolved
phosphorus likely differ among sites, and that phosphorus fractions co-vary with different
components of the water matrix in contrasting LULCs. In the forested site, organic and
inorganic P cycling is primarily from parent material weathering and ecosystem cycling
(Likens 2013). While these processes also occur in the urban and agricultural systems,
fertilizer amendments and other human activities in urban and agricultural catchments add
additional organic and inorganic phosphorus (Daloglu et al. 2012). Since UV-Visible
spectrophotometers have been shown to accurately model dissolved organic carbon
concentration (Ruhala and Zarnetske 2017; Vaughan et al. 2017), variance in the
phosphorus models may be explained by the presence of organically bound phosphorus.
These pools are likely to differ among LULCs, which have very different sources and pools
of organic matter (Sickman et al. 2007; Wilson and Xenopoulos 2009). These differences
are often more pronounced during storm events, when rapid changes in hydrology cause
changes in connectivity of differing source areas (e.g., edge of a row crop field versus a
suburban development) to streams.

Site-specific TDP and SRP concentration models performed better than models
based on data from all sites for each solute. Therefore, each stream has a distinct
relationship between the portion of the aqueous matrix that absorbs UV-Visible light and
dissolved phosphorus fraction concentrations (Figure 3.3). The PLSR method tested here
relies on the shape of each UV-Visible spectrum curve to determine the phosphorus
fraction concentration rather than a narrow wavelength range of absolute absorbance
values. This result indicates that the method uses these distinct relationships between

107



dissolved phosphorus fractions and various aqueous and solid constituents that absorb light
across the UV-Visible range that manifest in variable absorbance spectra. While it seems
that site-specific calibrations were optimal in this study, it is not yet known whether these
relationship differences are due to LULC alone, or whether sites with similar LULCs could
have different relationships. Further testing at several agricultural sites, for example, would
help determine whether models should be strictly site-specific, or if LULC-specific models

could suffice.
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site, (b) TDP at the urban site, and (c) SRP at the forested site.
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Comparison to other approaches

Several other studies have attempted to relate phosphorus fraction concentrations
with parameters that are easier, cheaper, and faster to measure than direct measurement
with wet chemistry lab techniques. Other studies showed that roughly 60 — 95% of the
variance in TP concentration can be explained by turbidity or discharge, or these variables
in combination with other proxy variables (Table 3.4). Results from these studies are
derived from models that were based on the predicted data that were used to build the
models originally. Thus, their results are most comparable to the training sets reported here,
with the difference that 100% of the measurements were commonly used in these other
studies, while 85% of the data was used in our training sets. The variance explained in
training sets in this study was near or above 90% for all models, exceeding that of most
other models reported in the literature. In addition, when we attempted to use
logarithmically transformed discharge and turbidity measurements to predict TP
concentrations, we found that these models explained a lower proportion of the variance
compared with models based on UV-Visible absorbance spectra. Only 55% of the variance
in TP concentrations could be explained by a combination of discharge and turbidity, while
96% of the variance in TP concentrations could be explained by the training model derived
from the UV-visible spectra. The higher proportion of variance explained by the
spectrophotometric proxies compared to the discharge and turbidity proxies may be
because our systems are smaller and more susceptible to short-timescale hysteresis-related
changes in the relationship between these variables. Other studies that reported a higher
proportion of variance in TP concentration explained were in rivers with larger watershed
areas than we investigated.
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Few studies have investigated the relationship between TDP and SRP
concentrations and proxy variables. Underwood et al. (2017) recently used Bayesian linear
regression to correlate TDP to discharge and identify operational thresholds where shifts
in these relationships occur. More often, TP is predicted using a proxy such as turbidity or
discharge, and a percentage of TDP or SRP to TP from a subset of samples is applied
uniformly to estimate TDP or SRP loads (e.g., Johnes 2007). We observed that the ratios
of lab measured TDP to TP and SRP to TP varied considerably (Figure 3.4), so assuming
a constant relationship between these fractions would lead to considerable errors in
phosphorus fraction load estimation in the systems studied here. Stubblefield et al. (2007)
found no correlation between SRP concentration and turbidity measurements in a subalpine
forested stream where the discharge-weighted mean SRP concentration was 8.7% of the
TP concentration. Using similar methods to this study, Birgand et al. (2016) found that
UV-Visible absorbance explained 89% of the variance in observed SRP concentrations in
a eutrophic drinking water reservoir, which is similar to the model results for our SRP
model training sets. Besides environmental setting, that study differed from this one in a
few notable ways: seven components were used with 36 samples to develop a calibration
(~20% rather than ~10% of the number of observations used here), SRP concentrations
ranged from 3.5 — 10 pg P L? (a narrower range than our sites), and no model validation
results were reported.

For high-frequency water quality measurements, in situ UV-Visible
spectrophotometers have several advantages and some limitations. Advantages include the
ability to measure multiple parameters concurrently and rapidly with no reagents, and to
deploy sensors for continuous monitoring of baseflow and larger episodic events. There
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are field-robust models available that have few moving parts to service. However,
limitations include their high cost (currently greater than $15,000 US), which can be
prohibitive. As discussed above, UV-Visible spectrophotometer accuracy for phosphorus
fraction concentrations and some other analytes may not be acceptable for some
applications, particularly at relatively low phosphorus concentrations. For the s::can sensor
used here, two further limitations were on-board memory storage and power draw. On-
board memory capacity allowed storage of roughly fifteen days of observations at a 15-
minute sampling interval. It was a challenge at times to provide necessary power to the
sensors when light to our solar panel array was limited by season and/or tree canopy cover.

Instruments that use wet chemistry techniques to measure SRP concentrations
directly with the ascorbic acid method in situ have recently become available. For example,
the Cycle-PO4 instrument (Wetlabs, Philomath, Oregon, USA) makes direct measurements
of SRP concentration with onboard standard checks, which may produce a more accurate
estimate of SRP concentration. Results from Cohen et al. (2013) and Sherson et al. (2015)
suggest that the Cycle-PO4 measures SRP more accurately than the UV-Visible
spectrophotometers tested here at low concentrations. The Systea WIZ probe (Systea,
Anagni, Italy) has a similar method to the Cycle-PO4 and also tested relatively well for
predicting SRP concentration in recent evaluations (Copetti et al. 2017; Johengen et al.
2017). However, the instruments have several components such as pumps, switches, and
filters that are prone to malfunction; they use reagents that generate hazardous waste; and
they are more prone to fouling (Pellerin et al. 2016). Both the Cycle-PO4 and the Systea-
PO4 have limited capacity to measure elevated SRP concentrations, such as those found in
our agricultural and urban sites. The Cycle-PO4 is specified for SRP concentrations of 0 —
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300 pg P L%, and the Systea-PO4 was shown to have limited accuracy for concentrations
above 40 pg P L. In addition, limited reagent lifetime and sampling frequency precludes
the Cycle-PO4 sensor from long-term deployments in remote or rapidly changing
environments. The sampling frequency also limits its application for vertical or lateral
profiling, where UV-Visible spectrophotometers can be useful. A UV-Visible
spectrophotometer is preferable to an in situ wet chemistry instrument if researchers would
benefit from concurrent measurements of multiple phosphorus fractions (TP, TDP, and
SRP), nitrate (e.g., Rode et al. 2016), dissolved organic carbon (e.g., Ruhala and Zarnetske
2017), and other potential analytes (Birgand et al. 2016) with a single instrument. This
concurrent measurement advantage may be the greatest strength of the UV-Visible spectra
approach, though building a calibration dataset comes with a considerable cost that will
depend on site-specific considerations.

To the authors’ knowledge, this study is the first to use a rigorous bootstrap
validation technique to investigate how well models predict phosphorus fraction
concentrations where lab measured values are not available. Etheridge et al. (2014) and
Vaughan et al. (2017) are the only studies we are aware of that test nutrient prediction
models by withholding a portion of each calibration dataset (equal to 10% in those studies).
This study takes the next step in repeating these validations many times with random
observation set selection to reduce sampling error when selecting the 15% to withhold. Our
results reflect the expectation that validation models explain less variance than training
models (Table 3.3) and demonstrate that method performance may have been inflated by
reporting of training sets alone in previous studies. Validation sets are standard for larger-
scale models in other scientific disciplines such as global climate general circulation
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models (Chervin 1981; Flato et al. 2013), though the exercise is valuable when using a
model to predict a dependent variable at any scale. We recommend that future studies using
high-frequency water quality sensors perform model validation with bootstrapping to more
rigorously estimate uncertainty for new analyte concentration predictions. This approach
is particularly useful when developing models that rely on absorbance spectra derived from
in situ spectrophotometers to project the concentration of solutes such as dissolved

phosphorus fractions that do not directly absorb light in the UV-Visible spectrum.

Table 3.4. Summary of selected studies that related phosphorus fraction concentration to other
water quality parameters. (*) indicates that model validation was performed but not reported.

Watershed ‘Watershed area Statistical ob "
Location Setting Landscape / or water body  Proxy variable(s) n?eltsh;lﬁ sel:a ot R’ Accuracy Reference
Characterization size (kmz)

Total phosphorus

Chesapeake Bay In(Discharge), Multiple linear Mallows' Cp  Hyer et al.

iver i - 5
Watershed, USA River Agrienlural 136 Water temperature regression 8 082 =271 (2016)
In(Discharge) . .
Ch ke B . . . = Multiple linear Mallows' Cp  Hyer et al.
esapeake Bay River Agricultural 95 Dissolved oxygen, uple .meax 32 0.96 370WS P yereta
Watershed. USA Lo regression =2.09 (2016)
In(Turbidity)
i Root
North Carolina, Brackish b ?OES‘;“'CtEfih NA UV-Visible Partial vleasl NA 0.73% sq\tl’;'en:;a':r Etheridge et
USA marsh rackisiy marsh, absorbance squares : o, al (2014)
agricultural regression =23 ugPL
Linear regression
N ) with log- Schuett and
Vermm:;t US?AQ nd River Agricultural 92 écff)lus-tg dl&zppl‘:l  transformed data 317 0.67 NA Bowden
Quebec, profiler backscatter and Duan (2014)
correction
Lake Tahoe Basin, . . o . . Stubblefield
rar o 2 -] T e 2
California USA River Subalpine forest 25 Turbidity Linear regression 117 0.62 NA etal. (2007)
Lake Tahoe Basin, . . s . . Stubblefield
California USA. River Subalpine forest 29.5 Turbidity Linear regression 51 0.83 NA etal. (2007)
. . . Lo . . Grayson et al.
Australia River Mixed landscape 5000 Turbidity Linear regression NA 0.9 NA (1996)
Soluble reactive phosphorus (POf)
Lo s Partial least 2X Residual _ .
West Virginia, USA Reservoir Eutrophic dlm]‘,mg 0.12 Uv-Visible squares 36 0.89 St Error = Birgand et al.
= ‘water reservoir absorbance . 1 (2016)
regression 1.08 ugPL
. . Constructed - Partial least Root .
North Carolina, Brackish 028 et UV-Visible artial feas 00_ mea.n. Etheridge et
brackish marsh, NA squares NA 0.66% square error
UsA marsh . absorbance R 4 al.(2014)
agricultural regression =10ugplL
Lake Tahoe basin. . . i . . No Stubblefield
i " River  Subalpine forest 25 Turbid Linear regr NA _ NA
California USA fver ubaipine fores urbidity 1near regression correlation etal. (2007)
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Implications for application in watershed monitoring

The advantage of high-frequency water quality data is generally two-fold: it can
reveal short-timescale effects previously invisible to researchers, and it can aid in more
accurate load estimation. Because our results indicate that UV-Visible absorbance is
generally sensitive to changes in phosphorus fraction concentrations (models had
acceptable coefficients of determination), but had relatively low accuracy (models had
relatively high RMSE values), we suggest that in situ spectrophotometers are best applied
to understanding short-timescale phosphorus dynamics, especially in systems with
relatively high phosphorus fraction concentrations. Depending on site-specific model
performance, this technology may be suited to provide valuable, yet possibly semi-
quantitative information about phosphorus fraction dynamics during storms or diel cycles,
illuminating potential nutrient sources and biological processes. This technique could be
especially informative when developed in combination with models for other useful
parameters (e.g., nitrate, dissolved organic carbon).

The relatively high RMSE value to median concentrations ratios found here suggest
that phosphorus load estimates calculated with this method may have substantial
uncertainty, unless site-specific models elsewhere show improved accuracy. Optimal
models to predict TP concentration had RMSE values that were 75 — 80% of median TP
concentrations. This ratio is an indication of the level of uncertainty a load estimate may
have, though actual uncertainty would depend on annual hydrologic conditions and site-

specific factors.
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Conclusions and recommendations

We have shown that UV-Visible spectra collected by in situ spectrophotometric
sensors can be used to simultaneously predict TP, TDP and SRP concentrations in many
situations. For our sites, the ratios of TDP to TP and SRP to TP varied notably, so that if
high-frequency measurements of TDP and SRP were of main interest in a study or
management decision, the use of in situ spectrophotometers is clearly warranted. Since
these sensors also measure turbidity, and nitrate and DOC concentrations, there is the
capability to measure diverse chemical constituents concurrently. If estimates for these
other parameters are a primary monitoring goal, phosphorus fractions model development
could be a relatively low-risk, low-cost addition.

This technology is best suited to sites with elevated TP concentrations if TP
concentrations are the primary fraction of interest. We recommend that all models be
checked to determine if separating data by site improves or weakens model performance.
When using the PLSR method, we recommend following Mevik et al. (2015) to use the
number of components equal to ~10% of observations, as a higher percentage of
components can lead to over-parameterization. Over-parameterization may lead to more
favorable training model statistics, but also to weaker validation model performance
statistics, and noisier and less accurate time series prediction. The success of this method
may be influenced by the number and variety of grab samples that can be attained,
analyzed, and incorporated into prediction models. We recommend that users of this
technology take care to obtain grab samples as close in time and space to the sensor

measurement as possible to obtain a reliable calibration.
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There has been significant effort to create “global calibrations” or calibration
“libraries” for various predictive proxies and predicted constituents (e.g., Shepherd and
Walsh 2002). Although this type of effort is beyond the scope of this study, our results
indicate that that common models for phosphorus fraction concentrations were not
preferable to site-specific models for three sites with variable LULC. Future work is
necessary to rule out the possibility of a more extensive library to explain a greater amount
of variance across multiple types of sites and water matrices.

The number of samples needed to develop useful models to predict phosphorus
fraction concentrations using UV-Visible spectra will be dependent on many factors that
will likely be site-specific. For example, the greater the variability in the concentration at
the monitoring location, the more samples will be needed to form an adequate predictive
model. Although evaluating these criteria will depend on subjective expert opinion,
researcher geochemical/hydrologic intuition, and available observational data prior to
sensor deployment, we suggest that an adequate PLSR model must meet the following
conditions:

1. The PLSR model has a validated accuracy and goodness of fit that is acceptable

for the application

2. The number of observations is equal to or greater than 10 times the number of

components in the PLSR model

3. The range of the sampled concentrations is approximately equal to the range of

concentrations likely to occur at the site
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4. Samples were collected during times representative of the various conditions at
the site (e.g., baseflow, rising and falling limbs of storms, seasonal conditions,
nutrient amendment schedules, biological hot moments, see Figure 3.2)

As use of in situ optical spectrophotometers increases, researchers and managers
will gain a better picture of their performance to measure several water quality parameters.
In the foreseeable future, this type of instrumentation may extend our ability to monitor
critical nutrients at times and places that would be difficult to sample in any other way.
Results presented in this work also indicate that with further study in a more diverse set of
environments, phosphorus fractions may be monitored with increasing reliability to inform
watershed management goals.
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Supporting Figure 3.S1. Plots of mean training TP residual versus lab measured TP
concentration using validation sets for (a) agricultural, (b) urban, and (c) forested sites. Points are
colored by turbidity values and sized by discharge value. Dotted lines represent + 50, 25, 10, and
0% prediction error. Grey points are used where turbidity values are not available.
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Supporting Figure 3.S2. Plots of mean training TDP residual versus lab measured TDP
concentration using validation sets for (a) agricultural, (b) urban, and (c) forested sites. Points are
colored by turbidity values and sized by discharge value. Dotted lines represent + 50, 25, 10, and
0% prediction error. Grey points are used where turbidity values are not available.
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Supporting Figure 3.S3. Plots of mean training SRP residual versus lab measured SRP
concentration using validation sets for (a) agricultural, (b) urban, and (c) forested sites. Points are
colored by turbidity values and sized by discharge value. Dotted lines represent + 50, 25, 10, and
0% prediction error. Grey points are shown where turbidity values are not available.
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CHAPTER 4. SHINING LIGHT ON THE STORM: IN-STREAM
OPTICS REVEAL HYSTERESIS OF DISSOLVED ORGANIC
MATTER CHARACTER

Abstract

The quantity and character of dissolved organic matter (DOM) can change rapidly
during storm events, affecting key biogeochemical processes, carbon bioavailability, metal
pollutant transport, and disinfectant byproduct formation during drinking water treatment.
We used in situ ultraviolet-visible spectrophotometers to concurrently measure dissolved
organic carbon (DOC) concentration and spectral slope ratio, a proxy for DOM molecular
weight. Measurements were made at 15-minute intervals over three years in three streams
draining primarily agricultural, urban, and forested watersheds. We describe storm event
dynamics by calculating hysteresis indices for DOC concentration and spectral slope ratio
for 220 storms and present a novel analytical framework that compares and interprets these
metrics together. DOC concentration and spectral slope ratio differed significantly among
sites, and storm DOM dynamics were remarkably variable at each site and among the three
sites. Distinct patterns emerged for storm DOM dynamics depending on land use / land
cover (LULC) of each watershed. In agricultural and forested streams, DOC concentration
increased later in the storm cycle, and spectral slope ratio dynamics indicate that this
delayed flux was of relatively higher molecular weight material compared to the beginning
of each storm. In contrast, DOM character during storms at the urban stream generally
shifted to lower molecular weight while DOC concentration increased on the falling limb,
indicating either the introduction of lower molecular weight DOM, the exhaustion of a
higher molecular weight DOM sources, or a combination of these factors. We show that

the combination of high-frequency DOM character and quantity metrics have the potential
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to provide new insight into short-timescale DOM dynamics and can reveal previously
unknown effects of LULC on the chemical nature, source, and timing of DOM export
during storms.
Introduction

Dissolved organic matter (DOM) is an important component of a river’s load that
is central to many biogeochemical cycles and pressing water quality issues. DOM is a
major source of terrestrial carbon to receiving waterbodies (Prairie 2008), attenuates
ultraviolet radiation that is harmful to microorganisms (Bukaveckas and Robbins-Forbes
2000; Morris et al. 1995), and affects metal pollutant transport and bioavailability (Driscoll
et al. 1988; Ravichandran 2004). DOM plays a key role in stream metabolism in temperate
forests (Roberts et al. 2007), and its availability can limit denitrification, a microbial
process that is central to maintaining water quality standards (Sobczak et al. 2003). DOM
also has been identified as the primary cause of harmful trihalomethane disinfectant
byproduct formation during drinking water treatment (Chow et al. 2007; Kraus et al. 2008;
Nguyen et al. 2013; Reckhow and Singer 1990). Globally, DOM is a significant source of
CO- emissions into the atmosphere (Battin et al. 2009; Cole et al. 2007; Weyhenmeyer et
al. 2012), and is a link between upland carbon sources and the ocean carbon budgets
(Ludwig et al. 1996; Raymond and Bauer 2001). Determining the composition of DOM
has been an active area of research and is critical to understanding the role of DOM in these
cycles and processes (Hedges et al. 2000; Jaffé et al. 2012; Sleighter et al. 2010).

The natural and anthropogenically influenced pool of DOM in surface waters can
contain thousands of compounds (Kim et al. 2006; Sleighter and Hatcher 2007; Stubbins
et al. 2014). The “character” of DOM refers to the specific composition of this pool, which
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can differ over several temporal and spatial scales and among various ecosystem types
(e.g., Jaffé et al. 2008). Human influences and land use / land cover (LULC) can strongly
influence DOM character during times of both baseflow and storm events (e.g., Dalzell et
al. 2005; Wilson and Xenopoulos 2008). A “‘size-reactivity continuum” has been shown to
exist between molecular weight of the DOM pool and bioreactivity, where bioreactivity
increases from small to large size, and from old to fresh diagenetic state in oceans (Amon
and Benner 1996) and lakes (Kellerman 2015). Bioreactivity has been shown to vary
according to other intrinsic factors of the DOM pool, such as aromaticity, oxidation state,
and elemental ratios (Kellerman et al. 2015). DOM character can also have important
implications for water quality management, since waters with elevated dissolved organic
carbon (DOC) concentrations and high aromatic content have higher formation potential
of disinfectant byproducts (Kitis et al. 2001; Reckhow and Singer 1990). Optical metrics
have been used to characterize DOM pools for decades, and recent advances in optical
metrics have led to improved quantitative metric-based understanding of DOM character.

DOM can be characterized and classified into groups or types, depending on
structural, ultraviolet-visible absorbance, and fluorescent properties. Fluorescent properties
of aquatic DOM have been used to classify DOM as protein-like, humic-like, soil fulvic
acid content, and by potential watershed sources (e.g., Stedmon et al. 2003). Similarly,
absorbance properties of DOM in ultraviolet-visible spectrum can indicate the humic and
aromatic content of the DOM pool (Del Vecchio and Blough 2004; Weishaar et al. 2003).
Some of these properties can be semi-quantitatively described using one or more calculated
proxy variables or indices such as the spectral slope and spectral slope ratio (Helms et al.
2008), fluorescence index (Stubbins et al. 2014), and specific ultra-violet absorbance
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(Weishaar et al. 2003). The spectral slope can vary independently from DOC concentration
(Brown 1977), and has been used to characterize the relative abundance of fulvic acids and
humic acids in marine waters (Carder et al. 1989; Hayase and Tsubota 1985). Spectral slope
and spectral slope ratio are generally inversely proportional to the molecular weight of the
DOM pool, and increase following photodegradation (Helms et al. 2008; Kellerman et al.
2015). In addition, the spectral slope has been shown to correlate with the percentage of
terrigenous DOM in river-influenced coastal areas in the Gulf of Mexico (Fichot and
Benner 2012). While there has been significant effort to characterize DOM from different
sources, less is known about the role that storms play in the transport of organic material
of variable character, and how LULC and DOM provenance affect these intra- and inter-
storm dynamics.

In situ optical water quality sensors can provide rapid and accurate measurements
of DOC concentration, which has led to a greater understanding of the important role that
storms play in biogeochemical cycles (e.g., Rode et al. 2016; Ruhala and Zarnetske 2017).
These instruments have been used to better quantify relationships between solute
concentration and stream discharge, which can change over multiple timescales from
storm-event (e.g., Saraceno et al. 2009) to decadal (Kuk-Hyun and Scott 2018).
Quantifying a change in the solute-discharge relationship, or “hysteresis,” can improve
understanding of solute transport pathways and active source areas (e.g. Chanat et al. 2002;
Evans and Davies 1998; House and Warwick 1998). To date, in situ optical sensors have
been used to characterize hysteresis for DOC concentration (e.g., Buffam et al. 2001; Hood
et al. 2006; Vaughan et al. 2017), but there is also the potential to characterize hysteresis
in DOM character using proxies derived from ultraviolet-visible absorbance spectra. While
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solute or particulate concentration hysteresis indicates the proximity of that constituent to
the point of measurement in space and/or time, measuring hysteresis of the spectral slope
ratio would quantify the relative shift(s) in DOM character in a stream during a storm event.
Furthermore, combining this information with hysteresis of DOC concentration would
show how the DOM quantity and character change during storms, which may provide
insight regarding potential DOM sources, hydrologic pathways, and better characterization
of DOM pools entering receiving waters.

Here, we explore the utility of combining DOM quantity and character hysteresis
metrics to better understand the dynamic nature of DOM pools exported from different
LULCs during storm events, and how this relates to changing hydrologic flow paths and
DOM source and supply. To do this, we measured spectral slope ratio and DOC
concentration at 15-minute intervals in three well-characterized streams draining
watersheds with different LULCs over three years. We developed a novel analytical
framework representing storm event-based hysteresis dynamics for both DOM quantity
and character. We then used this framework to demonstrate insights regarding the
relationship between DOM quantity and character during and among storms, how this is
influenced by LULC, and what this may reveal about variability in DOM provenance and
potential bioavailability and reactivity following storms.

Study areas

Study sites are located in the Lake Champlain Basin, Vermont in the northeastern
US (Figure 4.1). Watershed characteristics and dynamics of carbon and nutrients at these
sites have been well-characterized in previous work (Rosenberg and Schroth 2017
Vaughan et al. 2017). LULC in the Hungerford Brook watershed is primarily agricultural,
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including dairy, row crops, hay, and pasture. Potash Brook is situated near the city of
Burlington, Vermont’s densest population center. Its watershed is primarily characterized
by urban and suburban development (54%), though there is some agricultural (29%) and
forest cover (11%). The Wade Brook watershed is primarily forested (95%) and is situated
on the western slope of Vermont’s Green Mountain chain. Hungerford Brook and Wade
Brook drain to the Missisquoi River and Lake Champlain; Potash Brook drains directly to

Lake Champlain.

Hungerford Brook Wade Brook
(agricultural) (forested)

@ Forested
Z'7 Agricultural

' Urban / developed
Potash Brook A Water

(urban) & Barren/brush

Figure 4.1. Map showing location and land use / land cover of the three study areas.

Methods
In situ measurements
We used s::can Spectrolyser ultraviolet-visible spectrophotometers (s::can
Messtechnik GmbH, Vienna, Austria) in each stream, deployed from June 2014 through

December 2016 for spring, summer, and fall seasons and removed them each winter season
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due to stream ice cover. The sensors were housed in PVC tubing for protection during high
flows, were solar powered for autonomous operation, and transmitted data in real time
through a cellular data network. The spectrophotometers measured light absorbance at
wavelengths ranging from 220 to 750 nm at 2.5 nm increments and were programmed to
take measurements every 15 minutes. Sensor measurement windows were automatically
cleaned before each measurement with a silicone wiper and cleaned manually in the field
at least every two weeks using pure ethanol. Raw absorbance spectra were corrected for
turbidity by fitting a third-order polynomial in the visible range of the spectrum,
extrapolating into the UV portion, and then subtracting the extrapolated absorbance from
the raw spectrum (Avagyan et al. 2014; Langergraber et al. 2003).

Discharge data were acquired from a U.S. Geological Survey gaging station where
available (Hungerford Brook Station 04293900), or calculated from stage-discharge rating
curves developed with velocity-area calculations (Turnipseed and Sauer 2010) and/or salt
dilution (Moore 2005). Stage was measured at a 15-minute timestep using atmospherically
compensated pressure transducers.

Dissolved organic carbon concentration calibration

Manual grab samples were collected during baseflow and storms to calibrate in situ
absorbance spectrophotometer measurements to laboratory measurements. Collection
occurred on at least a bi-weekly schedule, with additional samples taken during times of
sensor maintenance and during storm events when possible in order to characterize the full
range of hydrologic and chemical stream conditions. A total of 326 grab samples were
analyzed for DOC concentration over the duration of this study. Each sample was filtered
using rinsed glass fiber GF/F filters (nominal pore size of 0.7 um) into new HDPE bottles.
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Samples were stored on ice in the field, then stored in a cooler at 2 °C until analysis.
Laboratory DOC concentration measurements were made using a Shimadzu TOC-L
analyzer using the combustion catalytic oxidation method.

The ultraviolet-visible spectra were used to develop site-specific partial least
squares regression models to predict DOC concentration. Models were created with the pls
package in R (Mevik et al. 2015; R Core Team 2015), and were used to generate time series
predictions of DOC concentration at 15-minute intervals for all available ultraviolet-visible
spectra measurements. Each model incorporated a number of components equal to a
maximum of approximately 10% of the observations as recommended by Mevik et al.
(2015). A more detailed account of this method can be found in Vaughan et al. (2017). For
each site, the models predicted at least 95% of the variance in laboratory-measured DOC
concentration, and standard errors ranged from +0.025 mg C L™ at the forested site to
+0.045 mg L at the agricultural site. We compared differences in DOC concentration
among the three sites using the non-parametric Kruskal-Wallis test (Kruskal and Wallis
1952), and compared differences in the variance in DOC concentration among sites using
Levene’s test (Levene 1960).

Spectral slope ratio calculation

Spectral slope was calculated using turbidity-corrected ultraviolet-visible spectra,

following the equation

a; = a/lrefe—s(/l—/lref) , (1)
where a is the Naperian absorption coefficient (m™) (Aiken 2014), 4 is wavelength (nm),
Jref is the reference wavelength (285 nm), and S is the best fit spectral slope (nm™). The

spectral slope ratio (Sr; Helms et al. 2008) was then found by dividing the spectral slope
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of absorbance between 275 — 295 nm by the spectral slope of absorbance between 350 —
400 nm. This method was applied to all turbidity-corrected ultraviolet-visible absorbance
spectra, collected at 15-minute intervals over the three years of monitoring. As with DOC
concentration, differences in the medians and variances of spectral slope ratio among sites
were compared with the Kruskal-Wallis and Levene’s tests, respectively.
Calculation of flushing and hysteresis indices

A detailed description for the storm flushing index and hysteresis index calculation
used here is provided in Vaughan et al. (2017). These methods are adapted from Butturini
et al. (2008) and Lloyd et al. (2016), respectively. We calculated these indices for both
DOC concentration and spectral slope ratio for all storms. The application of these indices
to spectral slope ratio is a new approach that adds valuable information. Both indices are
based on normalized discharge and parameter values (DOC concentration or spectral slope

ratio):

Qi,norm = (2)

Qmax—CQmin

_ _Ci—Cnmin
Ci,norm s ..’ (3)
max min

where Qi and C;are the discharge and parameter values at timestep i, Qmax and Qmin are the
maximum and minimum discharge values in the storm, and Cmax and Cmin are the maximum
and minimum parameter values in the storm. This normalization method transforms
discharge and parameter values from 0 to 1, where 0 indicates the lowest value during the
storm, and 1 represents the highest value during the storm.

The storm flushing index is equal to the normalized parameter value at peak storm

discharge minus the normalized parameter value at the initial storm discharge. Values of
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this index range from -1 to 1, where negative values indicate a decrease in parameter value
on the rising limb, positive values indicate an increase in parameter value on the rising
limb, and the distance from zero indicates the magnitude of this difference.
The hysteresis index at each discharge interval Hlj was determined by the equation:
HI; = Cj rising — Cj falting - (4)
where C; is found by linear regression of Ci,norm at 1% intervals of Qi,norm 0N both the rising
and falling limbs at interval j using two adjacent measurements. An overall hysteresis index
for each storm event was determined by calculating the mean of all HI; values for the storm.
Values of this index also range from of -1 to 1, where negative values indicate anti-
clockwise hysteresis, positive values indicate clockwise hysteresis, and the magnitude of
HI indicates the normalized difference between the rising and falling limbs.
Novel analytical framework
The storm DOC concentration flushing index characterizes the relative change in
DOM quantity on the rising limb, whereas the DOC concentration storm hysteresis index
describes the difference in DOM quantity on the falling limb relative to the rising limb. We
also calculated these indices for a proxy of DOM character (spectral slope ratio). To the
knowledge of the authors, hysteresis of spectral slope ratio has not yet been calculated with
high-frequency data. Plots of both spectral slope ratio flushing index versus DOC
concentration flushing index and spectral slope ratio hysteresis index versus DOC
concentration hysteresis index create four-quadrant Cartesian spaces where the domain of
all values is -1 to 1. This framework offers a novel, concise, and information-rich view of
storm DOM dynamics. The interpretations herein are predicated on the assumption and

demonstrated result that spectral slope ratio is inversely proportional to the molecular
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weight of the sampled DOM pool (Fichot and Benner 2012; Helms et al. 2008). We did
not have the opportunity to characterize DOM pool using other tools such as excitation-
emission matrix spectroscopy or high-resolution liquid chromatographic separation and
tandem mass spectrometry (e.g., Petras et al. 2017).

Plotting storm flushing index of spectral slope ratio versus storm flushing index of
DOC concentration creates four quadrants that represent distinct storm DOM quantity and
character dynamics at times before the peak discharge (rising limb) (Figure 4.2a). Storms
that fall in quadrant (I) of this space have positive flushing indices for both spectral slope
ratio and DOC concentration, indicating rising limbs where DOM molecular weight
decreases and DOC concentration increases. Because concentration increases while DOM
character changes, this indicates increased mobilization of lower molecular weight DOM
on the rising limb. Storms situated in quadrant (Il) demonstrate a decrease in DOM
molecular weight and DOC concentration on rising limbs. Because concentration is
decreasing, this may indicate an exhaustion of proximal DOM sources with relatively
higher molecular weight. Storms in quadrant (I11) have negative flushing index values for
both spectral slope ratio and DOC concentration, suggesting an exhaustion of proximal,
relatively lower molecular weight DOM sources while discharge increases. Finally, for
storm events plotting in quadrant (IV), both DOM molecular weight and DOC
concentration increase on the rising limbs, suggesting the mobilization of relatively high
molecular weight DOM to the stream as discharge increases. The coordinate location for
each storm indicates the magnitude of the dynamic described in each quadrant.

Plots of storm hysteresis index of spectral slope ratio versus storm hysteresis index
of DOC concentration provides further context to interpret potential sources of DOM based
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on shifts in quantity and character metrics from rising limb to falling limb during a storm
(Figure 4.2b). Storms that fall in quadrant (I) may reflect a source of proximal, relatively
low molecular weight DOM that was depleted later in the storm, since the falling limb is
relatively lower than the rising limb in DOC concentration, but higher in DOM molecular
weight. Quadrant (1) storms may be characterized by increased mobilization of relatively
higher molecular weight DOM from more distal DOM sources delivered later in the storm
cycle. In quadrant (Il), storms may deliver more distal sources of relatively lower
molecular weight DOM that passes the point of measurement later in the storm cycle, as
storm hysteresis indices for both spectral slope ratio and DOC concentration are negative.
Finally, storms that fall in quadrant (V) may deliver proximal sources of relatively higher
molecular weight DOM that is depleted during the storm, since the DOM character shifts

to lower molecular weight while the DOC concentration is lower on the falling limb.

A B
! I I I
o [DOC] decreases, Sy | [DOC] and Sg increase ) Higher [DOGC], lower Lower [DOC] and Sg
E (+) increases on rising limb on rising limb E § (+) Sk on falling limb on falling limb
8_ :‘, Exhaustion of proximal, } Increased mobilization 8_ % Increased mobilization | Exhaustion of proximal,
o 'g relatively higher MW of lower MW DOM on 9o c of distal, higher MW lower MW DOM on
» .= DOM on rising limb rising limb 2w DOM on falling limb falling limb
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Figure 4.2. Interpretations for each quadrant in the Cartesian plotting spaces of (a) storm spectral
slope ratio (SR) flushing index versus storm DOC concentration ([DOC]) flushing index and (b)
storm spectral slope ratio hysteresis index versus storm DOC concentration hysteresis index.
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Results
DOC concentration and spectral slope ratio

Over the three years of monitoring, approximately 160,000 concurrent
measurements were made of DOC concentration and spectral slope ratio at the three study
sites (Figure 4.3). DOC concentrations were significantly different among sites, as
determined by the Kruskal-Wallis test (p < 0.001), and the variance in DOC concentration
was also significantly different among sites, as determined by Levene’s test (p < 0.001)
(Figure 4.4a). DOC concentrations were generally higher and had highest variance at the
agricultural site (median = 6.8 mg C L; variance = 3.5 [mg C L™]?), followed by the urban
site (median = 4.6 mg C L; variance = 1.2 [mg C L]?. DOC concentrations were
generally lowest and had the lowest variance at the forested site (median = 1.8 mg C L%;
variance = 0.6 [mg C L1]?).

Spectral slope ratio values were significantly different among sites (p < 0.001), and
the variance in spectral slope ratio values was also significantly different among sites (p <
0.001) (Figure 4.4b). Spectral slope ratios were generally lowest at the urban site (median
= 0.60), indicating the presence of relatively higher molecular weight DOM relative to the
other two sites. Variance in spectral slope ratio was also lowest at the urban site (variance
= 0.0045). The agricultural site had generally higher spectral slope ratios than the urban
site, and a variance in spectral slope ratios that was an order of magnitude greater than the
urban site (median = 1.0; variance = 0.033). The spectral slope ratios were generally highest
at the forested site, where variance in spectral slope ratio was also highest by an order of

magnitude over the agricultural site, and two orders of magnitude over the urban site
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(median = 1.2; variance = 0.15). The relationship between spectral slope ratio and DOC

concentration varied for each site, and among the three sites (Figure 4.4c).
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Figure 4.3. Example time series plots of (a-c) DOC concentration, (d-f) spectral slope ratio, and
(g-i) discharge at the agricultural (left), urban (center), and forested (right) sites.
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DOC concentration at the three sites. For all plots, each point represents a single measurement
and all measurements taken over the three-year monitoring period are included.

Storm dynamics of dissolved organic matter

We measured DOC concentration and spectral slope ratio at 15-minute intervals for
a total of 220 storms at the three sites during the three years of monitoring, comprising a
total of approximately 38,000 concurrent measurements during storm events. Plots of the
mean and range of spectral slope ratio for each storm versus the storm volume-weighted
DOC concentration (calculated as the ratio of DOC mass flux to water flux) illustrate the
differences in these relationships among sites (Figure 4.5). There was a remarkable amount

of variability and short-timescale changes in storm hysteresis dynamics for each site, and
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among the three sites (Figure 4.6). However, plots of storm spectral slope ratio flushing
index versus storm DOC concentration flushing index reveal site-specific patterns at each
of the three sites (Figure 4.7a-c). Similarly, plots of storm spectral slope ratio hysteresis
index versus storm DOC concentration hysteresis index were variable within and among

sites, but formed distinct patterns in the four-quadrant Cartesian space (Figure 4.7d-f).
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Figure 4.5. Plots of (a) storm mean spectral slope ratio and (b) storm range of spectral slope
ratios vs. the storm ratio of DOC flux and water flux (equal to the storm volume-weighted DOC
concentration). Each point represents one of the 220 observed storms, and the size of each point is
scaled to the storm water yield (equal to the water flux divided by watershed area) of the storm.
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time.
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Figure 4.7. Plots of storm spectral slope ratio flushing index vs. storm DOC concentration
flushing index for all storms at (a) agricultural, (b) urban, and (c) forested sites. Plots of (a-c)
storm spectral slope flushing index vs. storm DOC concentration flushing index, and (d-f) storm
spectral slope ratio hysteresis index vs. storm DOC concentration hysteresis index at agricultural
(left), urban (center), and forested (right) sites. Each point represents a storm and point sizes are
proportional to storm discharge peak. Points are shaped by storm season where triangles are
spring, squares are summer, and circles are fall. Shading is provided as a visual aid to highlight
patterns.

Discussion
The results presented here provide a unique view of storm event DOM quantity and
character dynamics among various LULCs for a relatively large number of storms. To the
authors’ knowledge, these are the first comprehensive high-frequency time series of
riverine DOM quantity and character among different LULCs. In the discussion below, we
employ our novel quantitative and qualitative framework to provide valuable insight

regarding reactivity and timing of release of DOM fractions during storm events among
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LULCs that would be logistically impossible to capture by conventional grab sampling
approaches. Subsequent discussion demonstrates that our analytical framework is a
powerful tool for harnessing high-frequency DOM data to understand LULC and intra-
storm controls on DOM dynamics.
DOM differences among sites

Land use / land cover not only influences the quantity and character of DOM
transported from a watershed, but also influences the degree to which these parameters
vary at baseflow and during storms. The high degree of heterogeneity in the concentrations,
potential sources, and DOM character among the sites was indicated by significant
differences in the median and variances of DOC concentration and spectral slope ratio
(Figure 4.4). This finding also was reflected in the relationship between spectral slope ratio
and DOC concentration, as there were distinct differences in these relationships among
sites (Figure 4.4c). Interestingly, our results indicate that despite pronounced differences
in water matrices due to LULC, the spectral slope ratio seems to converge to a similar value
at relatively high DOC concentrations at each site. This pattern may reflect similar DOM
pool composition at high DOC concentrations due to the contribution of distal sources of
DOM from upland terrestrial landscapes, though more analyses will be necessary to
characterize DOM under these conditions. Together, these results demonstrate the value of
continuous measurements throughout the range of hydrologic and seasonal conditions to
show the notable influence that LULC has on DOM quantity and character, and in
capturing the substantial variability of riverine DOM character among these LULCs.

The relatively elevated DOC concentrations found in the agricultural stream are

consistent with others’ results. Agricultural watersheds have been shown to have elevated

146



baseflow DOC concentrations relative to other non-agricultural streams in the same region,
and DOC concentration often increases during storm events (Dalzell et al. 2005; Royer and
David 2005; Saraceno et al. 2009; Vidon et al. 2008). In addition, agricultural activities
influence sources of stream water DOM and lead to greater in-stream DOM production
because of increased stream fertility (Stanley et al. 2012; Wilson and Xenopoulos 2008).
When spectral slope ratio is plotted against DOC concentration (Figure 4.4c), it is clear
that the agricultural site represents a highly heterogeneous mixture of DOM, likely
stemming from several watershed sources. High molecular weight DOM sources may
include organic soil layer leachates, dissolved vascular plant tissue, and leachates from
manure amendments. These sources may influence the autochthonous in-stream production
of lower molecular weight bacterial communities, further influencing the heterogeneity in
DOM character at the point of measurement.

DOC concentrations at the urban site were significantly higher than those found in
the forested system, which leads to increased storm loading of DOM as reported and
discussed in Vaughan et al. (2017). The urban site also had significantly higher molecular
weight DOM, and significantly less heterogeneity in DOM molecular weight than the other
sites (Figure 4.4a-b). This was a surprising result, given the multitude of potential DOM
sources in an urban-suburban environment. Our interpretation is that the DOM sources are
either relatively consistent in proportional supply among storm events and/or some
component of urban modification to catchment hydrology promotes a more homogeneous
but distinct character of urban stream DOM. McEImurry et al. (2014) surveyed DOM
sources from watersheds of different LULC in Michigan, USA, and found that the average
DOM molecular weight ranked in descending order from primarily forested, agricultural,
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and urban and suburban watersheds, with only urban and suburban LULC not being
different from one another. This result contrasts with our results, since significantly lower
spectral slope ratios at our urban site indicate higher molecular weight DOM compared to
the other sites. While that study differed in general sampling approach, scope, and
analytical methods, the contrasting results may be an indication of regional variability
among LULC classes.

The relatively lower DOC concentrations observed at the forested site may reflect
the lack of additional DOM sources that likely contribute to DOC concentrations and loads
at the agricultural and urban sites. The forested site also had the highest median spectral
slope ratio, indicating the lowest molecular weight DOM. The variance in this quantity was
the highest among the three sites, indicating notable variability on annual and event-based
timescales. It is unclear whether this variability is due to the heterogeneity of DOM
sources, or due to variability in its delivery to streams due to hydrologic conductivity
during baseflow and storm events. DOM sourced from forested watersheds often have
higher molecular weight DOM stemming from plant exudates that is freshly bioavailable
(McEImurry et al. 2014; McKnight et al. 2001). The higher spectral slope ratios and
indication of lower molecular weight DOM at our forested site may be the result of in-
stream processing of these fresh DOM sources, and/or the signal of in-stream primary
production and bacterial and algal exudates (Reche et al. 1998; Williams et al. 2010).
Land use / land cover influences on DOM storm dynamics

Our analytical framework provides a rich view of short time-scale DOM dynamics,
which are hypothetically interpreted in Figure 4.2. Incorporating spectral slope ratio into
this framework provides novel insights for storm DOM dynamics at the urban site, where
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DOM character dynamics differ from the other sites markedly in ways that could not have
been observed with more traditional methods. This method also provides new evidence to
support patterns that others have observed at agricultural and forested sites, and adds richer
context to reveal the heterogeneity of DOM sources and processing in an agricultural
system.

Our framework reveals new evidence to support general patterns of DOM behavior
observed by others in streams draining agricultural and forested catchments, where DOM
character shifts from relatively lower molecular weight DOM during baseflow toward
aromatic, higher molecular weight DOM during stormflow (Figures 4.7a and 4.7c;
quadrant 1V). At agricultural sites, this shift has been attributed to the mobilization of
leachates from vascular crop tissue and organic-rich soil (Dalzell et al. 2005; Hernes et al.
2008; Saraceno et al. 2009; Vidon et al. 2008). In forested systems, DOC concentration
and aromatic and humic content has also been shown to increase markedly during storms
due to rising water table and changing water flowpaths through the organic layers of soil,
and the additions of throughfall and litter leachate to stream runoff (Inamdar et al. 2011;
Yoon and Raymond 2012). As discharge decreased on the falling limb, most storms
showed higher molecular weight DOM and higher DOC concentrations, representing a
different and possibly terrestrial source of DOM later in the storm (Figures 4.7d and 4.7f;
quadrant 11).

Plotting flushing and hysteresis indices for both quantity and character metrics
showed that there was a much greater amount of variability in the magnitude of these
dynamics at the agricultural site than the forested site. Watershed heterogeneity and
variability in potential DOM sources at the agricultural site may have led to this greater
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variability in storm dynamics. Many factors in the agricultural landscape can influence the
production, processing, and resulting molecular weight of DOM molecules that may have
contributed to this heterogeneity. For example, practices such as tillage can increase soil
aeration, leading to increased microbial processing of plant material and increased
production of lower molecular weight compounds (Dalzell et al. 2005; Kiem and Kdgel-
Knabner 2003). The variability in storm dynamics could in part be due to the hydrologic
connection of subsurface tile drainage systems, which are commonly used in our
agricultural watershed to increase crop yield (Moore 2016). This type of drainage increases
the amount of generated runoff, and delivers this runoff in less time than in undrained fields
(Blann et al. 2009). Subsurface tile drainage water can carry relatively low molecular
weight DOM with little evidence of terrestrially derived material (Dalzell et al. 2011), and
provide a direct link for crop residuals on fields to bypass soil microbe degradation and
travel to stream networks through surface inlets. The variability in hydrologic flowpaths
through a combination of subsurface tile drainage, surface tile inlets, and less altered
shallow subsurface flowpaths could contribute to the higher degree of variability observed
in storm DOM dynamics at agricultural streams compared to forested watersheds.

DOM storm dynamics at the urban site were markedly different from the
agricultural and forested sites, as revealed by distinct patterns of coordinate locations in
our framework (Figures 4.7b and 4.7e). As reported in Vaughan et al. (2017), DOC
concentration hysteresis at our urban site was similar to the other sites, though distinct
differences in DOM sources were not discoverable without the added DOM character
information. This shows that during a typical storm at the urban site, DOC concentration
decreased on the rising limb of the storm, while changes in the spectral slope ratio indicated
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that the DOM character shifted to higher molecular weight as storm flow increased (Figure
4.7b; quadrant I11). On a typical falling limb, the DOC concentration was higher than on
the rising limb, while the character of the DOM shifted to relatively lower molecular weight
than on the rising limb (Figure 4.7e; quadrant I11). This shift may be due to the introduction
of distal, lower molecular weight DOM that was not present during the rising limb. The
anthropogenic influence of the developed landscape leads to greatly increased lateral
hydrologic connectivity (Walsh et al. 2005) and increased in-stream transformations of
DOM (Stanley et al. 2012). Human-made replacements for headwater streams, such as
storm drains and gutters, become the sources and storage pools of DOM sources, assuming
the analogous ecological role of headwater riparian zones. Organic matter is processed in
these areas before delivery to stream network through fragmentation, wetting-drying
facilitated leaching, and hydraulic abrasion (Kaushal and Belt 2012). Other developed
watershed sources, such as impervious road surfaces and parking lots, may not have this
stored pool of higher molecular DOM, nor a mechanism for processing (McEImurry et al.
2014). The dynamics we observed may be due to the mobilization and exhaustion of DOM
from storm drains and other pools of relatively higher molecular weight DOM that act as
an analog to riparian wetlands early in the storm, then sources may shift to more distal,
lower molecular weight DOM sources that had accumulated on impervious surfaces in the
watershed. Targeted end-member watershed sampling in developed areas in conjunction
with the framework we have presented would aid in further understanding these processes.

Our approach also showed that although DOM character was highly dynamic
during storm events, the bulk DOM character did not co-vary with the quantity of exported
DOM for any of the sites (Figure 4.5). Some, though not all, of the storms with relatively
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low DOC mass per water volume and high mean spectral slope ratio were associated with
early season snowmelt at the forested site. This could be the result of snowpack-sourced
water that had not dissolved or mobilized more complex terrestrially-derived organic
compounds in forest soil. We also see that while many storms had a similar range of
spectral slope ratios at all three sites, storms with the greatest intra-storm changes in
spectral slope ratio occurred at the forested site (Figure 4.5b). The watershed of the forested
site seems to have DOM sources similar to the higher molecular weight (low spectral slope
ratio) sources of the agricultural site, but it is unigque in the lower molecular weight (higher
spectral slope ratio) sources (Figure 4.4a). Together, these results indicate that the
activation of different source areas during a storm cause variability in the character of the
DOM delivered to waterbodies, though this bulk DOM character is independent of the
quantity of DOM exported.
Conclusions

This study demonstrates the value of long-term, high-frequency, continuous
monitoring. Because of the high amount of heterogeneity in DOM character and diversity
of storm dynamics, the potential for sampling error is high. Emerging sensor technologies
makes a near or complete census approach possible, and it may be warranted depending
upon management and/or research goals. High-frequency measurements allowed us to
observe changes on the timescales at which they occur, and the continuous nature of our
monitoring system captured these dynamics no matter the time of day or investigator
vacation schedule. Recommendations, considerations, and limitations of using ultraviolet-
visible spectrophotometers are discussed at greater length in Vaughan et al. (2017) and
Vaughan et al. (2018).
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We incorporated high-frequency measurements of DOC concentration and spectral
slope ratio into a composite novel analytical framework to aid in interpretation of short-
timescale storm DOM dynamics. This data-rich framework revealed remarkable variability
in storm dynamics at each of three sites with contrasting LULC, and revealed distinct and
informative patterns among the sites due to LULC impact on DOM supply and provenance
during storm events. Analysis of 220 events provides new evidence that relatively high
molecular weight, potentially terrestrially-derived DOM sources contribute to the DOM
pool later in storm cycles at agricultural and forested sites. Furthermore, our framework
clearly demonstrates that landscape heterogeneity exerts a strong influence on storm DOM
character dynamics at our forested and agricultural catchments. In addition, our framework
revealed the surprising result that DOM molecular weight tends to decrease later in storm
cycles at our urban site, even as DOC concentration increases. Harnessing high-frequency
data using our approach provides new insight to characterize the changing sources of DOM
during storm events, and adds reason for caution when determining DOM provenance
through DOC concentration hysteresis alone.
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