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Abstract

Title outlet terrace (TOT) systems have been employed for the last century as a best management
practice (BMP) to control surface runoff and associated erosion in agricultural fields. By altering
the topography (artificial subsurface drainage and terraces), the hydrology of the landscape is
also altered which affects the transformation, transport, and fate of applied fertilizer (nitrogen
and phosphorus compounds) and their effect on other solute behavior. The study of storm events
in agricultural fields is useful in identifying mechanisms of nutrient transport and transformation
during runoff events under varying antecedent soil moisture conditions (pre-event) and varying
growing conditions. Here we aim to track the hydrologic response of agroecosystems to storm
events in TOTSs to elucidate the relationship between hydrology and fertilizer use on chemical
weathering fluxes by: 1) separating runoff into matrix, intermediate, and conduit flow using
karst hydrology analytical methods; and, 2) pairing these results with measurements of water
chemistry to identify mechanisms of nutrient transport and transformation. We focus on TOT’s
with constructed wetlands in the Upper Wakarusa watershed to characterize the water flux of
storm events in agricultural fields. Stormwater samples were collected directly from tiles
coming off three of these TOT agricultural fields and the receiving wetlands constructed to
reduce nutrient runoff. Soil water samples were also collected from nested suction-cup
lysimeters that are installed at 30, 60, and 90 cm at the ridge top and depression couplet of one
terrace at each field site to quantify spatial variability in nutrient concentrations. All water
samples were analyzed for total and dissolved nitrogen and phosphorus, total suspended solids,
alkalinity, anions and cations. Storm resolved samples (every 30 mins during flow events) from
tile outlets (influent storm water) and wetland outlets (effluent wetland water) were collected
using automated water samplers. The digital recursive filter approach was used to separate
quickflow and baseflow, as exponential fitting and master recession curves approaches failed to
partition hydrographs into their components as the discharge did not behave linearly in log-
space. Here the proportion of baseflow increased with the amount of incoming precipitation the
week prior to the event. Mixing models derived from measured solutes show that Harvest Hills
Middle (HHM, the smallest site) was closest to the atmospheric signature while Cain and
Harvest Hills North (HHN) had signatures closer to nested lysimeters. This study suggests that
higher tile densities led to lower hydrologic flashiness but greater chemodyanmic behavior,

specifically addition behavior, and greater weathering fluxes. This was a surprising result as



more chemostatic behavior (i.e., invariant solute concentrations with large variations in
discharge) was expected. These results demonstrate that there is likely an interactive effect
between tile densities and terraces that may lead to non-linear behavior in solute generation and

transport compared to just the effect of tiling alone.
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1 Introduction

The “great acceleration” is a term applied to the current Anthropocene epoch — a period
marked by an increased rate in the cycling of carbon and nitrogen, and land use change from
forest and grasslands to agriculture (Waters et al., 2016; Steffen et al., 2015). The impact of
humanity’s growing population has led to an increased change in rates of: 1) land conversion
(urban and agriculture systems now rival forest and grassland systems) (Foley et al., 2005), 2)
atmospheric CO2 concentrations (concentrations increasingly rise each year) (Peilke et al., 2002;
Kump et al., 2000), 3) average global annual air temperatures (global average temperatures are
increasing) (Alexander et al., 2006), and 4) the nitrogen and phosphorus cycle (reactive species
have more than doubled in concentration since the industrial revolution (Bowes et al., 2015;
Kladivko et al., 2004; Gruber and Galloway, 2001). Over this period, evidence is mounting to
suggest that agriculture practices are shifting landscape processes from transformers-to-
transporters (Kumar et al., 2018; Blann et al., 2009; Shilling and Helmers, 2008). Here,
anthropogenic changes to the landscape have shifted the hydrologic response from a longer
residence time of water-mineral interactions, “transformer-controlled system”, to those in which
the water-mineral interactions have a shorter residence time. This increases the rate at which
these fluxes enter receiving surface waters, becoming a “transporter-controlled system” (Kumar
et al., 2018). The hydrologic impact of artificial manipulation to the land surface (e.g., tilling,
berms, terraces) and subsurface drainage systems (e.g., tiles) is well established in the literature
with a consensus that flow contributions from these “transporter” systems increases inputs of
event water and nutrient losses (Kladivko et al., 1999). For example, master recession curves
(MRC) analysis —an approach focused on understanding the behavior of the receding discharge
after a storm event from tile-drained watersheds were more linear than less-tiled drained
watershed, implying more homogenous flow paths in tile-drained systems (Shillings and
Helmers, 2008). What remains less understood is the impact of multiple, interacting surface and
subsurface manipulations on landscape hydrology and the cascading biogeochemical response.
This research specifically focuses on the impact of tile-outlets-terrace (TOT) density on
discharge following storm events through the use of a recession curve approach in order to
understand the overall impact of altered hydrology on chemical weathering due to controlled

partition of runoff water, infiltration, and soil moisture conditions.



For decades, Tile outlets or tile lines — subsurface drainage pipes, similar to sewer systems — and
Terraces — constructed, horizontal areas created to divide sloping terrains by reducing slope
steepness — have been two best management practices (BMPs) often used to reduce the impact of
overland flow on soil erosion in agricultural environments (Wei et al., 2016) (Figures 1 & 4).

Hydrologically, these two
approaches differ as tiles move the
energy from overland flow into the
subsurface, thus reducing erosion
(Kladivko et al., 2004; Goolsby et al.,
1999), while terraces slow the energy of

Drain pipe

overland flow by reducing the
topographic gradient (Shilling and
Helmers, 2008; Kladivko et.al., 2004).
TOTSs can be used in combination to
further reduce surface water runoff Figure 1. Tile outlets image from google depicting
during storm events, and further alter the sub-surface drainage (tile outlets)

hydrologic flow paths and spatial variability in soil moisture. These hydrologic alterations
coupled with fertilizer applications can reorient the transformation and transport of nutrients and
alter fluxes of chemical weathering; yet, the degree to which either controls chemical weathering

is not well understood.

With much of the central USA underlain by tiles or TOTs (Blann et al., 2009) there is a
need to understand how altered landscapes, subsurface hydrologic processes and their combined
impact shifts the terrestrial biogeochemical processes. The analytical methods of recession curve
analysis from karst aquifer flow systems provide a potential conceptual tool for understanding
TOT hydrology (see Fig. 1; Shilling and Helmers, 2008a, 2008b). Here TOTSs analyses can
leverage that fact that karst aquifers are often characterized by a “triple permeability” (White,
2002), where subsurface water flow is evolved from the interaction of diffuse, intermediate, and
conduit permeability/porosity (White, 2002; Palmer et al., 1999). Diffuse permeability is the

intergranular porosity of un-fractured bedrock; intermediate permeability are mechanical joints,



joint swarms and bedding plane partings; conduit permeability are pipe-like openings that start at
1 cm (White, 2002). If a single point of outflow or discharge (Q) can be measured in a karst
system, then these locations are thought to integrate various hydrologic flow paths contributing
to discharge (e.g., runoff flow (conduit flow), matrix flow (diffuse flow), and intermediate flow
(a mixture of both runoff and matrix flow)) that occur at different rates in time and space within
a catchment (Baedke and Krothe, 2001; Tallaksen, 1995; Milanovic 1981). If TOT agriculture
systems operate in an analogous manner to that of karst, the integrated signal at the outlet of a
tile drain may represent all three flow regimes. Shillings and Helmers (2008) applied this same
approach to tiled agriculture watersheds for three storm events and found that 66.5% of the
events had two flow regimes (conduit and intermediate) and 33.5% had three flow regimes that
contributed to the hydrograph response, where the contribution of three flow regimes was
concomitant with a discharge response. Elevated soil moisture or heavy rainfall events could

both be invoked to explain faster discharge responses.

It is important to note that in the field of hydrology, hydrograph analysis approaches such
as hydrograph separation and recession curves are considered an inverse problem, as “non-
unique” solutions regarding flow path contributions or aquifer properties can be derived (Rehrl
and Birk, 2010). A non-unique solution can be better constrained using multiple recession curve
analysis techniques and non-reactive tracers such as dye, stable isotopes, and chloride to verify
the estimated parameters or contributions of flow paths to spring discharges (e.g. end member
analysis; Shilling and Helmers, 2007; Christopherson and Hooper, 1992). Like karst aquifer
springs, the extensively modified hydrology of TOTs possess a unique “fingerprint” of the
physical and chemical processes integrated within the catchment (White, 2002; Baedke &
Krothe, 2001; Palmer et al., 1999; Dreiss, 1989). Water moving through tiles may establish a
similar “fingerprint” indicating solute sources generated during tile outlet discharge. Sources of
solutes may arise from shifts in mineral saturation indices (Shuster and White, 1971), and
contributing source waters that have distinct chemical signatures due to fertilizer inputs (Barak et
al., 1997) or differences in mineral-water contact time (Gaillardet et al., 1997). For example, an
increase in conduit flow might prompt mineral saturation indices to drop further below
equilibrium (i.e., increased potential for mineral dissolution), or high concentrations of elements
like Mg and Si might indicate greater inputs of soil or groundwater that has had longer mineral-

water interaction time (Li et al., 2017). Thus, to better understand the impact of TOTs on the
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hydrologic behavior of the landscape it is best to use both the recession curve, end member

mixing analysis, and concentration-discharge (C-Q) relationships.

In this work, we hypothesize that a higher tile-terrace density on the landscape will result
in a flashier system where large precipitation events are required to yield discharge in order to
overcome lower soil moisture conditions compared to systems with low TOT density where
discharge is supported by lower intensity storms. This change in behavior will yield lower
chemical weathering fluxes and more invariant concentration-discharge (chemostatic) behavior

from high tile-terrace density systems compared to low tile-terrace density systems (Figure 2).

Low density tiles Figure 2. A schematic
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2 Study Area

For this work, we compared three tile terraced cropland systems located within the Upper
Wakarusa Watershed in Douglas County, KS, draining to Clinton Lake (Figure 3): Harvest Hills
North (HHN; 38°59°05.5” N, 95°27°19.0” W); Harvest Hills Middle (HHM; 38°59°05.5” N,
95°27°19.0” W); and Cain (38°59°21.9” N, 95°25°19.9” W). All sites have similar landscape and
management characteristics. Specifically, they: 1) are terraced with ridges and depressions across
the landscape, 2) have perforated standpipes located in the depressions, that are connected to the

tile outlet to help drain standing water, and 3) have tile drains that are all connected to wetlands



before being discharged to nearby streams, and eventually to Clinton Lake. HHN drains ~89,031
m? and consists of four terraces, HHM drains ~76,890 m? and consists of 3 terraces, whereas
Cain drains ~161,874 m? and consists of six terraces. While Cain as the largest contributing area,
tile density is lowest at 0.37 tiles’/km? and increases to HHM at 0.39 tiles/km? and HHN at 0.44
tiles/lkm?. We expect both drainage area and tile density will affect influent discharge and solute
concentrations as might crop rotation given nitrogen fixing soybeans were rotated with wheat
and corn crops on all three field over the duration study (Table 1).

Table 1. Crop type for the growing seasons for 2014 - 2018. The Cain site for 2016 - 2018 had mixed crops of
alternating corn-soybean.

Crop Type
HHM HHN Cain
Year 2014 2015 2016 2017 2018 2014 2015 2016 2017 2018 2014 2015 2016 2017 2018
Soybean X X X X X X X X X X X X X
Corn X X X X X

Winter X X X
Wheat

The agricultural research sites are located approximately 29 km west of Lawrence, Kansas and
roughly 2 miles separate the research sites. The general lithology of Douglas county (which
encompasses the research sites), consists of limestone, shale, and sandstone
(http://www.kgs.ku.edu/General/Geology/Douglas/geog01.html). The three study sites consist

entirely of Argiudolls soil, a Great Group of the Mollisol order that are found in humid climates

with an udic moisture regime. The average annual temperature is 12.4 oC with reaching a high of

30.3 oC in the summer and low of -6.3 oC in the winter, while average annual precipitation is
960 mm with ~70% of the total precipitation falling in the spring and summer months (NOAA;
1981-2010 monthly normals: https://w2.weather.gov/climate/xmacis.php?wfo=top).
Approximately 75% of the total precipitation falls within the growing season, which spans ~196

days (Kansas Geological Survey (KGS); www.kgs.ku.edu).
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Figure 3. Harvest Hill North (HHN; outlined in red) and Middle (HHM; outlined in green) and Cain (outlined in
blue) fields are located in Douglas County, Kansas. These sites drain into the Clinton Lake Reservoir. Blue circles
on the left figure indicate approximate location of tile drains into the wetland while yellow circles indication outlet
drains from wetlands to nearby streams. Purple boxes on left hand figure also indicate positions of soil suction cup
lysimeters.

3 Methods

The sampling setup was comprised of automated samplers (ISCO Model 6712 Full-Size
Portable) positioned at the inlet (“influent”) and outlet (“effluent”) of constructed retention
ponds/wetlands on the three study sites (see Figure 3). Automated samplers were outfitted at the
inlet and outlets of all three sites, where inlets measured velocity (m/s) using and ISCO (Model
750) and precipitation (mm) with a standard rain gauge tipping bucket (674 Tipping Rain,
ISCO), and outlets measured water level (m) with a pressure transducer (Model 720, ISCO). Due

to the design of the retention ponds, the outlets used two different configurations to measure



water fluxes from the wetlands toward the stream. The Model 750 area-velocity module is
accurate to + 0.03048 m/s for velocity and + 0.00244 m/s for water levels, while the Model 720
ISCO pressure transducer is accurate to + 0.003 m for a stage height range of 0.03 m to 1.52 m.
All measurements were collected at 1-minute intervals continuously during the growing season
of 2016-2018; generally starting in May/June through October. Due to instrument error with the
rain-gauges, errors in the precipitation data were replaced with the nearest weather observatory
(Clinton Lake; https://w2.weather.gov/climate/index.php?wfo=top ) precipitation data.
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Figure 4. Conceptual diagram of tile outlet terrace (TOT) drainage system with receiving storage pond. Suction cup
lysimeters were placed at 30, 60, and 90 cm, are outlined with red dashed lines are located at top (Ridge) of terrace

and at bottom (Depression) of terrace.

3.1  Water sample collection

To characterize the response of TOTs and wetland discharge chemistry, and to use the
chemical behavior to constrain recession curve analysis, storm event discharge samples were
collected using programmed ISCO autosamplers at 15- or 30-min rates of collection depending
on observed flow duration. Collection began once flow duration or stage surpass either 1.0 m/s
or 0.1524 m and continued until the end of the flow event or until 24 bottles were collected
(capacity of ISCO samplers). Bottles were collected from the field within 24-48 hrs of events,
transported back to the University of Kansas Engineering Lab and sequentially filtered (see
below). Weekly to bi-monthly wetland grab samples were also collected over the duration of the
project and filtered in the same sequential methods as the event samples (see below). The
wetland samples were collected due to high evaporation compared to precipitation rates in the
summer, resulting in no effluent. The wetland samples allowed for better characterization of

TOTSs on wetland systems.



Sources of solute contributing to runoff at the TOTs were quantified using soil water suction cup
lysimeters (SK20, Decagon; Figure 4) nested at depths of 30 cm, 60 cm, and 90 cm at two
landscape positions: the ridge of a terrace and at the base of the terrace for each site (Figure 2,
red dashed lines). Suction of 90 kPa was applied at least a week before each sampling event.
These samples were filtered using a 0.45um filter for anion and cations analysis.

3.2 Filtering and water chemical analyses

Event and grab samples were sub sampled and preserved according to proper standard
laboratory methods, given enough sample (> 500 mL): 60 ml of unfiltered water was used for
total nitrogen (TN) and phosphorus (TP) analysis; 250 ml was filtered through a 0.8um filter for
suspended solids analysis (see below), 60 ml of this filtrate was used for total dissolved nitrogen
(TDN) and phosphorus (TDP), and 120 ml of the filtrate was passed through 0.45 pum filter for
anion and cation analysis. Both hydrochloric (HCI) and nitric (HNOs3) acids were used for
preservation, HCI for cation analysis by lon Chromatography and HNO3 for cation analysis by
ICP-OES. A brief description of each method is provided in the following:

a. Nitrogen and Total Dissolved Nitrogen Analysis (TN and TDN): Water samples were

analyzed for TN and TDN using the method of alkaline-persulfate oxidation of inorganic and
organic nitrogenous compounds to nitrate according to Standard Methods 4500-NO3- (b)
(APHA, 2005). Reactive nitrogen concentrations was determined colorimetrically using a
Shimadzu 1650-PC UV/Visible light spectrophotometer at 220 nm and 275 nm.

b. Total Phosphorus and Total Dissolved Phosphorus Analysis (TP and TDP): Water samples
were analyzed for TP and TDP using the method of acidic persulfate oxidation of organo-
phosphate to inorganic orthophosphate according to Standard Method 4500-P (e) (APHA, 2005).
Orthophosphate concentrations were determined colorimetrically using a Shimadzu 1650-PC

UV/Visible light spectrophotometer at 885 nm.

c. Total Suspended Solids Analysis (TSS): TSS was measured for all water samples greater than

300 mL in volume. Pre-weighed 47 mm filter papers (Fisher Scientific #09-874-35 or equivalent)
were dried for 24 hours in and oven at 100 to 105 °C then measured with a weighing tin prior to

filtration of collected water. The filter paper was used in a vacuum filtration processes to remove



TSS from the water samples; the filter paper with residue was weighed and placed back in the
oven at 100 to 105 °C for 24 hrs prior to final weighing.

d. Alkalinity and Anions: Alkalinity was measured on filtered (0.45 um) water samples using the

MetrOhm Titrando autotitrator. Anions were analyzed on filtered (0.45 pum) water samples using
ion chromatography (Dionex 1CS-1600). Anion activity was limited to three analytes: Chloride
(Cl-), Nitrate (NOs’), and Sulfate (SO4%).

e. Cations: Cations were analyzed on acidified (HCI), filtered (0.45 pum) water samples by ion
chromatography (Dionex 1CS-1600). Cation analysis was only limited by water sample
availability; if there was low sufficient quantity, ion chromatography. If there was high
availability, the ICP-OES was used.

3.3 Soil Collection and Analysis

Soil core samples were collected from each field site and tested for nutrient availability of
nitrate-N and inorganic phosphate-P. Nitrate concentrations extracted from soil core samples
were determined spectrophotometrically using the vanadium method of Doane & Horwath
(2003). Inorganic phosphate concentrations extracted from soil core samples were determined

spectrophotometrically using the malachite green method of D’ Angelo et al. (2001).
3.4  Discharge Calculations
Water level and velocity (inlets only) measurements from the ISCOs at the inlets and outlets

were used to determine discharge.

a. Inlets: Discharge (Q; m?/s) at the inlets was determined as the product of the water velocity
(m/s) and the water filled area (A; m?) of the tile pipe. Here, A is solved using the following

equation:
A= R? /2:(0-sin0)

where R is the radius (in m) of the circle and 6 is the central angle in radians. In order to
compare the functioning of TOTs between locations, we determine the specific discharge from

the inlets by dividing Q by each respective field area.

b. Outlets: Given the two outlet configurations, different methods were applied at HHN and

HHM compared to Cain for determining discharge. At HHN and HHM the outlet pipe
9



that drains the wetland goes to a weir box that is outfitted with a pressure transducer (Model
720, ISCO) and automated water sampler (ISCO Model 6712 Full-Size Portable Sampler). The
outlet discharge (Q, m?) from the HHN and HHM sites was calculated using a stage-discharge
relationship:

Q=3.33L-H-15

where L (m) is the length across the weir and H (m) is the height of water above the weir crest.
At Cain, a culvert directly drains the wetland and water levels measured at the mouth of the
culvert using a pressure transducer (Model 720, ISCO). Water samples were collected from
inside the culvert using an automated water sampler (ISCO Model 6712 Full-Size Portable

Sampler). For the Cain outlet, a culvert rating curve was employed:
Q=1.511-S2-3116.195-S+1606117.046

where Q, discharge (ft%) is related to S, stage (ft, elevation); the culvert rating curve can be found
in the standard procedure for this monitoring project (Peltier et al., 2016). Discharge values

where then converted from ft2 to m®.

3.5  Hydrograph Analysis

We used a recession curve analysis approach to determine the potential contributions of
different water sources to the discharge signal derived from the influent. This method focuses on
the part of the hydrograph from the peak of the rising limb to where the storm event response
diminishes. The recession curve expresses the release of water from natural storages (Tallaksen,
1995). There are multiple conceptual methods used to quantify the recession curve. The general

method derived from the work of Maillet (1905) is an exponential decay function expressed as:
t = Qoe_oLt

Where Q is the discharge at time t, Qo is the initial discharge, and o is the recession coefficient
characterizing the aquifer. Barns (1939) replaced the exp(-a)) with the constant, k, known as the
recession constant or depletion factor. In this approach, the recession constant is graphed as
log(Q) vs. time using the gradients of the three lines to infer the components of streamflow. The

range of recession constants has been found to be approximately 0.2-0.8 for surface water (i.e.
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conduit), 0.7-0.94 for interflow (i.e. intermediate), and 0.93-0.995 for base flow (i.e. diffuse),
however there are issues with overlapping ranges (Nathan & McMahon, 1990).

To perform hydrograph separation analyses on the influent data, the respective discharges
at each site was smoothed using a 15-minute sliding mean window that bracketed the actual
measurement. Storm events where influent flow exceeded 0.05 m3/s at Cain and HHN, 0.01 m?/s
at HHM, and had a duration greater than 10 minutes were used to understand the hydrologic
response in TOT systems. We attempted three approaches to examine the potential flow paths
contributing to the discharge signal. For successful approaches, we then examined their
relationship to overall hydrologic state prior to the event, here defined as the precipitation

received 1-day, 1-week, and 1-month prior to storm event flow,

3.5.1 EXPONENT FITTING APPROACH

The exponential decay function in eq. 1 is fit to the recession curve of a single storm
event from the peak flow discharge of the hydrograph to where baseflow dominates. Barns
(1939) suggested that individual components of hydrologic flow can be distinguished from the
plotting of logarithm of flow versus time. The logged discharge can potentially be separated into

characteristic components based on the response of flow with time.

3.5.2 RECURSIVE DIGITAL FILTER

This method approaches the discharge data as a “signal” in which a recursive digital filter
is passed over the data and separates the signal based on high and low frequencies to distinguish

quickflow (high frequency) and baseflow (low frequency). The filter is in the form:
fk = afi.s + (1 - @)/2 (Yk - Yk-1)

where f is the filtered quick response at the kth sampling instant (or the discharge at some given
time after the onset of the event), yx is the original streamflow, and a is the filter parameter; the
filtered base flow is thus defined as y« -fk (Nathan and McMahon, 1990). We used the digital
recursive filter BaseflowSeparation function in the EcoHydRology R package (Fuka et al.,
2018). Here, we are able the digital filter parameter of 0.925 (recommended by Nathan and
McMahon,1990) filters the total discharge analysis into two components baseflow and

quickflow.
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3.5.3 MASTER RECESSION CURVE APPROACH

A master recession curve (MRC) is an envelope of individual recession curves of short-
term events (Figure 5). This method provides an average characterization of the most frequent
depletion within the catchment and is represented by the recession constant, k. Various methods
can be used to develop an MRC (Tallaksen, 1995), in the case of this study each exponential
segment is interpreted to represent the depletion of the reservoir with the largest k indicating
rapid movement, followed by an intermediate flow, and then by base or diffuse flow.

Figure 5. Representational schematic of a Master Recession Curve (MRC) with
theoretical drainage volumes found by integration of each respective segment (Need
to Cite this)

3.6 Mixing Model Analysis

Mixing models of streamflow assume that conservative tracers can be used to calculate
the proportions of compositional end members that are mixed in sample waters. These
proportions of end members can give an indication of geochemical processes. Seven potential
end members will be examined for this approach: wet deposition (from National Atmospheric
Deposition Program, NADP; nadp.sws.uiuc.edu) and soil water from ridge and base of the

terraces at 30, 60 and 90 cm (see section 3.1 water sample collection). Here we used a simple
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approach based on ratios for nitrate to chloride and sulfate to chloride to constrain source waters
that feed stream flow during storm events.

3.7  Concentration Discharge (C-Q) Behavior and Weathering Fluxes

Two methods were used to determine if and how C-Q behavior from the fields differs
with tile density and crop cover: 1) the slope (m) of the power law relationship (C=aQ™)
between solute concentrations and discharge (Godesy et al., 2009), and 2) solute concentration
coefficient of variation (CV.) and the discharge coefficient of variation (CVq) (Thompson et al.,
2011; Musolff et al., 2015). For the first method the C-Q is considered chemostatic or lacking a
relationship between solute concentration and discharge when m =0, conversely the
relationship is considered chemodynamic or that solute concentrations are sensitive to changes
in discharge when m # 0.

For the second method, chemostatic behavior is identified if the C-Q relationship exhibits
low concentration variability (CV/CV, << 1), while chemodynamic behavior is identified by
large concentration variability (CV¢/CV4>> 1). Once the contribution of water sources (e.qg.,
conduit, intermediate and diffuse) has been determined for each precipitation event, the solute
concentrations together with results from the end member mixing analysis are used to relate

source waters and the biogeochemical signatures.

To determine weathering fluxes, we will focus on magnesium and silica concentrations in
the influent discharge as they are likely act as proxies of weathering in this clay rich
environment. Before calculating solute loads per event all influent solutes were corrected for

wet deposition inputs using the following equation
[Xsol]corrected = [Xso0l]e — ([Xsol]e/[Cl]p) * [Cl]e

Where the corrected concentration, [Xsol]corrected, iS the difference of the concentration of the
weathering solute of interest observed at the influent and product of the ratio of the weathering
solute of interest in precipitation, [Xsol]p, to that of the chloride in precipitation, [Cl]s, and
chloride concentration measured in the event, [Cl]e. Here, we us chloride for correction as its
greatest source is likely generated from atmospheric deposition. To determine the overall

weathering flux, the corrected concentrations were then multiplied by the discharge to
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determine the overall load which was then normalized to the area of each respective TOT for

comparisons across systems.

4 Results

4.1 Precipitation and Discharge

Rainfall during the growing season over this three-year study were greatest in 2017 (796
mm) and lowest in 2018 (534 mm), which bookends the mean (685 mm). Generally speaking, the
monthly distribution of rainfall was greatest early in the growing season compared to late in the
growing season, except in 2018 (see figure 6).
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Figure 6. Total (colors: 2016 in blue, 2017 in orange, 2018 in green) monthly precipitation (mm) and monthly mean
(grey; usclimatedata.com) at all sites between 2016-2018.

The median event based influent discharge for HHM, HHN, and Cain was ~25 m3, ~442 m®, and
~33 m®respectively, while median event effluent discharge was ~8335 m?, ~5201 m?, and ~0.40
m3, respectively. The largest discharge events tended to occur early (May and June) and late
(September and October) in the growing season, while much smaller events occurred at the height
of the growing season (appendix 1, tables 3-5). This can be attributed to low rates of

evapotranspiration compared to inputs of precipitation during early and late times in the growing
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season. Figure 7 demonstrates that discharge behavior from the influent (orange) highly
corresponds to precipitation events (dark blue; Figure 7a), while effluent discharge (light blue)
often only corresponded to precipitation and influent behavior early in the growing season.
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Figure 7. Precipitation (a), influent and effluent discharge (cms = m%/s) at (b) HHM, (c) HHM, and (d) Cain.

Hydrograph responses at the inlets differed in terms of duration, frequency of events, and
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Frequency

Frequency

Frequency

rising-falling limb dynamics (Figure 8). Flow events at Cain were much longer in duration and
size compared to HHN, while the smallest flow events and duration of events was observed at
HHM. In addition, the response of the discharge curve following rain events differed for all sites
with a much longer recession curve observed at the Cain site compared to HHN and HHM.

HHM Inlet 2017-2018

0
- £ g
o
8 8 - § i
g z -
8 1 g 7 2
2 £ | \
[ g o I
g s g ST R JP"
2 g “u N i v
& g S 7 IR AL N T
i i. i I|-..I x|m|}! ll.LI ;
A ]
< - = — o 4 g L\!!v!-[Lu'...'uﬂh-‘ L
T T T T T 1 T T T T T 1 = T T T T T T
[} 200 400 600 800 1000 0.000 0.005 0.010 0.015 0.020 0.025 [} 200 400 600 800 1000
Duration (m) Q (m3ls) minutes
HHN Inlet 2016-2018
g9 g _ g
s
=
g g o |
S
g
g 7 —
g 5 T e
] S E I A
£ g 0
g | 8
=] =
g s
o I — o J g |
T T T T 1 r T T T 1 < T T T T T
] 500 1000 1500 2000 0.00 0.05 0.10 0.15 0.20 0 500 1000 1500 2000
Duration (m) Q (m3ls) minutes
Cain Inlet 2016-2018
8 0
o _ 8 <@
=
o § 7
@ - =]
A
g g 7
$ §- E
% H E
w
o
8 |
S
k=3
8] 2
s —|_|— — —_— o J s |
T T T T 1 T T T 1 S T T T T T
0 200 400 600 800 0.00 0.05 0.10 0.15 0 200 400 600 800 1000
Duration (m) Q (m3/s) minutes

Figure 8. Flow patterns at HHM (top), HHN (middle) and Cain (bottom) for the 2016-2018 monitoring period. Flow

duration (left), distribution of discharge (Q) events (center), and shape of Q events (right) amongst the sites.

16



4.2 Baseflow separation

We attempted to partition water (“quickflow” vs “baseflow”) for each storm event using
exponential fitting approaches (Barns, 1939) and then analyze each event to develop a master
recession curve (review in Tallaksen, 1995). This technique, however, is not valid in these
watersheds because it requires that discharge behave linearly in log space and tile influent
discharge does not (Appendix 2).
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Specifically, for these techniques
to work the intercepts of the log-
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linear lines that discern quick,

Streamfiow
L

intermediate, and base/diffuse

0.02
1

flow must all decrease in order; at
HHN, HHM and Cain the

base/diffuse flow often had

e

T T T T T T T T T ¥ T 1
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date

intercepts that exceeded those of

quick and intermediate flow. Figure 9. Example of baseflow separation using a digital

. recursive filter on influent discharge from Cain. Black line
Instead, baseflow separation was
indicates total discharge and the red-dotted line indicates

conducted using a recursive
digital ~ filter ~(Nathan and

baseflow, the difference between the two represents

McMahon 1990) (Figure 9; appendix 2). All storm events where the resultant discharge was within
one order of magnitude of the observed event discharge peak was used as a threshold to reduce the
number of “small-fast” events, which, were often less than 10 minutes in duration, and/or
instrument error. Quickflow dominated discharge composition early in events (Figure 9;
quickflow represented as a difference between baseflow (red-dotted line) and total discharge

(black line) and comprised most of the discharge if events were short in duration (~1 hr).

The proportion of baseflow from the total discharge was 38 %, 51%, and 46% for HHM,
HHN, and Cain, respectively. The median baseflow for the three sites were 0.22 m®/s, 3.5 m°s,
and 0.24 m®/s respectively. This metric indicates the degree of flashiness is greatest in HHM and
lowest in HHN, yet the greatest discharge were observed at HHN. When we examined the
relationship between precipitation a week prior to the event, we observed the strongest positive

relationships when compared to the day and month prior to events (Figure 9). Cain and HHM
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showed a greater response of proportion of flow to the 1-day and 1-month summed precipitation.
Whereas, HHN showed a greater response of proportion of flow to the 1-week sum precipitation.

HHM Event flows for 2017-2018 HHN Event flows for 2016-2018 Cain Event flows for 2016-2018
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Figure 10. TOTSs response to antecedent precipitation one week before flow events were captured. The
blue dotted lines are the constrained standard error for the linear regression models of the three
agriculture sites.

Interestingly, when we examined long duration storm events, which was observed to have the
largest baseflow component as determined using the digital recursive filter (appendix 8, Tables
2-5), they had a very similar behavior across the sites, where discharge for the influent pipe
remained high with a pulsed signature where discharge increased and decreased throughout the
duration of the storm event. In comparison, short duration storm events maintained a much more

typical “bell-shaped” hydrograph.
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4.3  Water chemistry
4.3.1 INFLUENT AND EFFLUENT

The total (2016-2018) average concentrations for inlet data is shown in Figure 11. Of the
nutrients measured, concentrations of nitrate (NOz) were the highest followed by total nitrogen
(TN), and then total dissolved nitrogen (TDN). Total phosphorus and total dissolved phosphorus
make up a small proportion. Of the other ions concentrations of calcium were the highest,
followed by sulfate (SO.), sodium (Na), silica (Si) and chloride (CI), and the remaining ions keep
concentrations that were on average lower than 2.6 (mg/L).

30.00

25.00

20.00

15.00

mg/L

10.00
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TP TN TDPTDN C NO3SO4 Na Ca Mg Al Si K Fe Sr

Figure 11. Average concentration and standard deviation of the influent water chemistry: total
phosphorus (TP) total nitrogen (TN), total dissolved phosphorus (TDP), total dissolved nitrogen
(TDN), chloride (CI), nitrate (NOs), sulfate (SO,), sodium (Na), calcium (Ca), magnesium (Mg),

aluminum (Al), silica (Si), potassium (K), manganese (Mn), iron (Fe), and strontium (Sr).

When we examine these concentrations for each of the influents between 2016-2018, we
generally observe that most nutrients and solutes have the highest concentrations at the HHN

sites (Figure 12). It must be noted that in the growing season of 2017 at the HHN site there was a
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large amount of standing water that was not adequately drained which led to this increase of

nutrient and solute concentrations.
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Figure 12. Average concentration and standard deviation of the influent water chemistry at HHM (top), HHN

(middle), and Cain (bottom) from 2016-2018, samples were not collected form HHM in 2016. Chemistry includes:

total phosphorus (TP), total nitrogen (TN), total dissolved phosphorus (TDP), total dissolved nitrogen (TDN),

chloride (CI), nitrate (NOs), sulfate (SO.), sodium (Na), calcium (Ca), magnesium (Mg), aluminum (Al), silica (Si),
potassium (K), manganese (Mn), iron (Fe), and strontium (Sr).
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4.3.2 LYSIMETERS

The largest concentrations were observed in HHN, where sulfate (SO4) had the largest

concentration at the “depression” (HHN.B) at ~6 mg/L, followed by nitrate (NOs3) at the “ridge”

(HHN.T) at ~4 mg/L. Overall, HHN had a larger range of nutrient concentrations amongst the

agriculture sites.
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Figure 13. Average concentration and standard deviation of sulfate (SO.; top), chloride (Cl; middle), and nitrate
(NO3; bottom). All three sites at depth of 30, 60, and 90 cm are presented on the left, and on the right is presented

the position of the lysimeters as “ridge” or tops (site. T) and “depressions” or bottoms (Site. B).
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4.4  Hydrograph Separation via End-member Mixing Models

To determine the source of water during storm events (quickflow vs. deeper flow) we
compared the nitrate:chloride ratio to the sulfate:chloride ratio based on the assumption that
nitrate is strongly influenced by agriculture and atmospheric inputs and sulfate is controlled
predominately by geogenic inputs. Three distinct groupings were observed for each of the sites
(Figure 14) where HHM (the smallest site) was closest to the atmospheric signature while Cain
and HHN had signatures closer to the nested lysimeters. Interestingly, the difference between
Cain and HHN is in their tendencies towards the precipitation signal, whereas Cain fell between
the lysimeters and precipitation.
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Figure 14. Mixing model for the agricultural inlet stream flow (June = light blue-green triangle, July = blue-green
square, August = light blue asterisk, September = blue diamond cross, and October = purple circle cross) where the
mean and standard deviation of known end members include lysimeters from ridge (lys_Top = black diamond) and
the depression (lys_Bottom = red diamond) with the given depths of the lysimeters at 30 cm (lys_30cm = green
circle), at 60 cm (lys_60cm = yellow circle), at 90 cm (lys_90cm = grey circle), and precipitation (blue triangle).

4,5  Concentration discharge behavior

To understand the connectivity of the tile-terraced fields to their discharge, we explored
the concentration-discharge behavior over several storm events. Figure 15 shows the variability
in concentrations over three of these events. Where total suspended solid (TSS) has elevated,

total phosphorus (TP) concentrations were also elevated, but generally speaking total nitrogen
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(TN) and dissolved nitrogen (TDN) were substantially higher than phosphorus and peaked
around the peak discharge. We also observed that behavior of chloride (Cl) and sulfate (SO4)
differed among sites; with more variance observed in HHN compared to Cain.
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Figure 15. Discharge and water chemistry for event-based sampling for the HHM inlet on 6/11/2018, HHN inlet on
7/13/2017, and Cain inlet 7/7/2016; TSS (top, squares), TP and TN (top middle, circles), TDP and TDN (bottom
middle, triangles), and Cl, NO3, SO4 (purple square cross, green circle plus, black diamond plus).

To gain a better picture of the behavior from all events, we examined the power law
behavior of the C-Q relationships at each site for 16 solutes (Figure 5 see Appendix 8.3).
Generally, the behavior of each solute across sites, rarely showed the same behavior, with the
exception of TSS and TN which always show addition behavior and K that always shows
dilution behavior. HHN and HHM had the greatest number of solutes that demonstrated addition
behavior (m > 0.02), while most solutes at Cain demonstrated dilution behavior (m < 0.01), and

only a couple solutes at any the sites showed chemostatic behavior. For example, HHN had five
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solutes, the greatest number observed with chemostatic behavior (e.g., Na, Ca, Si, Sr, Mg). The
CVc/CVq analysis showed most of the nutrients and solutes were chemostatic except for at HHN
and Cain (see Figure 16). Nitrate and sulfate show an enrichment behavior at HHN, while total
dissolved phosphorus (TDP) and strontium show chemodynamic behavior at Cain. When we
pair these observations with observations of tile density and flashiness, we see that HHN and
Cain show the greatest degree of chemodynamic behavior (evidenced from spreading in Figure
16), which in part agrees with our hypotheses, given that Cain is flashy and has a lower tile
density. Interestingly, the data from HHN is inconsistent with our hypotheses, as we expected a
more chemodynamic behavior to accompany higher tile densities and the less flashy hydrograph
responses. One reason for this difference may be attributed to a more significant occurrence of

surface erosion observed at HHN, as a result of poor/ineffective tile design.

Figure 16. Slope (b) of the stream water concentration-discharge (C-Q) compared to the coefficient of variation of
the concentration to the discharge (CVc/CVq) for solutes at the three agriculture sites (HHM, HHN, and Cain) for
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To better understand the impaction of tile-density, drainage area, and overall induced
flashiness on these systems and on weathering fluxes, we focused on Mg and Si as they are likely
the least impacted by artificial inputs associated with fertilizers. Here we calculated the total load
of these to solutes discharged from the influent and removed the inputs associated with wet
deposition. Estimated loads indicate that HHM and HHN had a larger load export than that of
Cain in 2017. While the precipitation was similar amongst the three sites the contributing
drainage area was similar for HHM and HHN with Cain being the largest. In relation to
flashiness of these systems, the large export observed at HHN is in agreement with the slope of
the power law for C-Q. This suggests that where our systems are less hydrologically flashy, they
have a greater degree of chemodynamic behavior that generates the greatest proportion of
weathered solutes.

Table 2. Solute (Mg/m?) loads normalized by area for the three agriculture sites for 2017. Mg is corrected for wet

deposition inputs. Negative solute loads indicate more solutes were retained in the catchment than was lost to

influent discharge as a result of precipitation inputs.

Normalized Solute loads

HHM HHN Cain
Mg Si Mg Si Mg Si
May 0 0 0 0 0 0
June 9.97 25.24 170.18 619.18 -20.60 210.90
July 6.69 11.80 89.78 12522 0.00 0.00
Aug. 6.92 17.54 17.34 30.05 -8.76 96.03
Sept. 0.00 0.00 0.00 0.00 0.00 0.00
Oct. 0.00 0.00 413 5.58 553 29.37
5 Discussion

Anthropogenic changes to the landscape have shifted the hydrologic response of
landscapes and reduced residence time of water in agricultural environments (Kumar et al.,
2018). Itis well established in the literature that artificial manipulation to the land surface (e.qg.,
tilling, berms, terraces) and subsurface drainage systems (e.g., tiles) increases inputs of event

water and nutrient losses (Kladivko et al., 1999) from these systems. For example, tiled systems
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have been found to behave more linearly than less-tiled drained watersheds, implying more
homogenous flow paths in tile-drained systems (Shillings and Helmers, 2008). Here, we
explored the less well-known impact of multiple, interacting surface and subsurface
manipulations on landscape hydrology and the cascading biogeochemical response. Specifically,
we focused on the interaction of tile and terrace manipulations as their hydrologic impacts
differ—tiles move the energy from overland flow into the subsurface, thus reducing erosion
(Kladivko et al., 2004; Goolsby et al., 1999), while terraces slow the energy of overland flow by
reducing the topographic gradient (Shilling and Helmers, 2008; Kladivko et.al., 2004). Below
we discuss the hydrologic and biogeochemical behavior observed between 2016-2018 on three

agroecosystems under varying tile and terrace densities.

5.1  Hydrologic behavior across agroecosystems with varying tile-terrace densities

Our data illuminates the interactions of terraces and tiles leads to irregular storm water
discharge events. When tiles are used alone, research has shown that typical exponential fitting
and master recession curves can be used to understand the components of runoff that make up
the discharge signal (Shillings and Helmers, 2008; Baedke and Krothe, 2001). When tile and
terraces are paired together, we found that the characteristic flow response, when graphed, gave a
different signal (appendix. 2) Given this response, the recursive digital filter was the best
approach for separating components that contributed to discharge. Using the median baseflow
discharge derived from the recursive digital filter as a metric for indicating “flashiness” or
responsive to storm events (i.e., small values indicate greater “quickflow”) for the TOT systems,
we observed that HHM was the most responsive at 0.22 m?/s, followed by Cain at 0.24 m®/s, and
then HHN at 3.5 m®/s. These observations are consistent with the expected for hydrologic
responsiveness to storm events or “flashiness” with varying tile-terrace densities as HHM and
Cain had similar tile-terrace density of 0.39 and 0.37, respectively; while the HHN tile-terrace
density was 0.44. These data are also consistent with literature that suggest more homogenous

flow paths with increased tile-drained systems (Shillings and Helmers, 2008).
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5.2  Spatial connectivity and depth control solute chemistry across TOT systems

In order to account for the range in the mixing model chemistry from seasonal variation
throughout the sampling season, we assume that mixing from the end members would normally
vary within one standard deviation from the mean. In general, the mixing model (Figure 14) end
members (precipitation, lysimeters on top and bottom of the terraces) confine the influent waters
across all sites. The lys_Top and lys_60cm end members are strong indicators for determining
the source water during storm events (Figure 14). Using the data from Figure 13, the largest
variation of NOs concentrations were found at depths of 30 and 60 cm on the ridges of the
terraces. SO4 were largest on the depression of terraces for all sites with the largest variations
found at depths of 60 and 90 cm (Figure 13). This indicates that during storm events shallow
ridges are a large source for NOs. The spatial connectivity is greatest during June and July when
antecedent moisture conditions are at their peak within the landscape. This depth control of
solute chemistry and spatial connectivity in TOT systems is further strengthened by the generally
larger load exports during the months of June and July (Table 2).

5.3  Greater tile-terrace densities support more chemodynamic behavior and greater weather

fluxes

While greater tile-terrace densities decreased hydrologic flashiness they increased the degree of
chemostatic behavior contrary to our hypothesis and all together supported a greater estimated
weathering flux. This behavior was observed at the HHN site, where tile-terrace design had
several issues that led to ponding and greater overland erosion; which could possibly have
increased water residence time and resulted in a greater transformation and mobilization
compared to HHM and Cain. Given that the same soil series and grainsize distributions underlie
the soils in these three agroecosystems it is possible this behavior results from historical loading

not accounted for when estimating inputs from wet deposition alone.

6 Conclusion

The study of storm events in agricultural fields is useful in identifying mechanisms of

nutrient transport and transformation during runoff events under varying antecedent soil moisture
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conditions and growing conditions. Anthropogenic altered landscapes (artificial subsurface
drainage and terraces), and their resultant changed hydrology of the landscape affects the
transformation, transport, and fate of applied fertilizers and their effect on other solute behavior.
The interaction of terrace and tile outlets leads to irregular storm water discharge events when
graphed, revealed that the characteristic hydrological flow response gave a different signal. The
density of terraces to tile outlets corresponds with our hypothesis in terms of flashiness of
discharge and solute loads. However, the CVVc/CVq data from HHN is inconsistent with our
hypotheses, as we expected a more chemostatic behavior to accompany higher tile densities and
the less flashy hydrograph responses (see Figure 16). In general, higher tile densities led to lower
hydrologic flashiness but greater chemodyanmic behavior, specifically addition behavior and
greater weathering fluxes. This study showed that part of the hypotheses was supported but other

factors need to be considered when thinking about the C-Q behavior and weathering fluxes.
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8 Appendices

8.1  Appendix 1: Precipitation and discharge data

Tablel. Monthly total precipitation (mm) and mean daily per month values and standard
deviation for 2016-2018.

Month 2016 2017 2018 Mean
May 210.058 71.628 62.992 135.89
Jun *17.272 231.648 81.026 149.098
Jul 137.668 87.63 33.528 104.902
Aug 132.08 194.31 133.35 103.124
Sep 173.736 91.44 48.006 106.934
Oct 41.656 119.38 175.26 85.09

Table 2. Discharge for the three sampling seasons 2016-2018.

2016 2017 2018
Site Total Q mean+tsd Total Q mean=+sd Total Q mean=+sd
HHN 142.12 1.28+7.00 106.4 0.86+3.09 162.15 1.20+5.31
HHM - - 11.13 0.075+0.49 5.14 0.044+0.22
Cain 8.29 0.06 £0.30 238.01 2.38+11.70 0.7 0.006 £ 0.051

34



Table 3. HHM inlet storm events with baseflow, quickflow, and total discharge of storm events.

HHM Inlet Events

Start End Time_diff baseflow quickflow sum_Q  mean_Q Tot_Q
1 6/29/2017 6:07 6/29/2017 6:39 32 0.06 0.24 0.30 0.0094 17.99
2 6/29/2017 6:42 6/29/2017 6:59 17 0.06 0.13 0.18 0.0107 10.87
3 6/29/2017 7:04 6/29/20179:51 167 0.59 0.66 1.25 0.0075 74.83
4 6/29/201710:07 6/29/2017 14:32 265 2.13 0.61 2.74 0.0104 164.66
5 6/30/2017 2:50 6/30/2017 4:25 95 0.15 0.19 0.34 0.0036 2032
6 7/5/2017 14:55 7/5/2017 15:24 29 0.03 0.08 0.11 0.0037 6.46
7 7/5/2017 15:30 7/5/2017 16:04 34 0.04 0.07 0.11 0.0033 6.65
8 7/26/2017 0:00 7/27/2017 0:00 1440 0.22 1.06 1.28 0.0009 77.09
9 7/27/201711:20 7/27/2017 11:53 33 0.00 0.06 0.07 0.0021 4.17
10 7/27/201711:56 7/27/2017 12:13 17 0.00 0.04 0.04 0.0024 2.49
11 7/27/201712:16 7/27/2017 19:32 436 0.50 0.64 113 0.0026 68.07
12 8/21/20170:00 8/22/2017 0:00 1440 0.24 0.23 0.47 0.0003 27.96
13 8/22/20170:03 8/22/2017 2:09 126 0.63 0.63 1.26 0.0100 75.54
14 8/22/2017 2:13 8/22/2017 2:29 16 0.04 0.05 0.09 0.0058 5.52
15 8/22/2017 4:41 8/22/20179:20 279 0.38 0.39 0.77 0.0027 45.94
16 5/3/201812:58 5/3/2018 20:44 466 1.46 0.86 2.32 0.0050 139.05
17 6/12/20180:05 6/12/20185:47 342 0.29 0.13 0.42 0.0012 25.27
18  6/19/201812:35 6/19/2018 13:07 32 0.00 0.09 0.09 0.0027 5.27
19 6/20/2018 7:04 6/20/2018 23:27 983 0.88 0.89 1.76 0.0018 105.73
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Table 4. HHN inlet storm events with baseflow, quickflow, and total discharge of storm events.

HIN Inlet Events

Start End Time_diff baseflow quickflow sum_Q mean_Q Tot_Q
1 5/27/20160:00 5/28/20160:00 1440 43.22 8.78 52.01 0.0361 3120.35
2 9/13/2016 0:00 9/15/2016 0:00 2880 49.61 7.10 56.71 0.0197 3402.55
3 6/17/20170:46 6/17/2017 2:25 99 1.29 1.43 2.72 0.0275 163.17
4 6/17/201716:45  6/17/201717:21 36 0.51 117 167 0.0465 100.47
5 6/17/201718:18  6/17/2017 19:57 99 033 175 2.07 0.0209 124.27
6 6/18/201720:44  6/18/2017 23:49 185 2.03 2.76 4.79 0.0259 287.55
7 6/19/201710:00  6/19/201717:17 437 2.03 5.83 7.86 0.0180 471.68
8  6/19/20170:00 6/20/20170:00 1440 4.71 7.03 11.74 0.0082 704.53
9 11/22/20171:44  11/22/2017 4:41 177 4.04 6.80 10.84 0.0613 650.52
10 11/22/20176:42  11/22/20179:28 166 7.36 3.93 11.29 0.0680 677.34
11 12/6/20170:00 12/7/2017 0:00 1440 6.56 4.65 11.21 0.0078 672.37
12 12/8/20178:02  12/8/201711:52 230 3.07 3.80 6.87 0.0299 412.21
13 6/24/201819:15  6/24/201823:51 276 4.07 5.01 9.08 0.0329 544,55
14 6/25/201812:31  6/25/201815:30 179 2.54 2.37 4.91 0.0274 294.69
15 6/26/201810:22  6/26/201812:19 117 1.46 1.76 3.22 0.0275 193.39
16 10/11/20187:33  10/11/20188:26 53 1.01 163 2.65 0.0500 158.94
17 10/11/20188:35 10/11/201810:00 85 2.18 1.92 4.10 0.0483 246.24
18 10/13/20183:01  10/13/20185:04 123 4.00 176 5.76 0.0468 345.57
19 10/14/20180:00  10/15/20180:00 1440 34.80 11.43 46.23 0.0321 2773.94
20 10/15/20180:00  10/16/2018 0:00 1440 21.95 8.81 30.76 0.0214 1845.52
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Table 5. Cain inlet storm events with baseflow, quickflow, and total discharge of storm events.

Cain Inlet Events

Start End Time_diff baseflow quickflow sum_Q mean_Q Tot_Q
1 7/7/20166:11 7/7/20166:51 40 0.14 0.30 0.44 0.0110 26.30
2 7/7/2016 7:06 7/7/2016 7:47 41 0.18 0.21 0.39 0.0095 23.39
3 7/7/2016 7:52 7/7/2016 8:43 51 0.23 0.22 0.46 0.0089 27.30
4 7/7/2016 8:54 7/7/20169:11 17 0.07 0.09 0.16 0.0094 9.59
5 7/7/20169:14 7/7/201611:23 129 0.32 0.36 0.68 0.0052 40.61
6 7/13/2016 9:47 7/13/2016 11:09 82 0.24 0.34 0.58 0.0071 34.82
7 7/13/2016 13:46 7/13/2016 15:48 122 0.13 0.17 0.30 0.0025 18.23
8 8/25/2016 7:08 8/25/20169:13 125 0.22 0.44 0.66 0.0053 39.42
9 8/31/201612:18 8/31/201613:20 62 0.29 0.55 0.84 0.0136 50.44
10 9/14/2016 5:58 9/14/2016 6:43 45 0.06 0.16 0.22 0.0049 13.25
11 9/14/2016 8:16 9/14/2016 8:58 42 0.11 0.16 0.27 0.0064 16.20
12 9/14/2016 9:57 9/14/2016 10:35 38 0.10 0.12 0.23 0.0059 13.54
13 9/14/2016 10:37 9/14/201611:23 46 0.12 0.15 0.27 0.0059 16.32
14 9/14/2016 11:27 9/14/2016 11:57 30 0.06 0.17 0.24 0.0078 14.11
15 9/24/2016 22:52 9/24/2016 23:53 61 0.16 0.18 0.34 0.0055 20.30
16 10/4/2016 22:44 10/4/2016 23:07 23 0.02 0.13 0.14 0.0062 8.54
17 6/15/2017 0:00 6/16/2017 0:00 1440 2.88 3.83 6.72 0.0047 403.05
18 6/17/2017 0:32 6/17/2017 15:22 890 71.75 15.04 86.79 0.0975 5207.33
19 6/17/2017 0:00 6/18/2017 0:00 1440 15.78 5.02 20.80 0.0144 1248.09
20 6/18/20171:09 6/18/2017 4:35 206 2.20 3.43 5.63 0.0273 337.94
21 6/29/2017 6:04 6/29/2017 8:59 175 6.03 3.77 9.80 0.0560 588.11
22 6/29/2017 9:05 6/29/2017 10:46 101 1.67 1.70 3.36 0.0333 201.87
23 6/30/2017 2:56 6/30/2017 5:55 179 1.96 1.44 3.40 0.0190 204.05
24 8/21/2017 0:00 8/22/2017 0:00 1440 54.25 10.04 64.29 0.0446 3857.61
25 8/22/2017 9:08 8/22/201710:42 94 2.07 2.45 4.52 0.0481 271.10
26 8/27/2017 9:09 8/27/201712:18 189 0.25 0.26 051 0.0027 30.70
27 10/21/2017 0:00 10/22/2017 0:00 1440 21.91 8.39 30.30 0.0210 1818.05
28 6/11/2018 0:00 6/12/20180:00 1440 013 0.37 0.50 0.0003 29.94
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8.2  Appendix 2: Base flow separation techniques

Example of hydrograph separation based on recession analysis that did not work.

HHM Storm Event 6/30/2017

-4

} ——  Quickflow
—— Intermediateflow
baseflow

abline for Orig.Q
\ —— Modeled Q

Original Q

log Q (m/s)
|

minutes

Figure 1. Recession curve of discharge (blue line) log-transformed (Q) vs. time with three streamflow components

approximated using the linear regression form of eq. (1) and the concepts of Figure 5 in text. However, this is

38



HHM Inlet 2017-2018

Figure 2. HHM inlet hydrographs where total discharge (Q, black) is separated using the recursive digital filter

model into baseflow (red-dotted line) and the area in between is the quickflow response.

39



HHN Inlet 2016-2018

Figure 3. HHN inlet hydrographs where total discharge (Q, black) is separated using the recursive digital filter

model into baseflow (red-dotted line) and the area in between is the quickflow response.
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Cain Inlet 2016-2018
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Figure 4. Cain inlet hydrographs where total discharge (Q, black) is separated using the recursive digital filter model

into baseflow (red-dotted line) and the area in between is the quickflow response.
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8.3  Appendix 3: Concentration Discharge Behavior

Cain-In HHM-In HHN-In Cain-In HHM-In HHN-In
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Figure 5. Concentration-discharge (C-Q) relationship of total suspended solids (TSS, mg/L), total phosphorus (TP,
mg/L), total nitrogen (TN, mg/L). total dissolved phosphorus (TDP, mg/L), total dissolved nitrogen (TDN, mg/L),
chloride (CI, mg/L), silica (Si, mg/L), potassium (K, mg/L), nitrate (NOs, mg/L), sulfate (SO, mg/L), sodium (Na,
mg/L), calcium (Ca, mg/L), magnesium (Mg, mg/L), aluminum (Al, mg/L), iron (Fe, mg/L), and strontium (Sr,
mg/L) for Cain, HHM, and HHN sites 2016-2017. Red lines depict the relationship of concentrations vs. discharge
regressions with a p-value and the slope factor (m).
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