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Abstract Tidal freshwater zones (TFZs) are transitional environments between terrestrial and coastal
waters. TFZs have freshwater chemistry and tidal physics, and yet are neither river nor estuary based on
classic definitions. Such zones have been occasionally discussed in the literature but lack a consistent
nomenclature and framework for study. This work proposes a measurable definition for TFZs based on three
longitudinal points of interest: (1) the upstream limit of brackish water, (2) the upstream limit of
bidirectional tidal velocities, and (3) the upstream limit of tidal stage fluctuations. The resulting size and
position of a TFZ is transient and depends on the balance of tidal and riverine forces that evolves over event,
tidal, seasonal, and annual (or longer) timescales. The concept, definition, and transient analysis of TFZ
position are illustrated using field observations from the Aransas River (Texas, USA) from July 2015 to July
2016. The median Aransas TFZ length was 59.9 km, with a late summer maximum of 66.0 km and a winter
minimum of 53.6 km. The TFZ typically (annual median) began 11.8 km upstream from the river mouth
(15.4 km winter/11.2 km summer medians) and ended 71.7 km upstream (69.0 km/77.2 km). Seasonally low
baseflow in the Aransas River promoted gradual coastal salt encroachment upstream, which shortened the
TFZ. However, sporadic large rainfall/runoff events rapidly elongated the TFZ. The TFZ definition
establishes a quantifiable framework for analyzing these critical freshwater systems that reside at the nexus
of natural and human-influenced hydrology, tides, and climate.

Plain Language Summary Rivers reaching the coast begin to feel the impact of tides. Coastal
river segments can rise and fall with the tide and even flow inland at certain times during the tidal cycle.
At the same time, the tide can push salty coastal water upstream, traveling from offshore up the river
channel. Thisstudy focuses on the river segment between that salty water and freshwater flowing toward the
coast. This region of the river is the “tidal freshwater zone,” (TFZ) because this river water is both fresh,
meaning it contains effectively no salt, and tidal, since it moves with the tide. In this paper, we define the
key characteristics of a TFZ, and observe one of these zones in a coastal river in Texas over 1 year. We
witnessed the TFZ expand and shrink like an accordion as rain events added more freshwater, and droughts
removed freshwater allowing the tide to push salt water upstream quickly. We also observed the zone move
back and forth along the river channel as the seasons and climate changed. Future coastal water
management plans should account for the TFZ since this river segment may move vital nutrients to the
coast very slowly. Also, climate change may strongly impact TFZs, since these zones are influenced by
two major consequences of climate change: rising sea level (i.e., tide) and rising temperatures (ie., altered
water cycle).

1. Introduction

Riverine freshwater discharge is critically important in estuarine and coastal ecology. In low relief coastal
river reaches, transitional environments along a river-estuary continuum experience the interaction of
hydrology and tides well upstream of the brackish estuarine waters. These freshwater transitional environ-
ments are thought to play a role in controlling the timing and magnitude of nutrient and freshwater fluxes to
coastal ecosystems, and hence coastal productivity (Arndt et al.,, 2007, 2011; Brock, 2001; Bruesewitz
et al,, 2013; Dyer, 1997; Ensign et al., 2008; Ensign, Doyle, et al., 2013; Knights et al., 2017; Mooney &
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McClelland, 2012; Palmer et al., 2002, 2011; Pollack et al., 2011; Savenije, 2005). Water residence times in
these environments can be on the order of several months (Johnson, 2009), and these zones may exert cri-
tical controls on nutrient cycling over a coastal plain (Ensign, Siporin, et al., 2013; Knights et al., 2017;
Von Korff et al., 2014). Such tidal freshwater zones (TFZs) are altered by the combined stressors of increasing
coastal populations, sea level rise, and upstream hydrological controls (e.g., dams), all of which affect the bal-
ance of tide and hydrology (Destouni et al., 2008; Johnson, 2009; Neumann et al., 2015; Odum, 1988).

This work focuses on TFZs that exist along a river reach, fully upstream of the river mouth. Such TFZs exist
in numerous systems worldwide. Many rivers exhibit tidal water level oscillations 10-100+ km inland, for
example, the Hudson, Potomac, Scheldt, and Incomati Rivers (Arndt et al., 2011, 2007; Cole et al., 1992;
Findlay et al., 1991; Lovley & Phillips, 1986a, 1986b; Savenije, 2005). Lovley and Phillips (1986a, 1986b)
described a “tidal river zone” in the Potomac River (Washington, D.C., USA) that flowed into a “transition
zone” and then into an “estuarine zone” and noted the consequences for the tidal river's benthic geochem-
istry. Ganju et al. (2004) described a “transitional regime” bordered upstream by a “river regime” and trun-
cated downstream by a “bay regime” in the Petaluma River and Sonoma Creek (California, USA).
Yankovsky et al. (2012) and Torres (2017) investigated the “freshwater transition zone” of the Santee
River (South Carolina, USA). Hoitink and Jay (2016) distinguished a “tidal river” as occurring upstream
of “where the lowest water levels occur on the neap rather than spring tides,” and a “TFZ” as a different
entity, specifically, “the entire reach between salinity intrusion and the upstream tidal boundary.”

Building on the work of Cowardin et al. (1979), Odum et al. (1984) were among the first to conceptualize a
“tidal freshwater” zone along the river-estuary continuum. Schuchardt et al. (1993) further discussed this
intermediate riparian reach between “upstream (riverine) and downstream (mixohaline) habitats,” identify-
ing a “tidal freshwater reach.” However, Ensign et al. 2008 provided an early isolation and investigation of a
specific riparian segment of the river-estuary continuum as a “TFZ”. Furthermore, recent studies (e.g.,
Ensign, Doyle, et al., 2013; Knights et al., 2017) focused on the important nutrient dynamics of an increas-
ingly coherent and consistent “TFZ”. However, a broadly accepted nomenclature and conceptual model
for describing and characterizing the critical features of a TFZ has yet to be presented. Without a shared
nomenclature and characterization, the community at large may not be discussing and/or analyzing the
exact same environment. Longitudinal differences in physical character throughout a TFZ are vital to
describing, analyzing, and understanding a TFZ's spatial impact on other environmental factors, such as
biogeochemical cycling.

Several key challenges impede our understanding of the hydrological and biogeochemical nature, impor-
tance, and sensitivities of TFZs. These include the lack of (i) a consistent nomenclature to discuss such a
zone and its subfeatures, (ii) a clear identification approach, and (iii) a simple, quantitative method to mea-
sure characteristics and longitudinal extent. Herein, we propose nomenclature and a classification scheme to
define, describe, and empirically identify TFZs. Our approach expands on the work of Odum et al. (1984),
Ensign et al. (2008), and the TFZ definition of Hoitink and Jay et al. (2016) as “the entire reach between sali-
nity intrusion and the upstream tidal boundary.” The model provided herein aims to facilitate quantitative
comparisons both among coastal systems and within a single system's temporal evolution. The proposed the-
ory and nomenclature is presented in section 2. A method for identifying TFZs and their transitional features
is presented in section 3, with an aim to make the approach broadly accessible to hydrologists, aquatic ecol-
ogists, biogeochemists, and water managers. A demonstration case for applying the TFZ conceptual frame-
work and nomenclature using field data is presented in section 4. The case study presents the year-long
monitoring of a TFZ in the Aransas River of southern Texas, USA.

2. The TFZ

A TFZ is defined as characterized by freshwater chemistry and impacted by tidal physics (i.e., bidirectional velo-
city and/or surface water oscillations), which is bounded downstream by a brackish water column and bounded
upstream by unidirectional discharge, nontidal stage (i.e., no tidal surface water oscillations), and a fresh water
column. For our study, the TFZ must also be upstream of the river mouth. Beyond the river mouth (e.g.,
coastal estuary, bay, or ocean), geometry changes lead to multidimensional hydrodynamics that are more
complex than channel flows (Dyer, 1997; Hoitink & Jay, 2016; Savenije, 2005; Valle-Levinson, 2010). Tidal
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Figure 1. Theoretical spectrum of tidal freshwater zones (TFZs), as present in Figure 1b, with key transitional locations
Ay (divide between fresh and brackish water column), A, (upstream limit of temporally alternating bidirectional dis-
charge), and Ag; (upstream limit of tidal surface water stage fluctuations). In contrast, (a) a high-discharge estuary may
have Ag, and A, well downstream of the river mouth, creating a coastal freshwater plume, while (c) an estuary with strong
tidal forces may position Ag,, A,, and A atop one another and have virtually no TFZ.

freshwaters that extend offshore (i.e., beyond the river mouth) can be called a freshwater “plume”
(Figure 1a) (e.g., Beardsley et al., 1985; Fong & Geyer, 2002).

Using a conceptual, one-dimensional model of a river, we divide the riverine TFZ into four key segments
based on varying degrees of tidal and riverine dominance (Figure 1b and Table 1). The critical transitions
between these segments we denote as

* Aresh/brackish, OF Ag, — divide between fresh and brackish water column, between segments a and b in
Figure 1b and Table 1;

* Avelocity, OF A, — upstream limit of bidirectional discharge (i.e., temporal changes in flow velocity direction
from downstream to upstream and vice versa), between segments b and c; and

* Agtage O A — upstream limit of tidal surface water stage fluctuations, between segments ¢ and d

By definition, the TFZ is located between Ag; and Ag,. Note that Ag,, Ay, and A, are not necessarily stationary in
either space or time. A TFZ can exist between two extreme conditions—river dominance and estuarine dom-
inance. At the river-dominated extreme (Figure 1a), the Ag, demarcation between fresh and brackish waters
may be pushed offshore of the river mouth, resulting in a freshwater plume. At the estuarine-dominated
extreme, Ag, Ay, and A collapse to a single upstream location (Figure 1c) and the system transitions directly
from riverine to estuarine without a TFZ. Between these extremes, a TFZ exists if Ay, A,, and A, are spread
longitudinally throughout the river-estuary continuum (Figure 1b). Note that the estuarine-dominated
extreme (Figure 1c) may exist primarily as a theoretical end-member, and most real-world systems likely
exhibit some balance between river and estuarine forces (i.e., reside above state 1c on the spectrum displayed
in Figure 1).

3. TFZ Identification and Analysis

We propose a simple, empirically based means to estimate the TFZ critical locations (Ag, A,, and A, defined
in section 2) as they evolve in response to tides and hydrology. Although the methods are designed for TFZs
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Table 1
Varying Degrees of Tidal and Riverine Dominance Distinguish Four River Segments Separated by A, 4., and Ay
Segment® Water column chemistry Discharge Surface water stage Dominant controls TFZ critical point
a Brackish or saline Bidirectional Tidal Tide > > River
A
b Fresh Bidirectional Tidal Tide > River
Ay
c Fresh Unidirectional Tidal Tide < River
At
d Fresh Unidirectional Riverine Tide << River

“a-d correspond to the labeled river segments in Figure 1b.

generally, they are explained within the context of an illustrative case study of the Aransas River (Texas,
USA), monitored between July 2015 and July 2016 (section 4). Over this period, the Aransas River TFZ
experienced large rainfall-runoff events, prolonged drought periods with minimal baseflow, and
semidiurnal to semiannual tidal harmonics.

Data from the six monitoring stations (United States Geological Survey [USGS] and installed A1-AS5) were
linearly interpolated along the river to provide a spatial continuum of time series data for velocity, stage, and
salinity (Figure 2). Using a 24-h moving window centered on each timestamp (i.e., on each field measure-
ment, made every 15 min), we identified the locations of A4, A,, and A, where interpolated conditions within
the 24-h window matched the appropriate definition. In other words, for every timestamp of field measure-
ments, we estimated the locations of Ay, A, and A based on the surrounding 24-h observations and their
spatial interpolation. This resulted in a continuous time series of Ag,, A, and A location estimates and, thus,
a time series of TFZ location, estimated size, and dynamic behavior.

3.1. Identifying the Freshwater Limit: A,

To locate the downstream limit of the TFZ by the farthest downstream extent of a freshwater column, Ag,
(synonymous with the farthest upstream extent of brackish waters), we identified where the system salinity
was 2.0 practical salinity units (PSU), as a median over 24 h. (Another time period may be more appropriate
given a different analysis and research question. See section 5.4 for a discussion of the consequences of
selecting different tidal periods.) This threshold is similar to other studies measuring and/or modeling sali-
nity intrusion (e.g., Monismith et al., 2002). When the most downstream sensor at A5 was <2.0 PSU, we spa-
tially interpolated salinity between AS and an endpoint representing the Gulf of Mexico with a constant
salinity of 35.0 PSU located 60 km downstream. We used the distant Gulf as the interpolation
end-member because the salinity of the intervening bays is often similar to the salinities of the rivers follow-
ing rain events (Bruesewitz et al., 2013), so the bays are not useful end-members.

The freshwater threshold of 2.0 PSU was chosen to ensure that Ay, estimated the limit of estuarine saline
intrusion and not input from evaporation-concentrated terrestrial waters. Due to the region's semiarid sub-
tropical climate, evaporation can produce elevated salinities in otherwise fresh inland waters (Evans
et al., 2012; Mooney & McClelland, 2012). Maximum observed salinity in the nontidal Aransas River
(upstream of A1) during the year-long study was 0.81 PSU. Thus, for this analysis, a smaller salinity thresh-
old for Ag,, such as 0.5 or 1.0 PSU, was deemed insufficient to reliably and definitively identify observed salt
as estuary sourced. We acknowledge that 2.0 PSU is on the high end of freshwater salinities; however, other
studies have discussed freshwaters at similar salinities (e.g., Jeppesen et al., 1994; Schallenberg et al., 2003;
Swenson et al., 2006).

3.2. Identifying the Limit of Bidirectional Flow: 4,

To identify the farthest upstream extent of tidal bidirectional velocities, A, (synonymous with the farthest
downstream extent of unidirectional river velocity), we defined unidirectional flow as occurring at a location
where fluxes were directed downstream during >90% (ie., more than 21 h) of a 24-h window of time.
Bidirectional tidal flow was therefore defined as occurring if flow was upstream >10% of the time within
24 h. To locate A, between monitoring points, we linearly interpolated the 10th percentile of observed velo-
city data and defined A, at the interpolated root (i.e., where the 10th percentile equaled 0.0 cm s™). To
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Figure 2. Map of monitoring sites A1-AS installed along the Aransas River of southern Texas and the location of USGS
gauge 08189700 (USGS, 2017). The along-river distances from the river mouth to each monitoring site are 94.6 km (USGS
gauge), 45.5 km (A1), 43.1 km (A2), 34.6 km (A3), 28.1 km (A4), and 13.6 km (A5). Inset: Aransas watershed location
within Texas, USA. Elevation data, watershed boundaries, and river lines were obtained from U.S. Geological Survey,
National Geospatial Program (USGS, 2019).

approximate A, through extreme precipitation events (i.e., flash floods) where A, was pushed downstream of
the river mouth, we linearly extrapolated the 10th percentile of velocity through sites A4 and A5 to 60 km
downstream (the Gulf of Mexico endpoint). If the extrapolated values did not include 0.0 cm s™, then the
location of A, was defined as the Gulf of Mexico endpoint.

3.3. Identifying the Limit of Tidal River Stage: A

To identify the upstream limit of tidal water surface oscillations, A, we divided the data into periods of base-
flow and runoff-flooded river stage. Periods where river stage was elevated due to precipitation storm runoff
events, rather than high tidal stage, are described as “storm” periods. Classifying the data into these two
states (storm and baseflow) was necessary to avoid misinterpretation of stage changes, for example, the ris-
ing limb of a storm hydrograph versus a rising tide. A storm period was defined when the observed velocity
exceeded the 90th percentile of tilt current meter (TCM) velocities measured at that site during the
year-long study.

3.3.1. Storm Periods

To estimate the location of A, during storm periods, the timing of observed stage changes was compared
against the timing of predicted tidal stage changes. If stage observations were approximately synchronized
with predicted high and low tide (within + ¥ tidal period), then a site was determined to be tidal and there-
fore downstream of A. Sites whose observed stage was more asynchronous with tidal predictions were
defined as nontidal and therefore upstream of A.

Each monitoring site's tidal stage prediction was generated using a Real Fast Fourier Transform (RFFT) and
frequency filter from the Python numpy.fft package. Filtering each site's recorded stage data isolated the site's
five strongest stage-change harmonics. At each site along the Aransas River, the resulting harmonic frequen-
cies (see supporting information A) matched those reported for neighboring Copano Bay (NOAA, 2017). An
inverse RFFT recombined the five harmonics and their site-specific amplitudes to generate predictions of
tidal stage for each riverine monitoring site, absent any storm effects.

Comparison of the timing of predicted and observed stage rate-of-change roots (i.e., £ = 0 values) deter-

mined whether predictions and observations of high and low tide were synchronous. We derived % time
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series from predicted and observed stages using the field sampling interval of 15 min as dt between time,, and
time, 4 ;.

As the balance of riverine and tidal forces shifts throughout a precipitation event, the location of A, also
changes. Thus, we analyzed each storm timestamp to determine the location of A4 at that time relative to
each monitoring site (i.e., site is upstream or downstream of Ay). Within the 24 h surrounding each storm
timestamp (i.e., timestamp +12 h), we compared the timing of the predicted and observed % roots. If
>50% of observed roots were synchronous with the predicted roots (i.e., within +3 h or V4 of a semidiurnal
tidal cycle), the site was classified as tidal and downstream of A, at that time; otherwise, the site was asyn-
chronous, riverine, and upstream of A,.

Predicted and observed ‘f—r were linearly interpolated between the two monitoring locations immediately
upstream and downstream of Ay. The same synchrony analysis was then performed at regular intervals
along that interpolated distance to determine a more precise location of A;. The location of A for a given
timestamp was recorded where the majority of interpolated ‘;ST roots transitioned from being tidally synchro-
nous to asynchronous.

Although only a few roots exist in a given analysis window (e.g., 3 within a 24-h window), the roots convey
more information than solely a pause (i.e., high or low tide) in tidal stage fluctuations. They also indicate
transitions between periods of rising and falling stage, each of which indicate another aspect of a tide's sig-
nature. Thus, by comparing observed and predicted tidal roots, we in fact analyze both tidal motion and tim-
ing, which provides a simple, yet robust tidal characterization.

3.3.2. Baseflow Conditions

The above analysis was not necessary during baseflow conditions, because a simpler set of metrics could effi-
ciently identify the location of notable stage oscillations, A;. During baseflow periods, A was defined by the
two-part requirement that sites downstream of A, should exhibit: (1) essentially zero average vertical velo-
city of the surface (i.e., rate of change of stage, % ~ 0) over 24 h, and (2) sufficiently large short-term changes
in % to indicate flood and ebb tides. Specifically, Ay was estimated where the longitudinally interpolated 24-h
median of $was near zero and the 24-h £ interquartile range (IQR) exceeded a specified threshold related to
a tidal range of ~5 cm. Since a practical, nonzero threshold of effective tidal stage extinction had to be
selected, we selected <5 cm as a hydrologically and ecologically insignificant stage change for our purposes.
In contrast, a sufficiently wide IQR describes significant periods of falling (negative %) and rising (positive £)
stage, denoting substantial tidal influence with a range > 5 cm.

At each monitoring site, the dominant tidal period for the 24-h moving window in question was determined
from a 24-h RFFT on the stage data. The harmonic with the stronger Fourier amplitude (12- or 24-h period)
was isolated as the dominant tidal period. If diurnal, the site was denoted as downstream of A, if the ‘f—r IQR
was >0.31 m d™; if semidiurnal, a4 IQR > 0.62 m d ™" classified a site as tidal and downstream of A,. These
£ IQR thresholds reflect the tidal range threshold of 5 cm using the stage-rate-of-change calculations. We
attempted to consolidate all thresholds into %terms, so that only one variable space (i.e., % would be neces-
sary for the identification of A;. The method for determining the % IQR thresholds for both semidiurnal and
diurnal tides is presented in supporting information B; if the strongest contributing tidal harmonic at a site
were of a different period, the analysis would be adjusted accordingly.

During baseflow conditions at our demonstration system's monitoring sites, the USGS gauge well upstream
rarely exhibited a nonzero median 4 (e.g., when minimal localized runoff was recorded by the gauge but did
not overwhelm tidal influence). Under that circumstance, the interpolated longitudinal fT conditions inac-
curately estimated the Ay location as much farther downstream than it should have been. Under this rare
condition, the nontidal gauge's nonzero median was either positive or negative, depending on conditions
at the gauge. If positive, the 25th percentile of & signified the return of tidal signal, whereas if the nonzero
median were negative, the 75th percentile denoted significant tidal influence. In such rare cases, we esti-
mated Ay where the longitudinally interpolated 25th or 75th percentile crossed zero, representing the loca-
tion where tidal conditions were present for at least one-quarter of the 24-h period around each analyzed
time point. A more detailed guide to determining the location of A can be found in supporting information

A, including a workflow diagram for various conditions.
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Table 2

3.4. Characterizing the TFZ

Aransas River Tidal Freshwater Zone (TFZ) A Locations (Kilometer . . . .
Upstream From River Mouth) During Summer, Winter, and Over a Full Year After determining the locations of each A over time, we characterized the

Ay

TFZ length: TFZ using a ratio of the bidirectionally flowing segment length to the
A Agi Gecde) | entire TFZ length:

Summer median

Summer mean

Summer standard deviation
Winter median

Winter mean

Winter standard deviation
Annual median

Annual mean

Annual standard deviation

11.2
11.0
0.6
154
17.4
5.2
11.8
14.6
5.4

441 712 66.0 -1
43.8 733 62.3 R= (/'L, Jb)

03 113 : (A —2p)
44.4 69.0 53.6
433 68.7 S13 This ratio identifies whether a TFZ's discharge regime is primarily unidir-

0.4 10.6 - ectional (R < 0.5), bidirectional (R > 0.5), or balanced (R ~ 0.5) (Figure 4c).
44.5 i) Iy 59.9

44.3 69.5 54.9 These methods provide the locations of Ag, A, and Ay and analyze their
0.8 11.6 e spatial relationship to one another. They also ultimately describe the pre-

@

sence, reach location and length, and critical dynamic points of the TFZ.

These methods were applied to the Aransas River, TX, USA to character-
ize and study the river's TFZ. The results of that demonstration case are presented and discussed in the
following sections.

4. Demonstration Study Area and Results
4.1. Aransas River Field Area

The Aransas River is located in the southwestern portion of the Texas coastal plain, which is characterized
by high summer temperatures (~ 34 °C) and mild winter temperatures (~ 9 °C). These high summer tem-
peratures often result in annual evaporation (151.3 cmyr~ ') exceeding annual precipitation (88.6 cm year )
(Evans et al., 2012; Mooney & McClelland, 2012). Although drought conditions are common, warm summer
waters of the Gulf of Mexico and El Nifio Southern Oscillation (ENSO) events can lead to large, sporadic
rains that promote regional flash flooding and coastal freshets (Mooney & McClelland, 2012; Ropelewski
& Halpert, 1986; Wolter et al., 1999). As evidence of the region's hydrologic variability, from 1998 to 2008,
the Aransas River discharge covered 6 orders of magnitude, from 6.5 X 10~ to 829.7 m® s~ (Evans
et al.,, 2012). Tidal forcing, the Aransas River's shallow bed slope, and minimal baseflow were previously
noted to produce a TFZ (Evans et al., 2012; Johnson, 2009; Jones et al., 2017; Mooney & McClelland, 2012).
4.1.1. Aransas River Field Monitoring

Five monitoring locations along the Aransas River (sites A1-AS5, Figure 2) recorded thalweg velocity, stage,
and electrical conductivity. At each site a SeaHorse TCM was anchored to the riverbed in the thalweg to
record the magnitude and direction of flow. TCMs have been used to investigate bottom circulation and sedi-
ment dynamics in the Gulf of Maine (Aretxabaleta et al., 2014; Maio et al., 2016) and lagoonal current
dynamics in the Mesquite, Aransas, and Copano Bays of the Mission-Aransas estuary (Tunnell et al., 2015).
The TCM technology was considered appropriate here as it is (1) inexpensive and (2) robust in identifying
changes in flow magnitude and tidal flow direction. Monitoring data were smoothed using a 6-h moving
average to remove noise (e.g., wind) while preserving tidal and riverine signals.

4.1.2. Publicly Available Data

Nontidal river discharge and stage time series were obtained from the USGS National Water Information
System for the Aransas River's farthest downstream freshwater gauging station (site number: 08189700)
(USGS, 2017). From 1 July 2015 through 1 July 2016, the Aransas River experienced a relatively wet year
including several large storms. The gauging station recorded a discharge minimum of 0.1 m* s™, median
of0.2 m>s™!, mean 0f 0.4 m3s™* :

s}, and maximum of 36.0 m> s~ ..

4.2. Seasonal TFZ Length Dynamics

The TFZ location and size in the Aransas River was identified over three periods: late summer (1 July to 1
September 2015), late winter (1 December 2015- to 1 March 2016), and a full year (1 July 2015 to 1 July
2016). The typical (median) length of the TFZ was calculated by obtaining the median A locations over all
time steps and then subtracting those overall medians (:ig[ -Am) to determine the overall TFZ length
(Table 2 and Figure 3). Alternatively, the median TFZ length could be determined from TFZ lengths of each
timestamp. These two calculation methods showed negligible difference for our study.
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Figure 3. A positions of the Aransas River TFZ, as median (star), interquartile range (box), and nonoutlier range whiskers for (a) late summer (1 July through 1
September 2015), (b) late winter (1 December 2015 through 1 March 2016), and (c) 1 year (1 July 2015 through 1 July 2016). The position of Ag, steadily intrudes
by salt transport upstream from summer to winter but varies with storm influence; A, remains fairly stationary; and Ay, varies widely due to spring-neap,

annual tides, and storm influence.

In the late summer, the median TFZ length was 66.0 km. The late winter exhibited a shortened TFZ, with a
median of 53.6 km. Over the full year, the median TFZ length was 59.9 km (Table 2 and Figure 3). The posi-
tion of Ag, moved upstream between the summer and winter time periods, from 11.2 to 15.4 km. The location
of A, moved downstream between summer and winter, from 77.2 to 69.0 km. While the positions of A, and
A shifted among the three time periods analyzed, the median position of A, changed a little (Table 2
and Figure 3).

4.3. Event-Driven Changes in TFZ Length

TFZ shortening and lengthening in response to storm and interstorm periods (Figure 4a) was observed in the
TFZ length time series (Figure 4b). Five key runoff events during the year substantially lengthened the TFZ
(marked by the dashed arrows between Figures 4a, 4b, and 4c). In the intervening time between each of
these storms, the TFZ length decreased at a relatively consistent rate, associated with upstream translation
of Ay, via saline intrusion. The four interstorm time periods exhibited TFZ shortening rates of 0.2, 0.2, 0.4,
and 0.3 km d ™" (Figures 4d-4g).

The Aransas River exhibited a median TFZ ratio, R, (equation 1) of 0.5 during the summer and winter
months, but 0.6 over the monitored year, indicating that a slight majority of the TFZ consistently experi-
enced bidirectional flow, while sporadic events promoted unidirectional regimes (Figure 4c).

5. Discussion

The goals of this study were fourfold: (1) gather and standardize a trans-disciplinary nomenclature for TFZs;
(2) present a conceptual model and characterization of a TFZ's critical features; (3) develop methods for
empirical identification of a TFZ and characterization of its overall temporal dynamics using simple and
inexpensive field data; and (4) demonstrate the above, showing empirical temporal dynamics of a TFZ
and its critical points Ag, Ay, and A as they respond to natural changes in precipitation, river discharge,
and tide.

5.1. Controls on the Downstream Limit of the TFZ, Ag,

Central to the TFZ definition, Ag, Ay, and A each delineate an important feature within the river-estuary
continuum. The downstream boundary of the TFZ, Ag, marks the extent of estuarine salt intrusion. Over
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Figure 4. Time series of USGS gauge discharge (a) and the length of the Aransas River TFZ (b) from 1 July 2015 to 1 July 2016. The most influential storm events,
marked by the dashed arrows between Figures 1a, 1b, and 1c, suddenly lengthened the TFZ. Some storms introduce large quantities of freshwater below the USGS
gauge (e.g., third dashed arrow). Between those storms, the As shifted relative to one another and so altered the proportion of the TFZ with bidirectional versus

unidirectional flow (c). Between the storm-associated TFZ lengthening events, the overall TFZ shortened due to a fairly consistent upstream saline intrusion rate
(d-g: 0.2, 02, 0.4, and 0.3 km d 7).

extended periods of baseflow (months to years), the length of the TFZ is determined by the rate of upstream
salinity intrusion, which shortens the TFZ over time. Salt transport upstream depends on the balance
between river discharge, residual tidal currents from the upstream-oriented salinity gradient (gravitational
circulation), and other dispersion forces (e.g., wind and shear) (Bowen, 2003; Fischer, 1976; Geyer &
MacCready, 2014; Lerczak et al., 2006; MacCready & Geyer, 2010). The shortened Aransas River TFZ near
the end of October 2015 (Figure 4b) was related to several months of minimal freshwater inflow that
allowed relatively unimpeded saline intrusion. This saline encroachment shortened the TFZ segment that
was fresh with tidal bidirectional velocity (ie., segment b between A, and Ag in Figure 1b). Under
opposite conditions, significant upstream freshwater input may elongate or even deconstruct the riverine
TFZ by expelling A, downstream beyond the river mouth, creating a freshwater plume (Figure 1a). Thus,
a sufficiently wet season may cause a riverine TFZ to only exist during dry seasons, which may make the
riverine TFZ a key seasonal, rather than continuous, occurrence.

Changes in the freshwater/brackish boundary (A4,) within the river-estuary continuum can cause substan-
tial shifts in the ecology of affected reaches. For example, in Texas estuaries salinity is a main
water-quality factor driving estuarine condition and, thereby, biological resource allocation (Palmer
et al., 2011). In environments where salinity significantly correlates with live oyster abundance, extreme
freshwater inputs such as flood discharges may reduce estuarine oyster population, spat settlement, and
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filtration rates (Pollack et al., 2011). Thus, the location of Ag, defines the divide between, and the extent of,
habitats for species adapted to brackish or fresh waters.

5.2. Controls on the Unidirectional and Bidirectional Flow Transition, 4,

The shift in discharge character along the TFZ length is denoted by A,, dividing the TFZ into a unidirectional
discharge regime upstream (i.e., a tidally influenced river) and a bidirectional discharge regime downstream
(i.e., achannelized freshwater estuary). Encapsulating the interaction between tidal, riverine, and geometric
factors (e.g., channel roughness), A, marks where the freshwater and tidal momentums are functionally
equivalent during the flood tide. The extent of the bidirectional discharge regime not only characterizes
the maximum upstream extent of fine marine sediment deposition but also lengthens residence times in this
lower portion of the TFZ (Burchard et al., 2018; Ensign, Doyle, et al., 2013; Ganju et al., 2004; Jones
et al,, 2017; Savenije, 2005).

In the water column, reaches downstream of A, experience small net transport over the tidal cycle due to
relative flood/ebb tidal symmetry (Friedrichs, 2010; Friedrichs & Aubrey, 1988; Savenije, 2005), barring sig-
nificant Stokes' drift (e.g., Cook et al., 2007; Dyke, 1980). For example, Ensign, Doyle, et al. (2013) analyzed
three reaches of a TFZ in the Newport River (N. Carolina, USA), all downstream of A,, during a week in June
2008. From each site's average discharge, Ensign, Doyle, et al. (2013) calculated location-specific net trans-
port rates during a tidal cycle of 0.03 m s~! (downstream oriented) at the most upstream reach, 0.00 m s~
the middle reach, and — 0.03 m s (upstream-oriented) at the most downstream reach. These reversed
(upstream) velocity conditions downstream of A, suggest potentially long kinematic and solute residence
times, which may alter local benthic biota and sediments (Ensign, Doyle, et al., 2013; Ganju et al., 2004;
Ralston & Geyer, 2017; Savenije, 2005). In fact, net upstream sediment transport in reaches downstream
of A, may be vital for maintaining the TFZ during periods of sea level transgression (Ensign et al., 2014).

at

The temporally variable TFZ length also provides insight into the range of residence times experienced
within the TFZ. There is a natural relationship between residence time and system volume, assuming steady
river flow conditions. Increases in system volume may relate to elongated residence times and vice versa
(Jones et al., 2017). Thus, baseflow periods immediately following storm periods that lengthened the TFZ
likely experience elongated residence times. Prior work in the Aransas River observed baseflow residence
times of months to years for these tidal freshwater river reaches between intermittent storm periods
(Johnson, 2009; Jones et al., 2017 ; Mooney & McClelland, 2012). Such residence times, dependent on both
TFZ volume and river discharge, likely alter biogeochemical and sediment loads before being discharged to
the estuary. Although dependent on both discharge and system volume, Aransas River residence times are
likely primarily controlled by river discharge, since observed variability in river discharge (~3 orders of mag-
nitude) was greater than the variability observed in TFZ length (<2 orders of magnitude) (Jones et al., 2017;
Mooney & McClelland, 2012). However, conceptually, another system could exist where these conditions are
reversed, where TFZ volume plays the dominant role controlling residence times.

The extent of tidal bidirectional discharge may alter biogeochemical processes as well, since bidirectional
water transport may increase the amount of hyporheic exchange (Bianchin et al., 2010; Knights et al., 2017).
The tidal pumping and hyporheic exchange experienced within the TFZ is important for mitigating new
inputs of nitrogen (N) from groundwater sources. Modeled N loads to coastal environments may presently
inaccurately estimate total N export (Knights et al., 2017). We hypothesize, for future study, that the longer
the TFZ's bidirectional segment from Ag, to A, (segment b in Figure 1b), and so the larger value of R (equa-
tion 1), the greater the opportunity for biogeochemical processes and loads to be altered before discharging
into the downstream estuary. Negligible net discharge of TFZs may control the timing, magnitude, and com-
position of terrestrial nutrients discharging to coastal systems (Ensign et al., 2008; Knights et al., 2017;
Mooney & McClelland, 2012). Future and ongoing work in TFZs will inform our understanding of the bio-
geochemical processes occurring downstream of A,. Also, future work might benefit from an analysis com-
paring A locations to aquatic or neighboring riparian ecology.

For the Aransas River demonstration case, the location of A, remained mostly unchanged throughout 1 year
(Figure 3). This may be unique to the Aransas River, since the location of A, coincided with two bridges
crossing the river (rail line and highway US-77). The bridges' columns, backfill, and construction signifi-
cantly alter and constrain the natural channel dynamics and may impede the upstream propagation of
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Figure 5. Storm flow inverted the positions of A, and Ag, in the Aransas River in March 2016. Although the Aransas River
USGS gauge did not record a dramatic peak in discharge on 11 March (a), a large amount of freshwater entered the
system below the gauge and caused the TCM velocity at the most upstream installed site, Al (b), tosignificantly exceed the
annual 90th velocity percentile (dashed line in (b)), classifying the discharge as stormflow at Al using this study's
classification methodology. This large flow to the TFZ temporarily pushed A, downstream of Ag, (c), as river flow over-
whelmed tidal momentum (moving A), yet estuarine salt was not fully extruded from the river (little movement in Ag,).

tidal forces. However, the channel may have narrowed and impeded tidal forces at this location before
construction. Torres (2017) observed several tidally influenced channels with decreased downstream
cross-sectional area near the “current reversal limit” (their term, similar to A,) due to tidal backwater
effects. Similarly, Ensign, Doyle, et al. (2013) investigated tidal freshwater channel morphology and
observed that tidal hydrology greatly influenced bankfull channel cross-sectional area. Thus, channel
geomorphology may provide insight into expected A locations, since geomorphology will reflect the
energy balance along the fluvial-tidal transition (Ensign, Doyle, et al., 2013; Torres, 2017; Yankovsky
et al, 2012). Furthermore, channel geometry may also promote tidal reflections that augment the tidal
influence from damping to zero (e.g., Friedrichs & Aubrey, 1994; Hoitink & Jay, 2016; Jay, 1991; Jay
et al., 2016, 2015). Tidal reflections were not observed in the TFZ of the Aransas River and would be a
useful area of future study.

Although in the Aransas River A, remained within the same reach through much of the study year, in gen-
eral, the location of A, is transient. In some systems, Ay and A, may overlap, creating a TFZ that has entirely
bidirectional flow (R = 1, equation 1). Other systems may exhibit a substantial spatial separation between Ay,
and A,, as in the Aransas River demonstration case, and may host a TFZ composed of two distinct discharge
regimes (0 < R < 1). If R approaches zero, saline encroachment (1,) has reached A,. These conditions may
occur if large freshwater discharge translates A, downstream to reside near Ag, (e.g., river-dominated
end-member in Figure 1a) or if prolonged low-flow conditions allow estuarine saline waters to encroach
upstream to A,. Large increases in riverine discharge can affect the momentum balance of the TFZ more
quickly than the salt transport in the estuary and so may rarely push A, downstream to invert the positions
of Ay, and A, (Figure 5). Even small influxes may create an inversion of Ay, and A, if persistent minimal
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flow conditions allowed estuarine salt to intrude significantly upstream (i.e., move Ay, upstream until Ag, = A,,
R ~0), but stormflow is insufficient to extrude A4,. Frequent Ag,-A, inversions may occur in such special cases.

The latter portion of the inversion depicted in Figure 5 may be an artifact of our interpolation procedure.
Without a monitoring station at the river mouth, the salinity gradient was quite steep between the interpo-
lated endpoint of the Gulf of Mexico (35 PSU) and site AS. However, the portion of the inversion occurring
before 12 March 2016 reflects the system dynamics and is not an artifact. This inversion occurred because Ag,
had steadily encroached upstream since January 2016, nearing A, and increased discharge in March acted as
a pressure pulse and forced A, downstream faster than salt was extruded (Figures 4f and 5). Thus, the water
column observed in Figure 5 may have been strongly stratified with freshwater overlying saline waters (e.g.,
Savenije, 2005; Valle-Levinson, 2010).

If all three lambdas exist at the same location, then R is undefined and the system resembles the
tide-dominated end-member in Figure 1c. A negative value of R indicates that A, is downstream of Ag,, which
may happen briefly during storm pulses. Mathematically, a negative ratio may also be obtained if A, were
downstream of Ag,; however, this situation may only apply in theory without extreme evaporation rates alter-
ing the river's salinity.

5.3. Controls on the Upstream Limit of the TFZ, A

The upstream extent of tidal influence (A) is controlled by river, tide, and channel geometry factors. The
river state transition at Ay may correspond to channel widening due to decreased energy dissipation and
minimal sediment transport capacity, which promote channel bed aggradation (Ensign, Doyle, et al,
2013). The convergence rate of the channel's geometry strongly controls whether the tidal surface wave
amplifies or dampens upstream (Friedrichs & Aubrey, 1994; Jay, 1991; Savenije, 2005). Tidal stage fluctua-
tions will promote local tidal pumping, which will alter the volume of surface water-groundwater exchange
compared to nontidal reaches upstream. Tidal pumping may be an important mechanism by which TFZ
dynamics influence the freshwater channel bed's biogeochemistry (Chernetsky et al., 2010; Knights
et al,, 2017; Musial et al., 2016; Santos et al., 2009) and benthic ecology.

While channel geometry interacts with tidal propagation and groundwater exchange, frictional effects
between the channel bed and tidal discharge interact with tidal amplitude to also influence Ay
(Godin, 1999, 1991; Kukulka & Jay, 2003). In the Aransas River, the semiannual low tide in the Gulf of
Mexico (Ward, 1997) decreased the base level of the estuary during winter (December—February). The bed
friction and slope then more effectively hindered the upstream movement of the tidal wave, which resulted
in A, generally residing farther downstream in the winter than during the summer. The summer semiannual
high tide may instead push Ay, and potentially A4, farther upstream due to the higher tidal base level, over-
coming more of the river's energy gradient and channel's frictional effects.

At daily to fortnightly timescales the balance of river and tidal forces at A, controls TFZ length in the absence
of stormflow. For the Aransas River, a Fourier transform on the A, location time series identified the stron-
gest harmonic control on Ay having a period of ~13.6 days, similar to fortnightly spring/neap tidal
cycles (Figure 6).

On a similarly short timescale, Ay also controls the reexpansion of the TFZ immediately after storm periods,
for example, the transition from panel (f) to (g) in Figure 4b. The observed increase in TFZ length after
stormflow is linked to the reestablishment of the typical balance of riverine and tidal forces during baseflow.
As discharge returns to baseflow, A is translated to its typical location upstream, which increases the TFZ
length. However, the rate at which this poststorm expansion occurs is likely related to regional hydrology.
For example, the semiarid Aransas River experiences brief, extreme runoff events and then quickly returns
to low flow, that is, has a flashy discharge regime (Bruesewitz et al., 2013; Jones et al., 2017; Mooney &
McClelland, 2012). Thus, the poststorm expansion observed between panels (f) and (g) of Figure 4b is rela-
tively rapid (~10 days). TFZs in wetter climates will likely show more gradual poststorm lengthening if their
storm hydrographs exhibit long-tailed recession.

Because they define the outer bounds of the TFZ, both A and Ag, impart control on the length of the TFZ.
Through Figure 3, A appears to impart a greater magnitude impact on the length of the TFZ. However, the
smaller range of Ag, locations may be limited by our ability to safely install a monitoring station at the
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Figure 6. Temporal relations between spring and neap tides, and Ag;. During low baseflow at the USGS gauge (a), the most
downstream monitoring site, A5, displayed strong tidal influence (b). Although located more than 50 km upstream of the
river mouth, Ay moved notably downstream during neap tide and upstream during spring tide (c).

Aransas River mouth and may relate to an artifact of our linear interpolation procedure to the Gulf of
Mexico. Future iterations of this framework should work to refine our understanding of the relative magni-
tude of impacts of Ay and Ag,.

5.4. Empirical TFZ Identification Considerations and Caveats

The five inexpensive stage, salinity, and current monitoring sites installed along the Aransas River were
sufficient to identify the local TFZ presence and position, associated TFZ critical points (As), and the tem-
poral nature of each, continuously throughout a year; however, some considerations are necessary.
Alternative thresholds for A identification could be used within the proposed framework to isolate more
specific or unique dynamics of interest in other systems, while still respecting the conceptual definitions
established here. For example, one could impose a more stringent analysis of A, position as occurring
where 100% of flow is oriented downstream, rather than >90% as in our suggested framework (
section 3.2), if the target of study is perhaps a benthic organism or freshwater intake orifice that cannot
tolerate any changes in flow direction. The malleable functional definition and empirical analysis frame-
work developed here can and should be adjusted depending on the research question and study system
being interrogated.

Similarly, we defined A, as occurring where the surface water stage varied by not more than 5 cm during one
tidal cycle, since a zero-change threshold is not a plausible empirical definition, but a different functional
limit could be chosen. For example, Knights et al. (2017) examined tidal freshwater nitrification and denitri-
fication rates down to a tidal range of 20 cm. Robins et al. (2015) modeled potential sites for converting tidal
energy into electricity, with a model root-mean-square error of 15 and 5 cm for the amplitudes of the lunar
(M2) and solar (S2) semidiurnal tidal constituents, respectively. Thus, our choice of a < 5 cm amplitude
threshold to define the position of A, was comparable to the amplitude uncertainty in a tidal water resource
management model, but other studies may consider a different limit.
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A key aspect of locating A, was distinguishing storm and baseflow periods. In systems lacking an annual
hydrograph and where most hydrograph peaks correspond to major discharge events, such as with the
Aransas River, a single velocity threshold for distinguishing storm and nonstorm flow may be sufficient
(Bruesewitz et al., 2013; Mooney & McClelland, 2012). However, more complex methods for distinguishing
A, during storm, nonstorm, and unique flow conditions may need to be developed when applying this TFZ
conceptual model and lambda notation to additional locales. For example, continuous wavelet analysis
(CWT) has been used to distinguish dominant tidal harmonics from dam hydropeaking (which produces
a pseudotidal signal) and precipitation along the Columbia River (Hoitink & Jay, 2016; Jay et al., 2015).
For systems with a cyclic annual hydrograph, an FFT might be used to predict annual discharge and isolate
elevated nontidal stages. Future applications should be mindful of the hydrologic character of each system
and end-users of the results and implement appropriate adjustments to our methods to identify A, A,, and
Ast, accordingly.

Another consideration for identifying A, is that some studies have observed fortnightly tidal fluctuations
occurring upstream of daily tidal fluctuations (Hoitink & Jay, 2016; Jay & Flinchem, 1997; Nittrouer
et al., 2012). Our A, time series for the Aransas River demonstration study included the effects of the fort-
nightly spring/neap variation but emphasized the extent and greater hydrological importance of daily tides
as appropriate for this system and study. However, for larger rivers (e.g., Mississippi or Columbia, in the
United States), these upstream fortnightly variations may have important influence. This could be addressed
by including fortnightly (or other) tidal harmonics in the inverse RFFT used to predict tidal influence in this
analytical framework (see section 3.3.1). Furthermore, when defining typical tidal conditions for determin-
ing A locations, the analysis period should be carefully considered. While tides are described as “diurnal,”
which denotes a 24-h period (i.e., solar day), the period of the lunar tidal day is 24.8 h (NOAA, 2017).
Thus, a 25-h period may be better suited for determining typical tidal conditions, or an alternative time per-
iod may be desired based on other study emphases (e.g., 12 h if studying the relation of day versus night eco-
logical processes or a strongly semidiurnal system). Future iterations may also consider laterally expanding
the conceptual model to incorporate neighboring ecosystems that adjoin the channel (e.g., wetlands), which
may require different tidal harmonics and interpolation methods.

Another consideration is the choice in this study to linearly interpolate between monitoring sites to estimate
A locations for our demonstration of applying the TFZ framework. Interactions between channel geometry,
tide, and river discharge may cause tidal forces to propagate upstream nonlinearly and may create other
hydrogeomorphologic nonlinearities (Ensign, Doyle, et al., 2013; Friedrichs & Aubrey, 1994; Jay, 1991;
Savenije, 2005). By linearizing the system within each reach (i.e., between each monitoring point), we essen-
tially discretized longitudinal nonlinearities in the Aransas River into six linearized segments. Thus, this
approach captures some longitudinal nonlinearity in the river segment of interest, but in a manner simple
enough to apply for a wide range of potential users (e.g., ecologists, biogeochemists, water resource man-
agers, watershed councils, and discharge permit analysts). Future iterations of the proposed framework
could implement nonlinear interpolation methods (where appropriate) while remaining consistent with
its definitions and logical approach. Furthermore, future iterations of this framework should carefully con-
sider the spacing along the river reaches, and placement horizontally and vertically within a given river cross
section, and choice of equipment installed to monitor the TFZ. For example, improper spacing of monitoring
sites could result in interpolation procedures misrepresenting the physical system by simplifying, passing
over, or not observing important hydrogeomorphologic variation.

6. Summary and Conclusion

This study defined a TFZ as a freshwater system characterized by freshwater chemistry and tidal physics.
Empirical methods were developed to easily identify a reach containing a riverine TFZ and critical points
within the TFZ using few and inexpensive field monitoring points. Aspects of hydrological and hydrody-
namic theory that provide the basis for the TFZ and its critical points were discussed. This developed frame-
work also suggests a lexical standardization around TFZs and aims to be easily applicable across diverse
disciplines and a broad possible user base, to perhaps better facilitate accelerated, collaborative, interdisci-
plinary advancement of TFZ science and management.
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In this standardized TFZ framework, the upstream limit of a TFZ, denoted A, is defined where the daily
interquartile range of surface water stage becomes less than a nominal threshold close to zero. The down-
stream limit of a TFZ, denoted Ay, is defined where river bed salinity transitions from fresh to brackish.
An intermediate critical point in the TFZ, denoted A,, is defined where unidirectional river flow transitions
to bidirectional tidal flow. These three TFZ critical points separate the discrete reaches that span the
river-estuary transition (Table 1). The nondimensional parameter R, defined as the ratio of the length of
the bidirectional TFZ segment to the total TFZ length, aids in the identification of the dominant flow char-
acter of a TFZ.

We demonstrated empirically locating the TFZ in the Aransas River of southern Texas and found that the
location of Ay was consistently controlled by local tidal harmonics, especially spring-neap and semiannual
secular tides. Large storm events translated As, downstream until hydrograph recession enabled the return
of A, upstream. The location of Ag, in the Aransas River was controlled principally by gravitational circula-
tion intruding saline estuarine waters upstream during baseflow periods at an average rate of 0.3 km d™".
The location of A, in the Aransas River was relatively stationary over the study year. The Aransas River
TFZ was closely balanced between unidirectional and bidirectional flow regimes, with R consistently near
0.5 despite the transient overall TFZ length. Over 1 year, the Aransas River TFZ had a mean length of
54.9 + 13.2 km and a median length of 59.9 km.

The standardization of the defining characteristics of TFZs developed here may provide a unifying fra-
mework for drawing together observations of TFZ conditions in river systems around the world (e.g.,
Arndt et al, 2011, 2007; Cole et al., 1992; Findlay et al., 1991; Lovley & Phillips, 1986a, 1986b;
Savenije, 2005). For example, more than 2,800 km of tidal freshwaters exist along the Middle Atlantic
and Southeast Atlantic coastlines of the United States alone (Ensign & Noe, 2018) but have so far lacked
a consistent set of descriptors to enable comparative study. The developed nomenclature and conceptual
model may now enable examination of how prevalent TFZs are along global coastlines. The impacts of
hurricanes on TFZs were not observed during this study but may be an area for future research (e.g.,
impacts of storm surge and increased precipitation on TFZ dynamics). There is also a need for further
investigations into the residence time of TFZs (Jones et al., 2017) and its impacts on the timing, magni-
tude, and form of nutrients being transported to coastal environments (Knights et al., 2017; Mooney &
McClelland, 2012). Such studies may inform policy decisions about environmental flows and total
maximum daily loads reaching coastal environments, which are especially important as coastal popula-
tions and pollution threats grow (Destouni et al, 2008; Johnson, 2009; Knights et al, 2017;
Neumann et al., 2015).
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