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Abstract: Shallow tidal creek systems or triblets are often overlooked when documenting and
measuring the spatial extent of pollutants of emerging concern despite much of the population
living in and around these areas. An innovative in situ fluorometric instrument coupled with a
Self-Organi21zing Map was utilized in Chesapeake Bay’s mesohaline tidal creek system to analyze
CDOM, dissolved oxygen, optical brighteners, and oils. The in situ fluorometer proved helpful as
a rapid reconnaissance tool complementing the investigation when attached to a CTD instrument.
This baseline research showed that CDOM follows non-conservative properties in spring and more
conservative behavior in the fall. The results show that the Self-Organizing Map method is a suitable
alternative to traditional statistical techniques and may be better at finding key patterns that might
otherwise have been obscured by high variability. For example, oils revealed a pattern with residual
runoff from highways or boating, while optical brighteners displayed a pattern consistent with septic
systems. Optical brighteners also revealed lag effects after the passing of heavy rainfall and were
consistent with the lab effect of turbidity. The study also reveals that CDOM is the dominant control
on light penetration, one of the limiting factors on underwater grass growth. The results also suggest
that CDOM should not be overlooked when measuring the effects of restoration in these systems and
should be implemented in regular monitoring and TMDLs.
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1. Introduction

Coastal and estuarine tidal tributaries are the nexus between the terrestrial and aquatic
ecosystems and are the regions where human impact is the greatest. Much of the human
population lives along the coastlines of estuaries or tidal creeks. These zones have been
documented as being impacted by multiplicative land uses. These land uses can nega-
tively impact the fragile ecosystem and ecosystem services, including industrialization,
stormwater runoff, urban-suburban, agricultural, shipping ports, marinas, recreational
areas, or transportation (highways). The coastal and estuarine regions are nurseries for
juvenile organisms, habitats for shellfish and fisheries, aquaculture farms high in primary
production, storage for carbon in marsh environments, and depositional environments
from rivers [1-10]. The water quality in estuarine tidal tributaries and coastal regions is in-
directly or directly impacted because they are the initial receiving basins for anthropogenic
sources of excessive sediment, nutrients, and contaminants. The nutrients (nitrogen and
phosphorus) may enter the aquatic system, causing eutrophication and severely deteri-
orating the ecosystem [11-15]. In addition, many pollutants, such as metals, pesticides,
herbicides, oils, and contaminants of emerging concern (pharmaceuticals or personal care
products) may cause adverse effects on aquatic organisms [16-20]. Both phosphorus and
pollutants can be bound to sediments or are directly deposited into the surficial sediment
layer and will then become a hotbed of biogeochemical activity depending upon the type
of chemical species [21,22].
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Furthermore, over time, humans have changed the landscape, increased the stormwa-
ter runoff, decreased natural shorelines, and altered the river system, causing increased
erosion leading to incised stream channels, poor septic or sewer infrastructures, and com-
bined sewer overflows leading directly to tidal creeks or rivers, which all have been shown
to increase the concentrations of dissolved organic matter, optical brighteners (fluores-
cent whitening agents), or oil products [23-26]. Chromophoric dissolved organic matter
(CDOM) is the portion of dissolved organic matter (DOM) in natural waters that can be
optically measured. Researchers have indicated that DOM has been sourced from rivers
and is crucial to the biogeochemical processes within coastal zones. Allochthonous and
autochthonous organic matter can affect the CDOM concentrations in tidal creeks and
coastal systems. This increase in CDOM to tidal creeks can change the aquatic ecosystem
by altering the primary production and optics [27].

Optical brighteners (OB), also known as fluorescent whitening agents, are colorless
fluorescent chemicals employed to whiten and brighten materials. OBs have been used in
the textile and detergent industries since approximately 1945 and are still widely used. The
three types of OB include Disulfonated, Tetrasulfonated, and Hexasulfonated chemicals.
These OBs are used to whiten textiles, plastics, and paper products and are found in
all detergents. They persist in natural waters and sediments, and recent studies have
indicated that these chemicals are only partially removed during sewage treatment [28,29].
Resembling CDOM, OBs absorb the near-ultraviolet 360-365 nm and emit in the blue
range of 400 to 440 nm [30]. Since optical brighteners are used in everyday household
laundry systems and then discharged into septic systems, sewer treatment plants, or
combined sewer overflows, these fluorescent whitening agents can be a valuable tracer of
emerging contaminants of concern [31-35]. In addition, the Material Safety Data Sheet for
OB states that it is harmful to all aquatic life, and respirometric tests have indicated that
these chemicals are harmful to aquatic life [36,37]. Optical brighteners have been detected
using older fluorescent techniques in coastal systems to detect septic and sewer leaks from
homes, farms, and boats [38]. This research utilized a new in situ technique to detect optical
brighteners in the aquatic environment.

Marinas, recreational boating, and port-shipping activities, with gas, diesel, and
crude oil (dock or floating fuel stations) emissions, occur in many coastal bays and tidal
creeks. Although there are strict regulations in the United States regarding fueling stations,
marinas, and shipping ports, oil-based products are still witnessed on the surface of tidal
creek waters [39]. These oil-based products have been shown to biomagnify from the
water column into zooplankton and higher-order organisms [40,41]. Therefore, detecting
and monitoring these oil-based products in low-flushing tidal creeks and coastal systems
is essential. These sensitive regions of primary production will bio-magnify into local
fisheries, shellfish, aquaculture, birds, and other ecosystem services. While numerous
studies have been performed measuring CDOM, optical brighteners, and oils (petroleum
products) within large estuarine and oceanic settings, little is known about the actual
concentrations and patterns of these constituents in small tidal creeks, otherwise known as
triblets [42,43].

This research uses self-organizing maps and classical statistical methods to identify
patterns of CDOM, OBs, and oils in an urban/suburban mesohaline tidal creek and its
triblets. This will assist in identifying the extent of these anthropogenic constituents and
serve as a baseline for potential stream restoration projects to determine if they improve
the water quality in tidal creek regimes. In addition, since the South River watershed is
considered an urban/suburban environment, it is an ideal natural laboratory used in other
small estuarine systems.

2. Materials and Methods
2.1. Site Description

The South River is situated on the Lower Western Shore of Maryland on the Chesa-
peake Bay, with attributes consistent with a partially mixed to mixed estuary dominated
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by the M, tidal and a microtidal range of 0.3 m. The South River estuary has 14 sub-tidal
creeks, otherwise known as triblets. The watershed is considered urban/suburban with a
few rural designations, and the upland South River watershed is forested. The site locations
in the tidal creeks were determined by going into each tidal creek as far as the tidal reach
allows while still having 2 m for an observation profile. Figure 1 identifies the research sites
that were geo-statistically determined to allow for beneficial spatio-temporal monitoring.

& Kilometers
|

(b)

Figure 1. (a) Location of the South River Estuary on the western shore of Chesapeake Bay, Maryland,
USA. (b) Location of the research sites with the main stem and triblet stations.

The South River estuary has approximately 16 marinas (private and commercial),
with half providing gasoline/diesel or marine mechanic businesses. The general land
use for the South River watershed is displayed in Table 1, with 18.9 square kilometers of
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impervious surfaces within the urban/suburban designation. The general descriptions of
the sub-watershed tidal creek stations and the main stem station are listed in Table 2 [44,45].

Table 1. General Land-Use Designations for South River Watershed.

Designation Square Kilometers
Water 1.2
Pasture 2.1
Crop 6.7
Urban/Suburban 54.0
Forest 83.7

Table 2. Research site detailed descriptions, including land-use for triblets.

Distance from Mouth

Station Station Type Average Depth (m) (km) Characteristics
MsS1 Main channel—mouth 4.5 0.0 Mouth of South River Estuary
Duval (DUV) Tidal embayment 2.0 35 210 ha
Selby (SEL) Tidal embayment 3.0 3.0 158 ha
Harness (HAR) Triblet 3.0 5.4 223 ha, 103 septic systems
Pocahontas (POC) Triblet 2.0 164 ha, 2 septic system
MS1A Main channel 6.0 3.7
MS1B Main channel 6.0 54
Little(;f:g;deen Triblet 3.0 57 ha, 77 septic systems
Aberdeen (ABD) Triblet 4.0 222 ha; 69 septic systems
Glebe (GLB) Triblet 4.0 952 ha, 117 septic systems
Almshouse (ALM) Triblet 3.5 97 ha, 5 septic systems
Crab (CRB) Triblet 3.0 308 ha, 103 septic systems
Church (CHR) Triblet 25 526 ha, 315 septic systems
MS2 Main channel 8.0 8.7
Warehouse (WAR) Triblet 2.0 142 ha, 52 septic systems
Gingerville (GIN) Triblet 25 250 ha, 166 septic systems
MS3 Main channel 4.0 11.3
Beards (BRD) Triblet 2.0 1845 ha
Main channel—mouth
MS4 of Flat creek, turbidity 2.0 12
maximum
Broad (BRO) Triblet 3.0 1700 ha, 718 septic systems
MS5 Main 16 15.0

channel—headwaters

2.2. Materials

The South River stations were vertically sampled over the entire water column for
CDOM, OBs, and oils using the ECO Triplet, manufactured by Sea-Bird Electronics (Belle-
vue, Washington, USA), and was attached to a Hydrolab DS5(Austin, TX, USA). The
Hydrolab DS5 provided the vertical profiles of depth, temperature, salinity, dissolved
oxygen, pH, chlorophyll-a (Chl-a), and phycoerythrin. Basic weather measurements were
taken at each station using a Kestrel 5000 (Boothwyn, PA, USA). The Hydrolab DS5 was
calibrated for depth, DO, salinity, pH, Chl-a, and phycoerythrin [46]. Calibrations were
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performed the morning of field research, and quality control calibration checks were per-
formed post-monitoring as part of the research program’s quality-control protocols. The
ECO Triplet had a fluorescent dark count offset instrument that was tested and calibrated
with a quinine solution for CDOM, Tide Ultra for Optical Brighteners, and a known stock
solution of crude oil for oils [47]. The fluorescent offset information was entered into the
instrument’s software, which then provided concentrations in units of mg L~!. The instru-
ment was specifically ordered for the researchers and designed for estuarine (saltwater),
with CDOM emission at 465 nm, OB emission at 465 nm, and oil emission at 500 nm. The
ECO Triplet allows the user to measure a substance’s concentrations versus wavelength
absorption directly.

Although for this research, the analysis concentrated mainly on the surface water
column defined at 1 m, typical vertical profile results are reported. The ECO Triplet is used
for vertical profiling or long-term continuous monitoring; it is not to be pulled behind a
vessel. This first-of-its-kind baseline research was conducted during the fall of 2013 and
spring of 2014. Total suspended solids (TSS) measurements were taken at various sites,
including freshwater streams, tidal creeks, and restored sections of creeks. TSS analysis
was performed in accordance with USEPA standard methods [48]. Long-term monthly TSS
data were accessed from the Chesapeake Bay Data Hub for site WT 8.1 for monthly values
over 30 years. The Chesapeake Bay Programs WT 8.1 site is also South River site MS 2.
Water clarity measurements were made in each site listed above using a Secchi disk. Water
clarity data were accessed from the Chesapeake Bay Data Hub for the same 30-year interval
at station MS 2 (WT 8.1). A Hydrolab DS5 continuous monitoring sonde was deployed
at the headwater section of Church Creek Triblet from 7 August to 5 September 2014 and
captured temperature salinity, pH, Chl-a, and turbidity at hourly intervals.

2.3. Statistical Analysis and Self-Organizing Maps

All statistical metrics and tests, including analysis of variance (ANOVA) and means
comparison tests, were performed using Sigma Plot 12.5. In addition, vertical plots of
parameters were created in MATLAB 2020b (MathWorks, Natick, MA, USA). Finally, a
Morlet continuous wavelet transform was performed on the continuous turbidity data
from Church creek using the MATLAB wavelet toolbox [49]. Data may be found at the
USEPA Chesapeake Bay data hub at: https:/ /www.chesapeakebay.net/what/downloads/
cbp_water_quality_database_1984_present (accessed on 1 December 2021).

Self-organizing maps (SOMs) are an unsupervised artificial neural network, also
known as Kohonen maps, that uses a competitive clustering technique that delivers un-
biased visual pattern recognition maps that conserves the topological structure of data.
The power of this technique is two-fold: one, it does not require previous knowledge of
the data structure, and two, its primary function is to reduce high-dimensional data into
a two-dimensional plane [50]. Numerous studies have successfully utilized this type of
cluster analysis to characterize patterns in environmental data that traditional methods
often miss due to non-linear effects [51-57].

The SOM analysis and visualization were performed using the Kohonen and CP-ANN
toolbox for MATLAB version 2020b [58]. Pre-treatment of the data consisted of normalizing
each data point of a given property to a value between 0 and 1. The SOM was trained using
six normalized input variables: CDOM, chlorophyll-g, oils, optical brighteners, dissolved
oxygen, and water clarity. The number of hexagons used in the model was determined
using the method of 5,/n as described by Vesanto [59] and automatically calculated using
the Kohonen toolbox for MATLAB.

A 189 x 6 numeric matrix of the normalized data was fed into the Kohonen toolbox,
which created an10 x 7 hexagonal map or input planes. In a self-organizing map, there
are two layers. The first layer is the input vector, which is then mapped onto the second
layer or output layer, also known as the input planes. The SOM has four main stages, the
initialization stage, the competition stage, the cooperative stage, and finally, the adaptation
stage. Figure 2 depicts the basic concept of how SOM input planes are created. In the
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initialization stage (a and b), connection weights are created through a random process.
Then, in the competition stage, “winning” neurons are selected based on the computation
of individual discriminant functions or dimension reduction computations (c). In the last
two stages, cooperation and adaptation (d), individual winning neurons determine their
location on the map and reduce their final discriminant function values based on input
variable patterns. After this, the quantification and topologic errors are calculated [60]. The
quantification error refers to the squared distance between an individual data point and its
nearest centroid, while the topological error in the SOM measures how well the distances
between each point were preserved in the map [61].

(d)

Figure 2. Computing schematic example of a Self-Organizing Map. (a) This represents the input data.
(b) Illustrates data being mapped to the hexagons for the model. (c) Illustrates the winning neuron
process based on the Euclidian distancing method. (d) Final input plane.

3. Results
3.1. Statistical Analysis and GIS Maps

Vertical plots of physicochemical parameters collected on 8 September 2013 in Church
Creek Triblet (CHR) indicate the typical vertical distributions of these parameters during
late summer and early fall in most of the triblets in the South River estuary. Temperature
shows a very weak thermocline with a decrease from surface to the bottom of only 0.7 degrees
in 2 m (Figure 3a), while salinity is well mixed (Figure 3b). Dissolved oxygen exhibits
near-saturation conditions at the surface but quickly becomes hypoxic (<2 mg L~1) at 1.5 m
(Figure 3c). Chlorophyll-a is remarkably high throughout the water column, excessively
higher than a typical fall bloom (Figure 3d). According to the Chesapeake Bay blueprint
for a healthy ecosystem, the chlorophyll-a concentrations must equal or be below 20.9 ug
L~!. Phycoerythrin is a proxy for blue-green algae with moderate concentration for these
triblets (Figure 3e). The vertical profile results for CDOM concentration are between 40 and
38 mg L~ (Figure 3f). These are baseline results as this has never been recorded in triblets.

Figure 4a—f illustrate the typical vertical profiles for spring conditions witnessed in the
South River Estuary using Broad Creek Triblet (BRD) as an example. The general depth
of these triblets is between one to two meters. Temperature is well mixed, while salinity
indicates a weak halocline (Figure 4a,b). Dissolved oxygen was supersaturated at the
surface due to winds during the collection date coupled with an excessive chlorophyll-a
bloom (Figure 4c). Figure 4d shows the excessive spring chlorophyll-a bloom and relatively
low blue-green algae concentration (Figure 4e). Figure 4f shows high concentrations of
CDOM, which occurred at all triblets. The research found CDOM to be high in concentration
during the spring and fall research monitoring events. In this research, the primary focus
was on the surface waters, defined as 1 m, despite the collection of vertical profiles.
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Depth (meters)

Depth (meters)

Temp (° C) Salinity D.0. (mgL™")
24.6 24.8 25 25.2 105 106 10.7 10.8 109 11 3.5 4 4.5 5 5.5 6
05 0.5 0.5
1 1 1
15 1.5 1.5
2 2 2
(@) (b) -
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(e) (U]

Figure 3. Vertical profiles in shallow triblet (<2 m) Church Creek. (a) weak thermocline (b) well-
mixed with respect to salinity (c) Dissolved oxygen exhibits near saturation conditions at the surface,
hypoxic at 1.5 m. (d) Chlorophyll-a high at the surface to 1 m. (f) CDOM with a maximum at 1 m.

Temp (°C) Salinity D.0. (mgL™")
172 174 176 178 4 45 5 8 10 12 14

Depth{meters)

& 2

(a) () (e
CHL-a (gl Phyoo (cells) = 10° CDOM (mgL™"
20 40 60 80 19 2 2.1 40 45 50
0 0

[p*]
g
R

Depth({meters)

[p+]

{d) (e) U]

Figure 4. Spring vertical profiles in triblets of the South River Estuary, Beards Creek Triblet.
(a) Temperature is well mixed. (b) Salinity indicates a weak halocline. (c) Surface DO supersat-
urated due to high winds and the spring bloom. (d) Chlorophyll-a concentrations are indicative
of a spring bloom. (e) Phycoerythrin is inversely low compared to chlorophyll-a but still shows
concentrations of blue-green algae. (f) CDOM concentrations are high at the surface (1 m).

A map of CDOM median values for each site within the South River watershed indi-
cates that the higher concentrations of CDOM are located in the headwaters and decrease
toward the estuary’s mouth. This is true of the triblets as well; higher concentrations are
located toward the headwaters of these water bodies. The higher concentrations of CDOM
median values occur at sites MS5, Beards Creek Triblet, and Broad Creek Triblet. Sites with
lower median CDOM values include MS1, Harness Creek Triblet, and Selby Bay (Figure 5).
This implies that the headwaters of the triblets can be the primary source of CDOM, and it
is not imported from the Chesapeake Bay.



Water 2022, 14, 2533 8 of21

MS5
Broad
o]
Church
M54 o]
O Gingerville
MS3 o Crab
o]
Little
W Abergeen _Aberdeen
O ©
Wgahouse Almshouse
SRS O Harness
OMSIB Ol?uval\
CDOM__mg | &
Pocahontas
@ =2880 O MS1A
Q@ =30.78 ©
@ s=3277 ool
Y
QO =3575 @
@ <4469
MS1
@
P 1.5 3 6 Kilometers
L I 1 | | 1 1 ! |
Sources: Esri, GEBCO, NOAA, National Geographic, Garmin, HERE, Geonames.org, and other contributors, Esri, Garmin, GEBCO, NOAA NGDC, and other contribuors|

Figure 5. CDOM median concentrations indicate the source of CDOM is in the headwaters of the
triblets/estuary and not sourced from the Chesapeake Bay.

Traditional mixing diagrams for the fall of 2013 and spring of 2014 values are illustrated
in Figure 6a,b. The mixing curve patterns reveal that CDOM exhibits non-conservative
behavior, with spring displaying a higher degree of non-conservativeness than fall. Spring
mixing (Figure 6a) suggests that the upper river sites closest to the headwaters act mainly
as a sink for CDOM, especially within triblets. Further inspection of fall 2013 mixing
(Figure 6b) diagrams implies that CDOM acts more conservatively throughout the estuary;
the production of CDOM occurs in three triblets. The highest recorded value of 80 mg L~!
was observed in Harness Creek Triblet on 29 October 2013, while values below the detection
were observed at MS5 and Gingerville Creek Triblet. Values below the detection level were
observed in Selby Bay on 8 April 2014 and Warehouse Creek Triblet on 9 September 2013.
Site Gingerville Creek Triblet and Warehouse Creek Triblet are tied for the most extensive
CDOM range (46.7 mg L~!, whereas MS1 exhibited the smallest range of only 6.95 mg L.

80 100
® Mainstem stations.
70 @® Creek stations
—— Mixing line 80 [ )
<60 =
- i
2 s0 g 60
=
g0 2w
(=]
o 30 g e
20
20
@
10 0 L
2 4 6 8 10 12 4 6 8 10 12 14 16
Salinity Salinity
(a) Spring Mixing Diagram (b) Fall Mixing Diagram

Figure 6. Mixing diagrams for CDOM, (a) spring mixing diagram, (b) fall mixing diagram.

Statistical analysis of CDOM samples revealed that CDOM is non-normally distributed
in the South River. As a result, a Kruskal-Wallis one-way analysis of variance (ANOVA) on
station ranks was performed. This statistical test was used to test the null hypothesis that
individual triblets and sites within the South River are not significantly different concerning
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CDOM. Results from the non-parametric ANOVA test indicate that at least one of the sites
is significantly different from other sites, and therefore the null hypothesis should be
rejected (H = 65.694 with 21 degrees of freedom, p = < 0.001). Since the stations within the
South River sub-watershed exhibited a high degree of variability, an All Pairwise Student—
Newman-Keuls Multiple Comparison tests were performed (« = 0.05) to determine which
sites differed significantly from each other concerning CDOM. The Means Comparison test
showed that several sites are statistically different from one another. Specifically, station
Beards Creek Triblet (BRD) contains significantly higher concentrations of CDOM than
every other station except for BRO and MS5. The same is true for MS5 and Broad Creek
Triblet (BRO).

Intriguingly, while each of these three sites is close to the headwaters of the South River
estuary, they are not the only sites with significant concentration differences from other
sites. Church Creek Triblet (CHR) is statistically higher in CDOM versus MS1 and Harness
Cree Triblet (HAR) but lower in CDOM concentration than MS5, Broad Creek Triblet (BRO),
and Beards Creek Triblet (BRD). The results for CDOM are graphically displayed using a
box and whisker plot (Figure 7).

80

CDOM (mg L")

Stations
Ems1 Epuv ESE HAR Epoc EmsiA MmsiB Miae Easp HGs EHAM
MCRB M CHR W MS2 WAR GIN EMmMS3 EMS4a EMBRD M BRO M MSS

Figure 7. Box and whisker plot illustrating the results for CDOM. The three box and whiskers to
the right are the Triblets Beards (BRD), Broad (BRO), and MS5 which are similar to each other and
different from all other stations.

Optical brighteners within the South River are also highly variable but do not appear to
display distinct, consistent spatial patterns when examined spatially through GIS mapping.
Most sites had concentrations below detection levels for the instrument during much of
the sampling campaign. The highest single recorded concentration was at station M54,
with a value of 78.6 mg L~!. Further statistical analysis reveals that optical brighteners
are also non-normally distributed, and the One-Way non-parametric ANOVA indicates no
significant differences among the sample sites.

Stations MS1 and MS1A are the only sites where no optical brighteners were detected.
Except for 2 April 2014 and 13 May 2014, all other dates had at least one site with a measurable
concentration of optical brighteners. Some of the sites increased in values to the teens or above;
however, 22 April 2014 had the most sites with high concentrations for any day (Figure 8).
Interestingly, NOAA precipitation records indicated a significant rainfall event occurred in this
watershed six days earlier (https:/ /www.cocorahs.org/ViewData/CountyDailyPrecipReports.
aspx?state=MDé&county=AA, accessed on 1 December 2021). In the introduction, optical
brighteners are a good proxy for leaky septic systems, broken sewer systems, or other nonpoint
sources of introduction into the waterway after a rain event.
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Figure 8. GIS map of Optical Brightener concentrations in the South River Estuary and corresponding triblets.

Median values of Oils indicate high values near the headwaters of the South River
and the lowest median value at the mouth of the river (Figure 9). The most considerable
value reported was Harness Creek Triblet (HAR), 45.76 mg L', on 29 October 2013. On

the same day, notable high concentrations of oils were detected at GIN, DUV, MS4, and
BRD, with concentrations above 20 mg L.

OlLs GIS

Qils {mgl-1)
@2
@ >162-19
O >156-162
® >146-156
® 132-146

@prographic

. TustCerter | ContactEsri . Repotdbuse .

¥

X T Esti, NASA, NGA, USG5 [County of Anne Arundel. YGIN, Exri, HERE, Garmin, s:hsrwh.&m:ulog'
R [ > =t S ———————————— 0

P

Figure 9. GIS map of surficial oil concentration in the main stem and corresponding triblets of the
South River estuary.

Harness Creek Triblet (HAR) has the most extensive range, while Little Aberdeen
Creek Triblet LAB and MS1 has the smallest ranges. Statistical results for oils show similar
patterns to CDOM, especially the large variability exhibited by both. Oils in the South River
are non-normally distributed, so a Kruskal-Wallis non-parametric ANOVA was performed.
The ANOVA indicated that at least one of the stations was significantly different from the
other medians; therefore, the null hypothesis was rejected. Those sites that are significantly
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different were identified using the Student-Newman-Keuls Means Comparison method
with an « of 0.05. Results indicated that station MS5 has significantly higher values of oils
than every other site in the South River, while MS4 was statistically different from all other
sites except Beards Creek Triblet (BRD). Beards Creek Triblet (BRD) was also significantly
different from all other sites. All other sites contain ranges too large to be statistically
different (Figure 10).

50
45
40 °
i, 5
5 30
B0 g
g 25 = ‘
= ] s ¥ ]
4 20 s 2| ﬂ
] = il
15 57 g—g g 1
10 = = i
5
0
Stations
W Ms: EDuv M SEL HAR HMroc B MSIA MMsIBE MLae HMABD EGIBE W ALM
HMcrRB EMcHR BMs2 [H WAR GIN [HlMs3 HEBRO HEBRD HEMs4 HMS5

Figure 10. Box and whisker plot for the general Oil concentrations in the main stem and triblet
locations, South River, MD. Triblet BRD and MS4 are like each other, but different from all other
stations. Whereas MS5 is completely different from all other stations.

The combined fall and spring mixing diagram suggests that oils mainly behave conser-
vatively. However, sites MS 3 and Broad Creek triblet are the main contributors to the small
area in the lower left of the diagram, illustrating potentially less conservative behavior and
may act as a sink for oils (Figure 11).

40 .
@ Mainstem
30 1
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Figure 11. Mixing diagram for general oils, South River main stem, and triblets research sites.

TSS values throughout the South River Triblet system displayed moderate concentra-
tions in the range of 1-12 mg L1, with occasional spikes of much higher concentrations
(Table 3). Furthermore, they are consistent with data taken by the State of Maryland’s
Department of Natural Resources (MDNR) [62]. No linear relationship was found between
TSS, water clarity, Chl-g, or any of these parameters and CDOM.
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Table 3. Total suspended sediment results for the estuary, triblets, and freshwater streams.

Tidal Station IDs 22 Apr 2014 8 May 2014 13 May 2014
MS1 9.4
MS1A 10.7 11.8
MS1B 104 74
MS2 10.3 9.7 59
MS3 11.2 10.5 7.0
MS4 12.6 11.0 9.5
MS5 18.2 14.5 124
Selby 7.7 11.7 8.7
Pocahontas 9.7 7.8 6.9
Glebe 8.6 9.7 7.7
Almshouse 9.4 6.1 9.4
Warehouse 11.3 11.1 11.1
Beards 6.3 13.0 19.3
Duvall 8.8 15.6 11.9
Harness 6.2 8.2 10.7
Aberdeen 7.1 10.3 94
Little Aberdeen 7.5 9.8 9.6
Crab 7.0 9.8 3.4
Church 7.2 8.1 12.9
Gingerville 7.5 8.6 9.7
Broad 11.2 10.8 124
Field Blank 0.0 0.0 0.0
Lab Blank 0.0 0.0 0.0
Non-Tidal Creeks
Station ID 15 Apr 2014 21 Apr 2014 30 Apr 2014 15 May 2014 28 May 2014
BCS3 20.5 122 128.1 27.6 6.4
BDASH 13.5 9.8 110.0
BDS3 27.2 244 90.0 65.6
BRB2 7.0 9.0 89.0 2.2
CCH1 15.5 6.1 45.0 3.8
CCH2 9.6 2.3 44.0 0.7
CCHRest 10.0 21.0 211.6 8.0
CRB1 1.1 59 2629 7.1 154
CRB3 10.4 128.7 43.0 43.2 85.5
FLT1 8.0 7.6 35.0 22 34
GLD1 11.0 9.1 48.0 16.0 25.3
NTH1 55 3.7 4.0 2.6 0.3
WIL 4.6 48 5.0 41
Field Blank 0.0 0.0 0.0 0.0 0.0
Lab Blank 0.0 0.0 0.0 0.0 0.0

The temporal signature of turbidity within the Church Creek Triblet captured over a
month’s worth of data, including a significant storm event via a continuous monitoring
sonde, is illustrated by the Morlet continuous wavelet transform shown in Figure 12.
During the time interval of 7 August to 5 September 2014, a tropical storm began on 12
August within the South River watershed and lasted for 12 h. This time segment is denoted
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by the black vertical lines in Figure 12. During this time, wind gusts were reported upwards
of 29 knots, and the storm produced over seven inches of rain. Prior to the start of the
storm, the average turbidity measured in the tidal section of Church Creek Triblet was
4.1 NTUs. Throughout the actual storm event, the average turbidity increased slightly to
5.3 NTUs; however, the turbidity spiked to over 1100 NTUs three days after the storm
had ended. The turbidity spike is recognized in Figure 12 by the peak in the normalized
spectral energy during periods at the 200 h mark in the record. The peak lasted for 24 h
and began to wane over the next several days, with a total event period of about nine days
after the storm’s end.

Morlet Wavelet Transformation for Turbidity (NTU)- Church Creek Tidal Section Aug. 7- Sept. 5, 2014

Period

100 200 300 400 500 600
Time Hours after 1500, 7 August, 2014

Figure 12. Morlet continuous wavelet transform of turbidity (NTUs) was captured from 7 August
to 5 September 2014 in the Church Creek Triblet. The black circle represents 95 percent confidence
above red noise. The bottom boundary is the cone of influence. Peak energy occurs at 64-75 h or
3-day periodicity.
3.2. Self-Organizing Maps

The self-organizing map model created a 10 x 7 hexagonal grid and mapped the
189 x 6 vector to this plane. Two measures of the SOM performance, the quantization error
and the topographic error, were calculated using the Kohonen toolbox. The quantization
error refers to the distance between the neuron or “best-matching unit” and the data
point, calculated by the Euclidian distance formula. The topographic error is a measure
of the quality of the map projection in that it tests the degree of local discontinuities in
the map [63]. The model developed generated excellent results concerning errors as the
quantization error was 0.17 and the topographic error was 0.04. The first result from the
SOM model is the U-Matrix plane. The U-Matrix gives a sense of the overall pattern as
it represents the unified distance matrix in the model. Lighter areas illustrate smaller
distances between neurons, whereas the dark area represents neurons that are further apart.
As a result, potential cluster areas may be identified (Figure 13).

U-matrix

Figure 13. SOM UMatrix Map.

0.384
0.22
0.0556

The U-matrix figure suggests a few potential clusters, especially one on the upper
left corner, one near the lower left, and one near the right corners. More information can
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be extracted by visually inspecting the input plane diagrams for each variable. The SOM
input plane results for CDOM, Chl-4, oils, optical brighteners, dissolved oxygen, and water
clarity via Secchi depth reveal some fascinating patterns (Figure 14).
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Figure 14. SOM input planes map, CDOM, O.B. Chl-a, water clarity, oils, and dissolved oxygen.
Station labels mapped to the SOM are located to the right in the diagram.

Starting with the CDOM weight plane, a clear zonation occurs as one moves from
the map’s lower right to the upper left. The highest concentrations are clustered mainly
towards the upper to mid-left representing stations at the headwaters and towards the
middle of the estuary, including BRO, BRD, MS3, CRH, and CRB. The lowest CDOM values
are clustered at the bottom right of the map representing stations closest to the mouth of
the South River, including SEL, HAR, MS1A, and MS1. The second grouping of high values
occurs at the top right corner of the map, representing stations CHR, GIN, MS2, and CRB.
Finally, stations with moderately high CDOM are found in the estuary’s central to upper
portions (headwaters).

The following input plane is optical brighteners. In this case, much of the map contains
low values, with the upper left corner containing high values. This cluster of high values is
mainly in the headwaters of the estuary, including MS4, but also includes DUV, CHR, and CRB.

In contrast with the CDOM and OB weight planes, Chl-a displays a different pattern.
For Chl-a, the highest values are clustered mainly in the top center portion of the map,
which includes stations that are mainly near the headwaters. The second cluster of high
values also exists in the lower left. This cluster is best represented by stations towards the
mouth of the South River. Finally, the lowest values are contained in a zone that stretches
from the upper right across the map and down to the lower middle portion of the map.
Stations in this zone are mostly those from the central portion of the river. Most notable are
CHR and SEL in this cluster.

Water clarity measured via Secchi disk was included with the input planes to determine
if new patterns could be detected. The pattern depicted for water clarity is somewhat
patchier than the other input planes, with several clusters of high and low values. The
highest values occur in the lower left cluster and represent stations at the estuary’s mouth.
Another cluster occurs at the mid-right side containing high values from stations close to
the mouth, and a third section at the lower right also contains stations close to the mouth,
such as SEL. The map also contains three patches of low Secchi disk values. The upper
right corner and lower-middle clusters represent the headwaters and central parts of the
river, respectively. Medium to low values are clustered near the mid to upper left portion
of the map, again containing stations at the headwaters.

The weight plane for oils demonstrates a clear pattern of low values in the lower right
and bottom area to high values in the uppermost left corner. The high-value cluster again
represents sites nearest the headwaters, including BRO, MS4, MS3, and other sites such as
CRB and DUV. The lowest values for oils are found at sites located mainly at the mouth
of the river. There is another pocket of low values in the upper center, representing sites
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in the central to the upper estuary. For dissolved oxygen, there is a very distinct zonation
from the bottom to the top of the matrix, with three very distinct clusters. High values are
found at stations close to the mouth with an evident decreasing Secchi depth as one moves
towards the headwaters. The lowest values can be found in LAB, CHR, CRB, GIN triblets,
and MS2.

The relationship of the stations to one another can also be visualized through the SOM
map-projection graphic. Stations with similar properties are thus closer together in the
diagram, whereas those dissimilar are further apart, giving rise to a principal component
such as a map (Figure 15).
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Figure 15. SOM map projection.

4. Discussion

Traditional statistical analysis, including GIS mapping, ANOVAs, and mixing plots,
suggest that the high degree of variability leading to the non-conservative nature is most
likely due to triblet sources and sinks of CDOM. These results further support the notion
that creeks or triblets act as nodal points of pollutants to the receiving estuary, as docu-
mented in Muller and Muller (2014) [64]. More importantly, the Self-Organizing Maps
(SOMs) results concur with this conclusion; however, complex patterns are more easily rec-
ognized since they compress the data onto a single 2-D matrix. This allows one to compare
all of the inputs in one diagram, and the clustering is not based on prior knowledge of the
data structure. Therefore, it tends to be more advantageous than K-means clustering or
Principle Component Analysis (PCR). The results indicate that this technique is a powerful
tool for elucidating complex patterns in water quality stressors in estuaries that may not
be detected using traditional methods. Perhaps the most exciting and informative pattern
comparisons between the SOM input planes occur between CDOM, Chl-a, dissolved oxy-
gen, and Secchi depth. While it is clear that CDOM and Chl-a affect water clarity, high
values of CDOM appear to match clusters of low Secchi depth.

Conversely, Chl-a has a more robust inverse pattern with dissolved oxygen. Con-
sequently, coupled with the medium to low TSS concentrations, these patterns suggest
that CDOM may play a dominant role in poor water clarity within the South River triblet
system, leading to low submerged aquatic vegetation (SAV) acreage. The SOM water clarity
pattern is very similar to the results of Muller and Muller (2014). The SOM pattern for oils
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is primarily consistent with the standard non-parametric ANOVA and means comparison
tests performed. However, the optical brightener’s results are different. The null hypoth-
esis using the ANOVA for optical brighteners was accepted, suggesting no significant
difference among individual triblets, but the SOM tells a different story, as there is clearly a
cluster of high values in the upper topological region. Coupling the OB pattern with the
wavelet analysis of turbidity in the Church Creek Triblet suggests a 3-6-day time frame for
pollutants to work their way through the upper reaches of the triblet system.

Furthermore, the SOM pattern for optical brighteners also appears to match well with
the South River septic produced by Anne Arundel County’s Public Works Department
(Figure 16). While the South River does not seem to exhibit a significant optical brighteners
or oils problem, the ECO Triple and SOM technique may be able to find failing septic
infrastructures in small watersheds, areas where septic upgrades would be most beneficial,
or where marinas may violate clean practices. Therefore, understanding and documenting
the spatial patterns and actual concentrations of CDOM, optical brighteners, and oils
in relation to other water quality stressors such as turbidity and Chl-a are essential and
have broad overreaching implications regarding the ecological health of these systems.
This is especially true given that a significant effort has been made towards restoring the
Chesapeake Bay and other similarly degraded estuarine living resources through water
quality improvements.

The design for restoring the bay and other estuarine systems within the United States is
the EPA’s Total Maximum Daily Load calculations enforced by individual states through the
clean water act and serves as a role model for coastal restoration worldwide [65,66]. While
there have been some critical documented achievements, including meeting the 2025 goals
for nitrogen and phosphorus pollutant loading reductions from several sectors of the main
section of the Chesapeake Bay and large tributaries, they come primarily through upgrades
in industrial wastewater treatment facilities [67]. Some studies suggest that trends in recent
years indicate that the summertime anoxic volume (i.e., dead zone) is decreasing in the
mainstem of the Chesapeake Bay [68], and submerged aquatic vegetation has shown signs of
recovering [69]. However, some studies suggest that Mainstem Bay water quality trends may
be more closely linked to climate fluctuations [70,71]. Even more critical are recent results
from studies testing the effectiveness of upland stream restoration efforts in tributaries, and
especially triblets where the bulk of the bay population lives. Since 2014, there has been an
accelerated effort to implement upland stream restoration “Best Managed Projects” or BMPs.
These methods typically involve stream channel reconfigurations to reconnect the valley to
the adjacent floodplain, arrest stream bank erosion, remove legacy sediment, and install step
pools to slow water down to reduce sediment (TSS) and nutrient pollutant concentrations
reaching the receiving estuary per the Chesapeake Bay’s TMDL [72]. This method is often
known as Regenerative Stream Conveyance systems (RSC).

Unfortunately, few studies truly document the performance above and below the BMP
compared to unrestored tidal creeks of similar character, and most reports mixed results
with moderate reductions of TSS and nutrients. Long-term studies within the triblets
are necessary, since the statistical evidence shows the importance of examining triblets
versus one station in the center of the small estuarine system [74,75]. Some studies also
show no statistical differences between restored and unrestored streams, especially for
nutrients [76,77]. Even fewer studies exist that measure the effectiveness of these projects
to the downstream estuary and typically fail to include CDOM in these studies. This is
particularly critical for several reasons. First, regenerative stream conveyance systems,
one of the most common upland stream restoration techniques, have decreased pH and
dissolved oxygen in surface water streams and groundwater.
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Figure 16. Red clusters indicate the Septic systems in this for the South River, MD. Watershed (https:
//www.aacounty.org/departments/public-works/engineering /forms-and-publications/, accessed
on 1 December 2021) [73].

Furthermore, this same study that compared water quality between restored and
unrestored sites within the Annapolis region, including the South River, indicated that in
at least one site, there was up to a 54-percent increase in the release of dissolved organic
matter (DOC) than in the adjacent unrestored triblet [78]. Given that the entire reason
for performing upland stream restoration is to improve the water quality of the receiving
estuary through the TMDL and that the central impairments to the Bay and its tributaries
include low dissolved oxygen, high Chl-a, and low water clarity, low pH and DOC exports
might exacerbate the estuarine problems rather than improve them. If CDOM concentra-
tions are in part due to exports of DOC related to RS’s or other restoration techniques, then
water clarity improvements are not likely to occur in these regions. This may be why there
is no improvement in submerged aquatic vegetation (SAV) growth in the small tributaries
in this region of the bay. In two decades, there has been no sustained improvement in SAV
acreage within the South River or its sister tributaries. Within the South River, the only area
that shows appreciable amounts of SAV is in and around Selby Bay (SEL), which is located
near the mouth of the estuary and contains some of the lowest CDOM concentrations
and better water clarity versus the rest of the estuary. Chen et al. 2014 [78] showed a
similar non-conservative CDOM pattern, with the highest values in the upper portion of
the Caloosahatchee Estuary of Florida. They also reported that CDOM contributed on
average 55 percent of the total light attenuation and that Chl-a contributed only about
12 percent, with the rest being sediment contributions. This compares well with the SOM
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patterns involving CDOM, Chl-a, water clarity, and the TSS values reported in the South
River. As a result, it is apparent that CDOM is a vital water quality stressor in estuaries and
that it should be measured, especially in response to upland-restoration practices.

5. Conclusions

This paper presented the baseline concentrations and spatial distribution of CDOM,
optical brighteners, and oils using an in situ fluorometric instrumental technique within
tidal creeks of a small sub-estuary of the Chesapeake Bay. The results show that the Self-
Organizing Map method is a suitable alternative to traditional statistical techniques and
may be better at finding key patterns that might otherwise have been obscured by high
variability. This research highlights the potential for using these properties as benchmark
indicators for restoration effectiveness in estuarine and coastal systems, public awareness
of pollutants of emerging concern, and data for coastal resource management.
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