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• 3D numerical model was used to study
impact of shoreline erosion on water
clarity.

• Armored shorelines reduce suspended
sediment, improving clarity measured
by Kd

−1.
• Stronger effect of erosion in lower Bay
and dry years due to lower river influ-
ence.

• Armored shorelines reduce inorganics,
yet can increase organic matter produc-
tion.

• With less erosion, extent of shallower ZSD
yet deeper Kd

−1 yields Organic Fog Zone.
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Shoreline erosion supplies sediments to estuaries and coastal waters, influencing water clarity and primary pro-
duction. Globally, shoreline erosion sediment inputs are changing with anthropogenic alteration of coastlines in
populated regions. Chesapeake Bay, a prime example of such a system where shoreline erosion accounts for a
large proportion of sediments entering the estuary, serves here as a case study for investigating the effects of
changing sediment inputs on water clarity. Long-term increases in shoreline armoring have contributed to
decreased erosional sediment inputs to the estuary, changing the composition of suspended particles in surface
waters. This study examined the impact of shoreline erosion on water clarity using a coupled hydrodynamic-
biogeochemical model. Experiments were conducted to simulate realistic shoreline conditions representative
of the early 2000s, increased shoreline erosion, and highly armored shorelines. Together, reduced shoreline ero-
sion and the corresponding reduced rates of resuspension result in decreased concentrations of inorganic parti-
cles, improving water clarity particularly in the lower Bay and in dry years where and when riverine sediment
influence is low. This clarity improvement relaxed light limitation, which increased organic matter production.
Differences between the two extreme experiments revealed that in themid-estuary in February to April, surface
inorganic suspended sediment concentrations decreased 3–7 mg L−1, while organic suspended solids increased
1–3 mg L−1. The resulting increase in the organic-to-inorganic ratio often had opposite effects on clarity accord-
ing to different metrics, improving clarity in mid-Bay central channel waters in terms of light attenuation depth,
but simultaneously degrading clarity in terms of Secchi depth because the resulting increase in organic
suspended solids decreased the water's transparency. This incongruous water clarity effect, the spatial extent
ofwhich is definedhere as anOrganic Fog Zone,was present in February to April in all years studied, but occurred
farther south in wet years.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

Quantifying changing water clarity is important to understanding
aquatic ecology and managing water quality. Water clarity exerts a
key control on the functioning of aquatic ecosystems in oceanic and
coastal waters worldwide because it determines the amount of light en-
ergy accessible for underwater photosynthesis. Water clarity holds
great importance in coastal and estuarine waters, because of the large
human populations, economically important fisheries, and linked
watershed-ocean processes that characterize coastal systems. While
many metrics are used to describe water clarity in aquatic environ-
ments, the present study focuses on water clarity measured by light at-
tenuation depth (Kd

−1) and Secchi depth (ZSD; see Appendix A for
acronym definitions). Kd

−1 is the inverse of the diffuse light attenuation
coefficient Kd, which describes the logarithmic slope of the reduction in
the intensity of photosynthetically active radiation (PAR) with depth
(Kirk, 1994). Kd

−1 ismost closely related to overall underwater illumina-
tion and the availability of energy for autotrophs. In contrast, ZSD is the
depth atwhich awhite or black andwhite disk can no longer be seen by
the human eye (Holmes, 1970; Preisendorfer, 1986; Secchi and Cialdi,
1866; Tyler, 1968). ZSD, representing image attenuation, is a measure
of transparency or visibility. Over the past century, ZSD has been widely
used as a water claritymetric, in part because of its extreme ease of use.
Trends in ZSD in water bodies often reflect large-scale drivers of change,
ranging from external watershed change (Jassby et al., 2003) to internal
regime shifts (Effler et al., 2008). Gradually shallowing ZSD has been
seen in many coastal waters due to eutrophication of coastal environ-
ments. For example, trends of decreasing (i.e., shallowing) ZSD have
been documented in the Adriatic Sea (Justić, 1988), the Bohai Sea
(Shang et al., 2016), and parts of the Baltic Sea (Bonsdorff et al., 1997;
Fleming-Lehtinen and Laamanen, 2012; Harvey et al., 2019). In contrast,
increasing light penetration has been documented in the Pearl River Es-
tuary (Wang et al., 2018) and in San Francisco Bay (Cloern and Jassby,
2012) in association with reduced sediment input.

Chesapeake Bay serves as an excellent case-study estuary for water
clarity change due to its turbid yet variablewater clarity conditions, eco-
logical and human relevance of water clarity in the region, and some-
what ambiguous response to watershed management efforts in recent
decades. The Chesapeake Bay is a large, eutrophic estuary characterized
by relatively low water clarity, i.e., shallow Kd

−1 (strong light attenua-
tion) and shallow ZSD (low transparency), with long-term means of
1.7m and 1.5m, respectively, in themainstem Bay.Water clarity condi-
tions vary widely across spatial, seasonal, and interannual-hydrological
gradients. Clarity in this estuary is a key control on timing of seasonal
phytoplankton blooms and subsequent deep channel hypoxia, and clar-
ity holds additional importance to recreation, aquaculture,fisheries, and
submerged aquatic vegetation; the latter provides habitat for juveniles
of commercially important species (Jones, 2014; Peterson et al., 2000;
Schaffler et al., 2013). Following historical land-use change and extreme
eutrophication, improved watershed management practices have been
instated since the 1980s (Lefcheck et al., 2018; Zhang et al., 2018). How-
ever, the overall response ofwater clarity over the last 40 years has been
ambiguous. Trends reveal shallowing ZSD (i.e., decreased transparency)
since the 1980s (Gallegos et al., 2011; Testa et al., 2019), yet at the same
time, reductions in total suspended solids (TSS) and deepening Kd

−1

(i.e., increased light penetration) (Harding et al., 2016). The mecha-
nisms driving these opposing trends in Kd

−1 and ZSD are not yet well un-
derstood, and motivate the study described here.

Meanwhile, sediment inputs from shoreline erosion in Chesapeake
Bay are decreasing as the shoreline is gradually hardened by human de-
velopment (Gittman et al., 2015; Halka et al., 2006; Hardaway and
Byrne, 1999; Isdell, 2014; Patrick et al., 2014; Russ and Palinkas,
2020). For sheltered coasts within the Chesapeake Bay and its tidal trib-
utaries, approximately 25–50% of previously natural shorelines have
been hardened, depending on location (Gittman et al., 2015; Patrick
et al., 2016). Regional shoreline erosion adds slightly more sediment
2

to the Bay than the two largest rivers combined (Table S1), and in the
mainstem mid- to lower-=Bay shoreline erosion is the largest single
source of inorganic solids (Cerco et al., 2013). Hardened shorelines
have also been associated with changes in seabed grain size via deposi-
tion of finer material on landward sides of structures (Martin et al.,
2005) and coarsening of the surrounding seabed (Davenport, 2012),
which alters the erodibility of seabed sediments. As shorelines have
been hardened, much focus has been placed on the consequences to or-
ganisms in the nearshore environment and localized ecological impacts
(Bilkovic et al., 2019; Chhor et al., 2020; Patrick et al., 2016; Prosser
et al., 2017). However, large-scale consequences of these decreased sed-
iment inputs for estuary-scale biogeochemistry and water clarity have
not yet been investigated.

Reductions in sediment inputs to aquatic ecosystems through shore-
line hardening can alter suspended particle composition, influencing
water clarity trends. Changing concentrations of inorganic mineral sed-
iments shift the organic-to-inorganic ratio of suspended particles. For
example, with higher sediment inputs, the organic-to-inorganic ratio
of suspended solids decreases, and with lower sediment inputs, the or-
ganic fraction increases. The organic fraction of suspended solids has
ramifications for water transparency because ZSD is more sensitive to
light scattering by some particle types than Kd

−1 (Gallegos et al., 2011;
Hou et al., 2007). For example, in lakes, reservoirs, and coastal bays, par-
ticulate scattering is strongly inversely correlated to ZSD, and organic de-
trital particles often dominate contributions to ZSD significantly more
than to Kd

−1 (Armengol et al., 2003; Effler and Peng, 2012; Hernádez
and Gocke, 1988). The relationship between ZSD and Kd

−1 in turbid
water is not fixed, since in the presence of highly-scattering particles,
ZSD is shallower than could be predicted by a linear relationship with
Kd
−1 (Kirk, 1994; Koenings and Edmundson, 1991). Furthermore, in ex-

tremely turbid waters, the trend reverses such that ZSD is deeper than a
linear trend with Kd

−1 would predict (Bowers et al., 2020). In short, ZSD
and Kd

−1 have a complex relationship that varies with the concentration
and composition of suspended particles. Increased scattering due to
changing amounts of organic detritus could help to explain the ob-
served opposing trends in ZSD and Kd

−1 in Chesapeake Bay (Gallegos
et al., 2011). Yet, themechanism for a compositional change in particles,
i.e., the driver of this changing organic-to-inorganic ratio, has not been
clearly identified.

The primary goal of the current study is to evaluate the estuary-wide
impacts of shoreline armoring onwater clarity in Chesapeake Bay and to
relate these impacts to the opposing trends previously documented in
attenuation depth and Secchi depth. This research builds on past work
byusing a comprehensivemodeling framework to conduct experiments
to test the impact of changes in coastal erosion as possible mechanisms
for complex water clarity change, taking into account the entire estua-
rine ecosystem. The present study seeks to answer the research ques-
tion: how does a decrease in shoreline erosion associated with
increased shoreline armoring affect water clarity in Chesapeake Bay?
We find that shoreline armoring (reduced shoreline erosion) improves
water clarity throughout the Bay in terms of Kd

−1, especially at locations
and times with relatively low river influence, yet has spatially, season-
ally, and interannually diverse impacts on ZSD due to a relaxation of
light limitation on organic matter production.

2. Methods

2.1. Observations: in situ data

In situ data from the Chesapeake Bay Program (CBP) Water Quality
Database (Environmental Protection Agency (EPA), 2012) were used
for the development of empirical equations to describe water clarity
and to evaluatemodel skill. Associated observations have been collected
on monitoring sampling cruises throughout the Bay since 1984. Timing
of cruises is typically monthly during November to February and fort-
nightly during March to October. The present study used data from 33
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mainstem stations, including the central channel and additional
mainstem stations closer to shorelines and tributary river mouths
(Fig. 1). Stations had water column depths of 5 to 35 m depending on
location. For development of empirical equations (see Section 2.2.4),
the timeframe January 1998 to December 2019 was used to avoid po-
tential TSS biases associatedwith amethodology change in Virginia wa-
ters in the mid-1990s (Williams et al., 2010). Data used to develop the
empirical equation for light attenuation (Kd) included surface (<2 m)
salinity, TSS, and Kd sampled on the same days at the same stations
(Nobs= 10835). Data used to develop the empirical equation for ZSD in-
cluded surface volatile suspended solids (VSS), Kd, and ZSD sampled con-
currently (Nobs = 5046). VSS and fixed suspended solids (FSS) are used
here as proxies for organic and inorganic solids because observations of
VSS and FSS are reported by the CBP Database. Data used for model skill
assessment included temperature, salinity, Kd

−1 and ZSD, as well as
suspended solids (TSS, FSS, and VSS, where T, F, and V indicate total,
fixed, and volatile components.) Components of TSS were measured
using bottle samples, 0.7-micron glass-fiber filters, drying at 103-
105 °C, and combustion at 550 °C to calculate mass with and without
volatilized components. When only FSS or VSS data were reported
alongside corresponding TSS data, the missing component was calcu-
lated assuming TSS = FSS + VSS. In situ Kd was estimated by lowering
Fig. 1. Model grid, with large orange circles indicating the locations of river inputs and
small red markers indicating locations of long-term monitoring stations used for model-
data comparison. Colorbar indicates surface flux of total sediment mass (mg m−2 s−1) as
the mean daily flux from shoreline erosion inputs.

3

a quanta lightmeter through thewater column to record photosynthet-
ically active radiation (PAR) at a series of depths from just below the
surface to the depth of the 10% light level (Z10%), and computing the re-
duction in PAR relative to the surface measurement:

Kd ¼ ln PARsurface−PARZ
� �

Z10%
ð1Þ

PARwas alsomeasured simultaneously in air to account for variabil-
ity in incident light due to cloud cover. The observed attenuation depth
(Kd

−1) in meters was then calculated as the inverse of observed Kd.

2.2. Estuarine model

2.2.1. Coupled hydrodynamic-biogeochemistry model
The Chesapeake Bay Estuarine Carbon and Biogeochemistry Model

(ChesROMS-ECB) was used to simulate linked watershed-estuarine pro-
cesses. The hydrodynamic model used in this study was an implementa-
tion of the Regional Ocean Modeling System (ROMS) (Shchepetkin and
McWilliams, 2005) designed for the Chesapeake Bay (Xu et al., 2012)
with a horizontal grid cell resolution of ~1.8 km (Fig. 1) and 20 terrain-
following vertical levels stretched for increased depth resolution in
surface waters and near the seabed. As in previous ChesROMS-ECB
implementations, state variables simulated within this framework in-
cluded dissolved organic and inorganic nutrients (nitrogen and carbon),
oxygen, phytoplankton, zooplankton, detritus, and inorganic suspended
sediments (see St-Laurent et al. (2020) supplementary information for
biogeochemical equations). Terrestrial inputs of freshwater, temperature,
particulate and dissolved nitrogen, and inorganic sediments were ob-
tained from the Phase 6 CBP Watershed Model (Easton et al., 2017;
Shenk and Linker, 2013), while terrestrial inputs of inorganic and organic
carbon were obtained from the Dynamic Land Ecosystem model (Tian
et al., 2015). As in Irby and Friedrichs (2019), inputs of particulate organic
matterwere divided into phytoplankton and small detritus, anddissolved
organic matter was partitioned into semi-labile and refractory compo-
nents. All terrestrial inputs were added at ten point-source locations in
the model grid (Fig. 1), representing both overland and riverine flow.

Atmospheric forcing from the ERA5 data reanalysis product
(Copernicus Climate Change Service C3S, 2017) includedwind, humidity,
precipitation, air temperature and pressure, and incoming longwave and
net shortwave radiation. Atmospheric nitrogen deposition was also in-
cluded (Da et al., 2018). Sea surface height was forced using observed
non-tidalwater levels fromLewes, DE andDuck, NC, alongwithAdvanced
Circulation model tidal harmonics (Luettich et al., 1992). Open ocean
boundary conditions for temperature and salinity were calculated from
observed vertical profiles from the World Ocean Database (Boyer et al.,
2018) with climatologies derived from multiple years and long-term
trends 1985–2018 applied such that temperature and salinity at the
boundary varied both seasonally and interannually (Garcia and Gordon,
1992). With a similar setup to the one described here, ChesROMS-ECB
has previously been used to investigate broad-scale impacts ofwater clar-
ity on temperature (Kim et al., 2020), effects of resuspension on sediment
and water biogeochemistry (Moriarty et al., 2021), and impacts of atmo-
spheric deposition (Da et al., 2018), watershedmanagement actions, and
climate change on hypoxia (Irby et al., 2018; Irby and Friedrichs, 2019)
and inorganic carbon balance (St-Laurent et al., 2020).

2.2.2. Sediment transport model
Most aspects of the sediment transport model implemented in the

present study were consistent with those described in Moriarty et al.
(2021). Specifically, three fine-grained sediment size classes were sim-
ulated with settling velocities typical of silt-rich flocs, clay-rich flocs,
and unaggregated mud (Table 1), consistent with Cerco et al. (2010,
2013). Sediment concentrations in the water column were governed
by shear stress dependent resuspension and deposition according to
the bottom boundary layer formulation of Madsen (1994). The seabed



Table 1
Characteristics of modeled inorganic particle components of FSS and detrital components of VSS.

Type Name τcrit(E,D)
(Pa)

Ws

(mm s−1)
Shoreline erosion
input flux
(kg s−1)

Riverine input
flux
(kg s−1)

FSS Sanda 20 n.a. 0 0
Silt-rich flocs 0.09 0.1 25.5 64.7
Clay-rich flocs 0.09 0.03 19.1 177.1
Unaggregated mud 0.09 0.012 19.1 9.94

VSS Small detritusb 0.01 0.001 0 16.8c

Large detritusb 0.01 0.06 0 0

a Sand is present in the seabed only to allow armoring to limit mud resuspension and is effectively never resuspended.
b From Peterson (1999).
c Riverine input concentrations of organic particles in kg m−3 were computed from carbon concentration in mmol C m−3 using DW:carbon ratio of 2.9.
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(Fig. S1) was characterized by a spatially explicit initial grain size distri-
bution based on observations over multiple summer seasons (Nichols
et al., 1991). Wind-driven waves were implemented using output
from the Simulating Waves Nearshore (SWAN) model (Booij et al.,
1999) through one-way coupling to the hydrodynamics and sediment
routines. Spatial patterns in the resulting current- and wave-induced
bed stresses governing resuspension from the seabed (Fig. S2) reveal a
strong influence ofwaves in the lower Bay and a strong influence of cur-
rents in the deepmainstemchannel. For all four classes of inorganic par-
ticles, a seabed erosion rate of 3 × 10−5 kg m−2 s−1 was used. Finally,
critical shear stress values for erosion and deposition (τcrit(E,D)) of sand
were set to 20 Pa (Table 1), the role of sand being to armor the seabed
and allow winnowing of fine sediment without the sand being resus-
pended (Harris et al., 2008).

To achieve the goals of the present study, the model configuration
deviated from Moriarty et al. (2021) in the use of fewer seabed layers,
seabed nudging toward observed grain size spatial distribution, higher
critical shear stresses for fine sediment classes, and simplified seabed-
water column biogeochemical setup. The seabed was initialized with
two bed layers of thickness 0.5 cm and 100 cm and with the observed
seabed fractions given by Nichols et al. (1991). A sediment bed porosity
of 0.9 and grain densities of 2650, 2000, 1350 and 1350 kgm−3were as-
sumed for the four sediment size classes. These parameters together de-
fined the mass of each sediment size class in the initial condition of the
seabed. Through the course of the calculation, the mass of each sedi-
ment class in the seabed was slowly nudged toward this initial condi-
tion on a one-month timescale. This nudging scheme was added to
reflect higher confidence in the observed grain size distribution condi-
tions than in modeled seabed drift, while still allowing for dynamic re-
suspension and deposition of sediments between water column and
seabed over time. Values for τcrit(E,D) were set to 0.09 Pa (Table 1) for
the three fine sediment classes, which allowed the model to most
closely represent observed conditions. This τcrit(E,D) value of 0.09 Pa, al-
though higher thanMoriarty et al. (2021) and Cerco et al. (2010, 2013),
compares well with the values presented in Wu et al. (2018), Sanford
and Maa (2001), and Maa et al. (1998). The τcrit(E,D) parameter for fine
sediment classes was altered for each of the two experimental model
runs (see Section 2.3.2). Lastly, seabed-water column biogeochemical
interactions in the present study were distinct from Moriarty et al.
(2021) and instead consistent with Da et al. (2018) and St-Laurent
et al. (2020). For example, an organic critical shear stress of 0.01 Pa
(based on Peterson, 1999; Table 1) yielded results consistent with ob-
servations, characterizing the observed lower density of organic parti-
cles. As in these earlier studies, when sinking organic matter reached
the seabed a fraction was resuspended as small detritus as a function
of the organic matter critical shear stress, a fraction was removed via
burial, and a fraction was instantly remineralized (Druon et al., 2010;
St-Laurent et al., 2020).

Shoreline erosion sediment inputs, not considered in any previous
ChesROMS-ECB applications, were calculated for each stretch of shore-
line on an annual basis following the methodology used in the Phase 6
CBP Watershed Model (Easton et al., 2017; Shenk and Linker, 2013).
4

Eroded sediment mass was calculated from observed long-term shore-
linemigration from the late twentieth centurymeasured in aerial imag-
ery converted to mass inputs based on observed bank sediment grain
size distributions (Cerco and Noel, 2017; Halka et al., 2006; Hardaway
et al., 2017). Nutrient fluxes and organic matter inputs from shoreline
erosion were not considered in the current study, as bank sediments
are nitrogen-poor and contain recalcitrant organic material (Johnson
et al., 2018). The total amount of shoreline sediment inputs to the Bay
each yearwas assumed to remain constant, yet within each year, inputs
varied daily as a function of the wave power adjacent to each shoreline
segment. In this way, the inputs were highly correlated to wave energy,
consistent with other studies that suggest that shoreline erosion is
closely related to wind and wind-wave energy (Cerco et al., 2010;
Sanford and Gao, 2018). For the present study, shoreline erosion inputs
were converted to the flux of sediments from two distinct mud compo-
nents, clay and silt, into surfacewaters (Table 1, Table S2). Sand was as-
sumed to settle out too quickly to contribute to surface water clarity
(Davies-Colley and Smith, 2001) andwas thus ignored in shoreline ero-
sion inputs. Watershed model clay inputs were split into the two corre-
sponding simulated sediment classes of clay-richflocs and unaggregated
mud (Table 1). Spatially, to convert inputs from the watershed regula-
tory model segment-sheds, inputs were summed for each separate
Maryland and Virginia county. County total inputs were then evenly dis-
tributed over the land-adjacent water grid cells in ChesROMS-ECB that
most closely corresponded to the geographic location of each county's
shoreline. Shoreline erosion sediment inputs were implemented as the
flux of sediments into surface water grid cells (Fig. 1).

2.2.3. Ballasting effect for particle sinking rates
A further improvement to ChesROMS-ECB included adding a

ballasting effect for particle sinking rates. Organic and inorganic particles
are known to ballast one another, increasing overall particle sinking
rates (e.g., Malpezzi et al., 2013). This enhanced sinking ratewas incorpo-
rated here as a simplified process to represent how aggregation enhances
particle sinking rates in turbidwaters. In past studies, updated parameter-
izations for particle aggregation and sinking improved the performance of
biogeochemical models in the Atlantic and Pacific Oceans (Fischer and
Karakaş, 2009; Kriest, 2002; Niemeyer et al., 2019). Considering divergent
theories onwhether organic particles enhance the sinking rates ofmineral
particles (Kranck andMilligan, 1980; Passow, 2004),mineral particles en-
hance the sinking rates of organic matter (Armstrong et al., 2001; Klaas
and Archer, 2002), or both, depending on composition (Hamm, 2002).
In the present study both inorganic and organic particles were simulta-
neously subjected to a ballasting effect. All particle typeswere formulated
to sink at higher velocities, implemented according to the function:

When TSS>TSSmax,Ws ¼ Wmax

When TSS>TSSmin,Ws ¼ Wmin

When TSSmin<TSS<TSSmax,Ws ¼ Wmax−Wminð Þ
TSSmax−TSSminð Þ ⁎TSSþWmin

ð2Þ
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where Ws is the settling velocity for a respective particle type (inor-
ganic: sand, silt-rich flocs, clay-rich flocs, and unaggregated mud; or-
ganic: phytoplankton, small detritus, and large detritus). Wmax and
Wmin are the minimum andmaximum settling velocities for each given
particle type, set here such that Wmax = 4*Wmin. TSSmax and TSSmin are
the concentrations at which sinking rates for all particle types begin to
increase and reach their maxima, respectively. For simplicity, Ws for a
given particle class was assumed uniform over the vertical water col-
umnat a given horizontal grid point and time-step. Thus, TSS concentra-
tions at surface grid cells were used to determine the degree of
ballasting at each location at each time step, with TSSmax and TSSmin,
respectively, set to 18 and 100 mg L−1 (Fig. S3). Conditions with near-
surface TSS > 18 mg L−1 are mostly encountered in the estuarine tur-
bidity maximum (ETM), defined spatially for the Chesapeake Bay as
the region from ~39.1oN to 39.4 oN latitude (Fig. 1). The addition of this
ballasting effect mimics the comparatively higher particle settling rates
observed in the ETM compared with the mid- and lower-Bay (Sanford
et al., 2001).

A runwas also conducted inwhich the ballasting effectwas removed,
so that sinking rates did not increase in regions of high surfacewater TSS
concentrations. The results were compared to an analogous run with
ballasting (Table S3), demonstrating that the ballasting effect improved
model skill. Particularly, improvementswere found in the surfacewaters
of the upper-Bay ETM, where long-term average modeled FSS and TSS
were previously overestimated compared to observed values before
the ballasting effect was incorporated. As a result, the ballasting effect
was implemented in all model experiments.

2.2.4. Calculation of Kd, ZSD, and TSS
For implementation in ChesROMS-ECB, equations for Kd and ZSD

were derived from multiple linear regression analysis using CBP Water
Quality Database observations (EPA, 2012) from 1998 to 2019 (see
Section 2.1). Modeled Kd was calculated as a function of modeled TSS
and salinity, as is common in other Chesapeake Bay modeling studies
(Cerco and Noel, 2017; Feng et al., 2015; Xu et al., 2005). Here, updated
empirical constants were derived from multiple linear regression anal-
ysis (Fig. S4) to incorporate more recent observations with reliable
TSS (mg L−1) measurements from January 1998 to December 2019:

Kd ¼ 0:92þ 0:079⁎TSS−0:037⁎Salinity ð3Þ

with salinity considered as a proxy for colored dissolved organic matter
(and possibly other indirect factors such as nutrient concentrations,
which are also inversely correlated with salinity). Eq. (3) is used
throughout the model domain and represents a best fit to the data col-
lected throughout the Bay'smainstem. In addition, Kdwas bounded by a
minimum of 0.04 m−1 to represent the attenuation of pure water
(Fasham et al., 1990; Fennel et al., 2006). Using the same procedure,
modeled ZSD was calculated as a function of modeled Kd and VSS based
on CBP data from 1998 to 2019 (Fig. S4):

ZSD ¼ 1:46
Kd þ 0:12⁎VSSð Þ ð4Þ

Attempts to include additional variables such as particulate carbon
or chlorophyll did not improve the empirical relationship for Kd or ZSD.
Note that ZSD was only calculated diagnostically from the model output
and did not affect the biogeochemical variables, because PAR and Kd are
more appropriate measures of light for calculating primary production.
Thus, ZSDwas used only for post-processing, includingmodel-data com-
parison and analysis of results.

Modeled TSSwas calculated from the concentrations ofmodeled state
variables, using a set of assumptions about the nature of the suspended
materials in the Chesapeake Bay based on observed relationships. TSS is
the sum of dry weight (DW) concentrations of fixed suspended solids
5

(FSS) and VSS in mg L−1, and VSS is defined to be proportional to partic-
ulate organic carbon (POC) concentration:

VSS ¼ 2:9⁎POC ð5Þ

where 2.9 is a typical DW VSS:POC ratio for Chesapeake Bay waters
(Cerco and Noel, 2017). Modeled POC was calculated as the sum of
planktonic and detrital carbon concentrations, where phytoplankton
and zooplankton state variables were converted from nitrogen to car-
bon units using the Redfield ratio. Modeled FSS was computed as the
sum of water column inorganic suspended solids (ISS) concentrations
from the sediment model (i.e., the sum of silt-rich flocs, clay-rich flocs,
and unaggregatedmud) andwater columnVSSmultiplied by a constant
representing plankton ash content (Fall, 2020):

FSS ¼ ISSþ 0:35⁎VSS ð6Þ

where 0.35was the FSS:DWphyto ratio, i.e., the ratio of plankton ash con-
tent to plankton total dry weight. This adjustment is required because
FSS observations from the CBP Database include ash from plankton-
derived solids, but the sediment classes output by the ChesROMS-ECB
do not. The 0.35 value in Eq. (6) imitated a representative Chesapeake
Bay phytoplankton community made up of 63% diatoms, i.e., a diatom
fraction (fdia) of 0.63 (Marshall et al., 2006):

FSS : DWphyto ¼ FSS : DWdia⁎ f diað Þ þ FSS : DWnondia⁎ 1− f diað Þð Þ ð7Þ

where the ash content to dry weight ratio of diatoms (FSS:DWdia) was
0.46 and the ash content to dry weight ratio of non-diatom species
(FSS:DWnondia) was 0.16 (Whyte, 1987).

2.3. Model simulations and analysis

2.3.1. Reference Run
A realistic Reference Run was conducted over the years 2001–2005.

This timeframe encapsulates the high interannual variability of the
Chesapeake Bay regional climatic conditions, as it includes two hydro-
logically dry years (2001−2002), two wet years (2003–2004), and
one moderate year (2005). Initial conditions were derived from output
of multi-year runs for biogeochemistry and sediment grain size distri-
butions conducted with earlier versions of the modeling framework
(Da et al., 2018; Moriarty et al., 2021). Shoreline erosion sediment in-
puts for the Reference Run were realistic inputs for the early 2000s
with a moderately erodible seabed governed by τcrit(E,D) = 0.09 Pa. Ad-
ditionally, the Reference Run was preceded by one year of model spin-
up (2000).

2.3.2. Experiments
In addition to the Reference Run, two experimental runs “More

Shoreline Erosion” and “Highly Armored Shoreline Erosion” were con-
ducted to explore how increased shoreline erosion and the absence of
shoreline erosion impacted water clarity. For the More Shoreline Ero-
sion run, daily shoreline erosion inputs were doubled, and a concurrent
increase in seabed erodibility was implemented (τcrit(E, D) = 0.03 Pa,
e.g., Cerco et al., 2013; Moriarty et al., 2021; Cerco et al., 2010). For the
Highly Armored Shorelines run, sediment inputs from shoreline erosion
were completely removed, and the associated seabed erodibility was
decreased (τcrit(E,D) = 0.12 Pa, e.g., Maa et al., 1998; Sanford and Maa,
2001;Wu et al., 2018). The corresponding changes in seabed erodibility
for each shoreline change experiment represented the alteration of sed-
iment supply, depositional processes, and grain size distributions com-
monly observed in response to varying degrees of shoreline armoring
(Dugan et al., 2011). Studies addressing interannual variation in estua-
rine sediment dynamics (Burchard et al., 2018; Dickhudt et al., 2009;
Ralston and Geyer, 2009) have demonstrated that shifts in the external
supply and internal deposition rates of fine sediment commonly lead to
corresponding shifts in bed erodibility.
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2.3.3. Analysis of model results
Spatial and temporal patterns in simulated FSS, VSS, TSS, Kd

−1 and ZSD
from each experimental run were compared to those from the Refer-
ence Run to assess the spatial extent and seasonal timing ofwater clarity
improvement or degradation according to each metric. Analysis of
model results focused on surface waters where phytoplankton produc-
tion is concentrated, and in themainstem Bay where incongruous long-
term water clarity trends have been observed (Harding et al., 2016).
Water clarity differences between the twomost contrasting experimen-
tal model runs (Highly Armored Shorelines minus More Shoreline Ero-
sion) are described, in order to highlight the spatial and temporal effects
of erosional changes. Two “zones” of water clarity change due to the re-
moval of shoreline erosion are defined:

Enhanced Visibility Zone:
Highly Armored minus More Shoreline Erosion, ΔKd

−1 > 0 m and
ΔZSD > 0 m

Organic Fog Zone:
Highly Armored minus More Shoreline Erosion, ΔZSD < 0 m

3. Results

3.1. Model-data comparison

Reference run resultswere generally consistentwith observed phys-
ical and clarity-related conditions in surface waters for long-term inter-
annual average conditions for 2001 to 2005 (Table 2). Along the
mainstem, long-term mean salinity varied from 0 to 30 with a similar
along-Bay distribution in both the model results and observations. Al-
though model results slightly underestimate Kd

−1 in the lower Bay in
2003, throughout most of the Bay the model reproduces Kd

−1 and ZSD
quite well. Observed long-term mean Kd

−1 varied from 0.4 to 2 m from
the ETM to the Bay mouth, while modeled long-term mean Kd

−1 varied
from 0.3 to 3 m along the same span of locations. Observed long-term
mean ZSD ranged down-estuary from0.4 to 3m, andmodeled ZSD varied
between 0.3 and 3m along the same spatial gradient. At the Baymouth,
slight overestimation of VSS and underestimation of FSS combined to
yield a high-skill estimate of TSS and Kd

−1. In the ETM, particularly
north of 39.4oN latitude (Fig. 1), biases in VSS and FSS resulted in a slight
yet consistent overestimation of TSS in all years. Consequences of these
biases for light penetration in terms of Kd

−1 were minimal, since the
combination of slight overestimations for both TSS (~1.4 mg L−1 higher
than observed) and salinity (~0.9 psu higher than observed) balanced
one another to effectively represent Kd

−1 with high skill based on the
empirical equation used.

Interannual variability in modeled water clarity conditions closely
resembled observed interannual variability between dry and wet
years (Fig. 2, Table S4). For example, Kd

−1 in dry years ranged between
0.7 and 5 m in observations vs. 0.6 and 4 m in the model, and in wet
years ranged from 0.5 to 3 m in observations vs. 0.5 to 2 m in the
model. Similarly, ZSD in dry years varied from 0.8 to 3m in observations
vs. from 0.5 to 3 m in the model, and in wet years ranged between 0.4
and 2 m in observations vs. 0.3 and 2 m in the model. In dry years, the
model slightly underestimated Kd

−1 and ZSD (i.e., shallower than
Table 2
Reference runmodel-data comparison for surfacewater variables over the timeframe Jan-
uary 1, 2001 to December 31, 2005 for the 33 stations in the mainstem Chesapeake Bay.

Variable Meanmodeled Meanobserved Biasa Nobs

Salinity 14.96 14.06 0.90 2408
Kd
−1 (m) 1.28 1.72 −0.45 1967

ZSD (m) 1.23 1.46 −0.24 2388
FSS (mg L−1) 5.92 4.84 1.08 1387
VSS (mg L−1) 3.53 3.16 0.38 982
TSS (mg L−1) 9.45 8.08 1.38 2401
Temperature (°C) 15.93 17.26 −1.33 2408

a Bias is calculated as Meanmodeled - Meanobserved.
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observed) in the ETM(Fig. 2). Therewere also largerwater clarity differ-
ences between wet and dry years in modeled TSS. Observed annual
mean TSS was ~1.3 mg L−1 greater in wet years than dry years, while
modeled TSS was ~4 mg L−1 greater in wet years (Table S4). This wet-
year-to-dry-year difference was greater in themodel due to a combina-
tion of VSS and FSS overestimation in wet years.

Model results also successfully reproduced seasonal variability in
observed conditions (Fig. S5). Observed Kd

−1 and ZSD were shallower
inMay to August comparedwith February to April, and themodel effec-
tively reproduced this seasonal pattern. Modeled ZSD was slightly
shallower than observed ZSD, especially in February to April. This shal-
low ZSD bias of the model reflects a combination of the biases in both
Kd
−1 and VSS during the same season.

3.2. Spatial variability in the effect of decreased shoreline erosion

Based on the differences between the results of the two contrasting
experiments (Highly Armored Shorelines minus More Shoreline Ero-
sion), the removal of shoreline erosion increased light penetration to
depth according to Kd

−1, but had complex effects on ZSD. Inmany regions
of the Bay, such as shallow, nearshore areas and the upper Bay ETM, the
removal of shoreline erosion improved clarity in terms of all metrics in
February to April (Fig. 3). However, a complex water clarity effect was
observed during that same season in mid-Bay main channel waters:
water clarity was improved in terms of decreased FSS and deeper Kd

−1

while also showing increased VSS and shallower ZSD (Fig. 3). In short,
water clarity in terms of light penetration improved, while water trans-
parency declined due to the increased organic matter concentration.

The spatial pattern of clarity change due to the removal of shoreline
erosion can be summarized by defining spatial “zones” of change. These
water clarity effect zones describe the spatial regionswhere surfacewa-
ters showed contrasting impacts of removing shoreline erosion (Fig. 4).
In the Enhanced Visibility Zone, reduced sediment inputs improved
water clarity in terms of all metrics. This zone represents the portions
of the Bay where surface TSS concentrations were sufficiently high in
the More Shoreline Erosion model run that TSS reduction improved
clarity, but not to the point that enhanced organic matter production
overwhelmed the effect of lower TSS on ZSD. In theOrganic Fog Zone, re-
duced sediment inputs improved water clarity in terms of Kd

−1(Fig. 4a),
yet degraded water clarity in terms of ZSD (Fig. 4b). The Organic Fog
Zone occurred in the central channel of the Bay, reaching its maximum
extent from station CB4.2C in the northern mid-Bay (~38.65oN) parallel
to the Choptank Rivermouth, down to station CB5.5 in the southernmid-
Bay (~37.69oN) just northeast of the Rappahannock River (Fig. 4c). In this
zone, concentrations of TSS were such that further sediment reduction
deepened Kd

−1 enough to strongly enhance phytoplankton growth, in-
creasing the organic matter present in surface waters to such a degree
that it reduced overall water transparency. The spatial extent of the Or-
ganic Fog Zone accounted for up to 20% of the total surface area of the
mainstem Chesapeake Bay (Fig. 4c).

The overall effects of the removal of shoreline erosion onwater clar-
ity were greater in magnitude at the southern end of the mid-Bay than
the northern end. For example, at more southern station CB5.5, highly
armored shorelines increased (deepened) Kd

−1 up to 1 m (Fig. 5). Al-
though theMore Shoreline Erosionmodel run resulted in similar condi-
tions at both the northern and southern mid-Bay stations, the Highly
Armored Shoreline run yielded deeper Kd

−1 and ZSD more so at the
southern station (Fig. 5d-f) than at the northern station (Fig. 5a-c).
This north-south difference likely reflects the distance from riverine
sediment inputs. For example, where riverine sediment inputs still
make up a significant contribution to TSS in the upper Bay, removing
shoreline erosion yielded only slightly deeper Kd

−1 and ZSD (Fig. 5a, b),
but farther down-estuary the removal of shoreline erosion yielded
much deeper Kd

−1 and ZSD (Fig. 5d, e), not because erosion was greater
there, but rather because the relative influence of riverine sediments
was lower. This spatial difference in clarity improvementwas especially



Fig. 2. Reference run model-data comparison for mean a-e dry year 2002 conditions and f-jwet year 2003 conditions, including variables a, f salinity, b, g attenuation depth (Kd
−1), c, h

Secchi depth (ZSD),d, i fixed suspended solids (FSS), and e, j volatile suspended solids (VSS) in surfacewaters. Circles indicate long-term averages of CBPmonitoring cruise observations in
surface waters (<2 m) in the mainstem region of the Bay. (For long-term seasonal differences in model-data comparison, see Fig. S5 in supplementary material).
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pronounced in winter (see Section 3.3.1) and in dry years (see
Section 3.3.2).

3.3. Temporal variability in the effect of decreased shoreline erosion

3.3.1. Seasonal variability
Differences in water clarity due to the removal of shoreline erosion

varied inmagnitude and spatial extent based on time of year. For exam-
ple, October to January showed the largest water clarity improvements
in both the southern and northern end of the central bay (Fig. 5), pre-
sumably because that is the time of year that wave-driven erosion is
strongest relative to riverine sediment input. In contrast, February to
April showed the greatest increase in organic matter production due
to the removal of shoreline sediment inputs (Fig. 3), because that is
when increased river discharge provides nutrients that drive the en-
hanced late winter to early spring bloom in relatively clearer water.
Thus, enhanced visibility in term of both ZSD and Kd

−1 generally occurred
during October to January, and the counterintuitive effect on ZSD vs. Kd

−1

in surface waters had the largest spatial extent during February to April
(Fig. 4). The seasonal difference in effects was most clearly visible at the
southern mid-Bay station for Kd

−1 (Fig. 5d). Seasonal patterns in the oc-
currence of the Organic Fog Zone generally followed seasonal patterns
in organic matter concentration.
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3.3.2. Interannual variability
Changes in water clarity due to shoreline erosion varied

interannually, due to factors that varied between hydrologically
wet and dry years (e.g., riverine nutrient and sediment loading);
these wet-dry year differences also varied by location down-
estuary (Fig. 5). In all model experiments, Kd

−1 and ZSD were both
deeper in dry years (2001 and 2002) than wet years (2003 and
2004). However, the difference between wet years and dry years
was most pronounced for the Highly Armored Shorelines run for
Kd
−1 at station CB5.5 (Fig. 5d) than at station CB4.2C (Fig. 5a). Con-

versely, the difference between wet years and dry years was less
pronounced for the More Shoreline Erosion run. The timing of the
occurrence of the Organic Fog Zone was slightly different each
year and with distance down-estuary. For example, in dry years of
2001 and 2002, the northern mid-Bay station showed an Organic
Fog Zone as early as January (Fig. 5c). Also, an Organic Fog Zone
only occurred in the fall season during wet year 2003. The spatial
extent of the Organic Fog Zone also varied between dry and wet
years. In dry years, Organic Fog Zone effects occurred more often
at the northern station (CB4.2C; Fig. 5c) than the southern station
(CB5.5; Fig. 5f); however, in wet years, Organic Fog Zone conditions
were more common in the southern mid-Bay than in the northern
mid-Bay.



Fig. 3. February to April 2001 results of a-dMore Shoreline Erosion run, e-h Highly Armored Shorelines run for a, e fixed suspended solids (FSS), b, f volatile suspended solids (VSS), c, g
attenuation depth (Kd

−1) and d, h Secchi depth (ZSD) in surface waters.
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4. Discussion

4.1. Overall impact of coastal erosion on water clarity

Model experiments quantified the direction and magnitude of
change in water clarity when coastal erosion alters sediment inputs.
Specifically, the experiments showed the variability of impacts on
water clarity according to multiple metrics (VSS, FSS, Kd

−1, and ZSD), be-
tween different locations down-estuary, among different seasons, and
among years with different hydrological conditions. Water clarity in
terms of light attenuation depth (Kd

−1) improved when shoreline ero-
sion sediment inputs were removed. Coastal erosion impacts the
lower Baymore than the upper Bay, not necessarily due to spatial differ-
ences in erosion, but due to the spatially limited influence of riverine
sediments. Thus, erosion has a relatively larger effect with distance
from river sources, particularly in dry years (2001–2002). For example,
the removal of shoreline erosion has a greater impact farther down-
estuary, particularly in dry years (Fig. 4, Fig. 5), likely because under
dry hydrological conditions, relatively less riverine sediment contrib-
utes to TSS concentrations farther down-estuary. Despite water clarity
improvement in terms of illumination (deeper Kd

−1), model results indi-
cate that under certain conditions, decreased sediment inputs to the
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mainstem of the estuary can contribute to shallower ZSD in the
mid-Bay (Fig. 6), here defined as the Organic Fog Zone. These opposing
impacts on Kd

−1 and ZSD were seen in certain locations and seasons de-
pending on hydrological conditions. In dry years, Organic Fog Zone ef-
fects occurred more often at its northern than southern extent;
however, in wet years, Organic Fog Zone conditions were more com-
mon farther south (Fig. 5). Most likely, increased riverine nutrients sup-
ported organic matter production in wet years farther down-estuary
than in dry years. Additionally, it may be that greater light limitation
in wet years compared to dry years in the mid- to upper-Bay (northern
station in Fig. 5) allowed nutrients to remain available down-estuary in
wet years to fuel organic production and create an Organic Fog Zone ef-
fect farther south. Even though the occurrence of the Organic Fog Zone
is a seasonal and somewhat sporadic phenomenon, it has important
implications.

4.2. Implications of water clarity change for bio-optics

The patterns in water clarity change due to shoreline armoring are
relevant to previous bio-optical theories stating that opposite long-
term trends in ZSD and Kd

−1 are caused by increased light scattering via
changing particle composition. Gallegos et al. (2011) hypothesized



Fig. 4. Changes due to reduced shoreline erosion February to April 2001, including a Kd
−1 effects and b ZSD effects in surface waters, in terms of the difference (Δ) between Highly Armored

ShorelinesminusMore Shoreline Erosion. Blue colour in difference plots represents clearer water in terms of eachmetric. Zones c of clarity change are defined by the respectiveΔKd
−1 and

ΔZSD shown in a and b. Zones in c are defined as: Enhanced Visibility Zone (yellow) with ΔKd
−1 > 0 m (deeper) and ΔZSD > 0 m (deeper); Organic Fog Zone (green) with ΔZSD < 0 m

(shallower). Colour scales in left two subplots were selected to highlight the central channel or mainstem of the Bay: in subplot a, ΔKd−1 ranged from 0.01 to 0.8 m; In subplot b, ΔZSD
ranged from −0.14 to 0.7 m. Circles in c indicate stations CB4.2C and CB5.5, highlighting the northern and southern extents of the organic fog zone (see Fig. 5).

Fig. 5. Time series of surface water effects at the typical a-c northern extent and d-f southern extent of the organic fog zone, including a, d Kd
−1, b, e ZSD, and c, f differences in both clarity

metrics due to the removal of shoreline erosion, in terms of Highly Armored Shorelines minus More Shoreline Erosion. Green shading in bottom panels indicates the occurrence of an
organic fog zone, i.e., with ΔZSD < 0 m. Lines were smoothed with a 15-day moving average. See Fig. 4 for station locations.
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Fig. 6. Conceptual diagram of water clarity changes in an idealized across-estuary transect through the mid-Bay during times of high organic solids concentrations (February–April), in
model runs a More Shoreline Erosion and b the Highly Armored Shorelines. Changes shown are particular to the Organic Fog Zone region in deep waters. Relative concentrations and
clarity depths are not drawn to scale.
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that shallowing ZSD despite deepening Kd
−1 over time was due to an in-

crease in small organic detrital particles caused by their light scattering
behavior. Results of model experiments in this study supported that or-
ganic detritus hypothesis. In mainstem, mid-Bay waters, at sufficient
distance from riverine influence, organic particle concentrations in-
creasedwhen shoreline erosionwas removed (Fig. 3), often causing op-
posite effects on Kd

−1 and ZSD (Fig. 4). Reduced sediment inputs to the
mid- and lower-Bay could thus help explain an increased organic-to-
inorganic ratio for suspended solids, particularly when more organic
matter is produced due to relaxed light limitation. Spatially, the mid-
Bay is categorized as a “hypertrophic” estuarine environment due to
its extremely high production of organic matter (Harding et al., 2020);
thus, the small organic detritus hypothesis may apply specifically to
changes in scattering behavior of particles in themid-Bay where an Or-
ganic Fog Zone often occurs. This study thus identifies a mechanism for
changing light-scattering behavior of particles in the lower-TSS, hyper-
trophic, highly productive regions of the Bay.

4.3. Relevance to long-term trends, restoration, and management

To put the results of the present study into management context, it is
important to consider the role of shoreline erosion among other mecha-
nisms of water clarity change. First, the somewhat small magnitudes of
opposing clarity effects, on average ~10 cm shallower ZSD with ~10 cm
deeper Kd

−1 (Fig. 3, Fig. 4) suggest that shoreline armoring over time
may only partially explain observed incongruous long-term changes in
Kd
−1 and ZSD. For example, previous studies have shown that ZSD in the

mainstem has shallowed more than 10 cm since 1985 (Keisman et al.,
2019;Murphy et al., 2019; Testa et al., 2019;Williams et al., 2010). In ad-
dition, a simple linear regression using the 33 mainstem stations in the
present study shows that ZSD has shallowed approximately 29 cm from
1985 to 2019. Degradedwater transparency despite increased light avail-
ability is likely an evenmore complex trend thanwhat has beendescribed
in the present study. For example, sensitivity testing revealed that the re-
moval of shoreline erosion alone, with no resulting change in seabed
erodibility in terms of critical shear stress, only elicited ~2 cm shallower
ZSD. This suggests that the relationship between sediment inputs and sea-
bed erodibility is a crucial driver of water clarity (see Section 4.5).

In a heavily-managed region, the applicability of the twowater clar-
ity metrics (ZSD vs. Kd

−1) should be considered for different purposes.
The results of the model experiments in this study clearly indicate
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that these twometrics respond differently to reductions in sediment in-
puts (Fig. 4). Thus, they should be applied independently depending on
the study goals. For example, Kd

−1 as a measurement is most useful for
applications that study autotrophs, including submerged aquatic vege-
tation, water column phytoplankton, and benthic microalgae (Mangan
et al., 2020). On the other hand, ZSD is more relevant for applications
whose goal is to measure transparency and visibility. Applications for
ZSD may include recreational fishing, fish predation on lower trophic
levels (Benfield and Minello, 1996), relative abundance of predatory
fish vs. mesopredators (Reustle and Smee, 2020), and waterfront prop-
erty values (Klemick et al., 2018; Moore et al., 2020;Walsh et al., 2017).

In light of ongoing restoration projects that depend on water clarity,
such as submerged aquatic vegetation beds and oyster reefs, it is simi-
larly crucial to consider the metrics Kd

−1 and ZSD independently. As
seen in the results of this study, the two metrics can have opposite di-
rections of change based on a shift in the composition of suspended
solids in surface waters (Fig. 4). In other water bodies experiencing
oligotrophication, the incongruity of ZSD and Kd

−1 has different implica-
tions from what is occurring in Chesapeake Bay, providing additional
reasons to separate trends in the different metrics. In a Danish fjord
(Pedersen et al., 2014), ZSD deepened over time more quickly than
might be predicted based on a linear relationshipwith Kd

−1 as suspended
particulate matter decreased. Kd

−1 remained somewhat high because of
dissolved light-absorbing constituents despite improved transparency.
For this fjord with increasing visibility, ZSD overestimated the depths of
potential seagrass habitat (Pedersen et al., 2014). In the Chesapeake
Bay, the results of the current study suggest that using ZSD as the domi-
nant water clarity metric will result in an underestimation of potential
seagrass habitat, because an improvement in ZSD often did not consis-
tently co-occur with an improvement in Kd

−1 (Fig. 6). A constant inverse
relationship between ZSD and Kd (e.g., Wang et al., 2013) may be inap-
propriate for estuarine applications, and the inherent measurement dif-
ferences could influence the success or failure of restoration projects.

Lastly, sediment loading processes are highly complex, and mea-
sures to reduce sediment loading can have secondary consequences to
downstreamecosystems.Manymanagement efforts target riverine sed-
iment loads alone; however, these are typically only one of three main
sources of inorganic suspended solids. Sediment sources also include
shoreline erosion and seabed resuspension. The results of this study in-
dicate that sediment inputs from shoreline erosion are particularly in-
fluential in fall and winter seasons when riverine inputs are relatively
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low (Fig. 5). Results similarly highlight that where riverine sediment in-
puts are low in the mid- and lower-Bay, especially in dry years, shore-
line erosion and resuspension are major drivers of clarity. It is useful
to consider these multiple processes through which sediments affect
water clarity, and to consider thatmanipulation of any one of those pro-
cesses could have secondary consequences for the ecosystem. Sediment
reduction is a frequent goal of watershedmanagement, but according to
the present study, reduced sediment inputs do not always improve all
measures of water clarity as one might expect.

4.4. Relevance to other coastal systems

Results of this study apply tomany other coastal systemsworldwide
that are similarly characterized by human-impacted sediment supply
and variable light limitation of phytoplankton. Many systems also ex-
hibit down-estuary gradients in primary production and turbidity sim-
ilar to those observed in the Chesapeake Bay (Cloern, 1987; Cloern et al.,
2014). For example, the Delaware Bay (Dijkstra et al., 2019;McSweeney
et al., 2017), the Gironde estuary in France (Irigoien and Castel, 1997),
and the Westerschelde estuary in the Netherlands (Kromkamp et al.,
1995) also experience light-limited primary production which varies
in magnitude due to human impacts on nutrient and sediment inputs.
In these systems, we would expect response to altered sediment inputs
to vary with distance frommajor river sources, like in the results of this
study (Fig. 5). Syntheses have found that, like in the present study,
changes in coastal water transparencyworldwide in terms of ZSD are in-
direct responses to eutrophication or oligotrophication (Cloern, 2001).
Similar to trends in the Baltic Sea, effects of changing nutrient and sed-
iment supply are spatially heterogeneous in the Chesapeake Bay be-
cause of processes specific to the bathymetry, bottom type, vegetation,
distance from inputs (Fig. 5), and shoreline type at local scales. Lastly,
as we have seen from in our results from the Chesapeake Bay, water
clarity improvements will ultimately be somewhat limited by physical
sediment transport processes. Sediment resuspension via tides and
wind-driven waves often limits water clarity in the Chesapeake Bay,
as in the North Sea, the Westerschelde estuary, and some fjords
(Olesen, 1996). For example, even in the realistic scenario conducted
here, inorganic suspended sediment concentrations were still moder-
ately high ~10 mg L−1 in the lower-Bay, especially in the shallower re-
gions east and west of the main channel, due to wind- and tide-driven
resuspension (Fig. 2d, i).

Impacts of shoreline armoring in the Chesapeake Bay relate to other
human impacts on coastal sediment supply. River impoundments may
have similar secondary consequences to those of shoreline armoring
for estuaries in the long term. In the results of this study, reduced sedi-
ment inputs from shoreline erosion resulted in greater organic matter
production due to relaxed light limitation (Fig. 3). In estuaries whose
watersheds are heavily dammed, reduced sediment inputs to down-
stream waters over time can similarly increase the euphotic zone of
the estuary and cause long-term increases in primary production. For
example, due to dam construction in its watershed, the San Francisco
Bay experienced a 50% reduction in turbidity since 1975 (Cloern and
Jassby, 2012). Before the construction of structures such as dams and
hardened shorelines, management entities should consider what an in-
creased euphotic zonemightmean for downstreamwater bodies, as the
altered sediment inputs may have secondary consequences for aquatic
ecosystems.

4.5. Recommendations for future work

Although this work incorporated many processes, uncertainties re-
main that should be taken into consideration for future modeling stud-
ies of water clarity. One avenue for future investigation is the plankton
ash content of material from in situ suspended solids data used for
model calibration and evaluation. In the modeling framework used
here, VSS is an estimation of organic matter dry weight including
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plankton and detritus, and FSS is a simplified estimation of inorganic
sediment particles plus the plankton ash content. Because the Chesa-
peake Bay phytoplankton community composition varieswidely in pro-
portions of diatoms vs. other species with different ash contents, the
organic-to-inorganic ratio of phytoplankton and associated detritus in
our single-phytoplankton-class model was simplified. In terms of
model skill, VSS overestimation by themodel compared to observations
both in the annual average (Table 2) and seasonally in May to August
(Fig. S5) may have been partially due to phytoplankton simplification
into one class, when in fact there is a seasonal progression of the phyto-
plankton species composition and corresponding plankton ash content.

Moreover, futurework should consider additional processes that im-
pact water clarity, including biogeochemical processes, more detailed
optical processes, local sources of runoff, and alternative shoreline stabi-
lization techniques. For example, feedbacks on temperature-driven
stratification associated with higher absorption of solar radiation in
more turbid waters (Kim et al., 2020), more detailed flocculation of
small particles into larger particles (Tarpley et al., 2019), organic con-
tent and fractal behavior of flocs (Fall et al., 2021), and more compre-
hensive nutrient fluxes at the sediment-water interface (Moriarty
et al., 2021) could be investigated. Furthermore, although Kd

−1 demon-
strates high model skill (Table 2, Fig. 2), the empirical Kd equation
used here was limited by the variables available in the CBP in situ
dataset. Therefore, future work could incorporate a Kd formulation
based on inherent optical properties, including the spectral contribu-
tions of dissolved substances (e.g., Clark et al., 2020), phytoplankton, in-
organic sediments, and organic detritus to absorption and scattering.
Another limitation of this study is that runoff containing sediment was
only introduced at the riverine headwaters (Fig. 1). It is possible that
local runoff of sediment and nutrients from the lower coastal plain,
whichwere combinedwith headwater inputs in this study, may also af-
fect local mainstem water clarity (Williams et al., 2010). Lastly, the ef-
fects of multiple shoreline alteration types on estuarine water clarity
should be studied. Living shorelines are proposed as an alternativemea-
sure to stabilize coastlines while still allowing for some physical and bi-
ological connectivity (Bilkovic et al., 2016), yet estuary-scale water
clarity impacts of living shorelines vs. traditional shoreline hardening
practices remain unknown.

Finally, future work should consider other potential mechanisms for
incongruous changes in Secchi depth and light attenuation depth. Coun-
terintuitivewater clarity change (Fig. 6)may stem from a shift in phyto-
plankton community composition and a concurrent change in the
optical properties of the living cells and detrital material associated
with different species. Related to phytoplankton communities, some re-
search has shown that light limitation increases the likelihood of explo-
sive phytoplankton growth upon greater light availability, creating a
negative feedback loop on planktonic health (Buchanan, 2020). This
boom-and-bust pattern for light-limited estuarine plankton should be
considered in future studies of changing light availability. Futuremodels
might also implement a dynamic link between decreased sediment
loading and decreased seabed erodibility, i.e., an explicit link between
bed erodibility and local sediment supply (Sanford, 2008) as these pro-
cesses are likely driving water clarity change in a complex way. In the
results of this study, distance from riverine inputs impacted the relative
effect of shoreline erosion on clarity, yet riverine inputs were kept the
same in all model runs for the purpose of specifically examining shore-
line erosion effects. In terms of potential riverine impacts, changes in in-
organic particle size distributions from riverine sources and shifts in the
timing of inputs due to dam infilling (Palinkas and Russ, 2019; Russ and
Palinkas, 2020) could alter the clarity-related behavior of suspended
particles.

5. Conclusions

Using model experiments, this study investigated the estuary-wide
impacts of shoreline armoring on water clarity in terms of suspended
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particle composition and two metrics of water clarity: attenuation
depth and Secchi depth. In addition to shoreline erosion, the modeling
framework included realistic atmospheric forcing, physical processes,
biogeochemical cycling, riverine inputs, and resuspension of seabed
sediments. In situ cruise-based observations were used to evaluate
model results. Our experiments showed that compared to conditions
with high shoreline erosion, a Chesapeake Bay estuary with highly ar-
mored shorelines and associated reductions in bed erodibility would
have widespread increased water clarity in terms of deeper Kd

−1. The
strongest clarity improvement occurred in the mid- to lower-Bay in
dry years, i.e., at locations and times with lower influence of riverine
sediment inputs. Yet, under certain conditions, highly armored shore-
lines resulted in shallower ZSD, especially during seasons and years
with high organic matter production. Spatially, the region characterized
by shallower ZSD and deeper Kd

−1 was defined as the Organic Fog Zone.
The extent of this Organic Fog Zone varied by season and year, depend-
ing on the timing andmagnitude of nutrient inputs and organic produc-
tion. In short, with decreased shoreline erosion sediment inputs,
consequences on water clarity were sometimes counterintuitive due to
organic matter processes in the estuary. Considering climate change and
management efforts in context of the next century, impacts onwater clar-
ity may continue to be metric-dependent in the Chesapeake Bay. Ques-
tions for the future include: will the Organic Fog Zone expand spatially
with future reductions in sediment inputs? Will a climate-driven shift in
phytoplankton community composition affect ZSD and Kd

−1 differently in
awarmer Chesapeake Bay?Will changes in storm intensity andwind pat-
terns further alter the resuspension of seabed sediments and influence
water clarity? In the long-term, sufficient nutrient reductions may con-
currently increase both water transparency and light penetration for un-
ambiguously clearer waters and improved ecosystem health.
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Appendix A. Notation

CBP Chesapeake Bay Program.

hesROMS-ECB
 Chesapeake Bay ROMS Estuarine Carbon and Biogeochemical model.

RA5
 ECMWF Re-Analysis, a climate reanalysis product generated by the

European Centre for Medium-RangeWeather Forecasts (ECMRW).

TM
 Estuarine turbidity maximum, the location near the head of the

estuary in low salinity waters characterized by consistently high
TSS concentrations. Defined spatially for Chesapeake Bay as
waters from ~39.1oN to 39.4 oN latitude.
SS
 Fixed suspended solids concentration (mg L−1), including ISS
plus the mass fraction of organic suspended solids remaining on
a filter after combustion, i.e., plankton ash content.
S
 Inorganic suspended solids concentration (mg L−1), synonymous
with mineral suspended solids (MSS) concentration.
d
 Diffuse attenuation coefficient of photosynthetically active radiation
(m−1).
d
−1
 Attenuation depth, synonymous with optical depth or light

attenuation depth.

ainstem
 Primary downstream segment of the Chesapeake Bay, including

the central thalweg or transect of the Bay running from north to
south and other surrounding non-tributary waters south of
~39.1oN latitude.
AR
 Photosynthetically active radiation.

OMS
 Regional Ocean Modeling System.

horeline
erosion
Physical weathering of sediments from banks, cliff, beach, or
marshes into adjacent waters. Synonymous with shore erosion
and/or coastal erosion.
WAN
 Simulating WAves Nearshore model.

SS
 Total suspended solids concentration (mg L−1), comparable

to suspended particulate matter (SPM) or total suspended
matter (TSM).
SS
 Volatile suspended solids concentration (mg L−1), the components
of organic solids which are volatilized during filter combustion at
550 °C, calculated using the relation TSS = VSS + FSS. Used as a
proxy for particulate organic matter (POM).
s
 Vertical settling velocity of particles (mm s−1).

Depth (m).
SD
 Secchi disk depth (m). Used in the context of transparency and
visibility.
crit(ED)
 Critical shear stress for seabed sediment erosion (E) and deposition
(D) (Pa).
Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.145157.
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