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A B S T R A C T   

Sea level rise has increased the frequency of tidal flooding even without accompanying precipitation in many 
coastal areas worldwide. As the tide rises, inundates the landscape, and then recedes, it can transport organic and 
inorganic matter between terrestrial systems and adjacent aquatic environments. However, the chemical and 
biological effects of tidal flooding on urban estuarine systems remain poorly constrained. Here, we provide the 
first extensive quantification of floodwater nutrient concentrations during a tidal flooding event and estimate the 
nitrogen (N) loading to the Lafayette River, an urban tidal sub-tributary of the lower Chesapeake Bay (USA). To 
enable the scale of synoptic sampling necessary to accomplish this, we trained citizen-scientist volunteers to 
collect 190 flood water samples during a perigean spring tide to measure total dissolved N (TDN), dissolved 
inorganic N (DIN) and phosphate concentrations, and Enterococcus abundance from the retreating ebb tide while 
using a phone application to measure the extent of tidal inundation. Almost 95% of Enterococcus results had 
concentrations that exceeded the standard established for recreational waters (104 MPN 100 mL− 1). Floodwater 
dissolved nutrient concentrations were higher than concentrations measured in natural estuarine waters, sug
gesting floodwater as a source of dissolved nutrients to the estuary. However, only DIN concentrations were 
statistically higher in floodwater samples than in the estuary. Using a hydrodynamic model to calculate the 
volume of water inundating the landscape, and the differences between the median DIN concentrations in 
floodwaters and the estuary, we estimate that 1,145 kg of DIN entered the Lafayette River during this single, blue 
sky, tidal flooding event. This amount exceeds the annual N load allocation for overland flow established by 
federal regulations for this segment of the Chesapeake Bay by 30%. Because tidal flooding is projected to increase 
in the future as sea levels continue to rise, it is crucial we quantify nutrient loading from tidal flooding in order to 
set realistic water quality restoration targets for tidally influenced water bodies.   

1. Introduction 

Sea level rise (SLR) has severely impacted low-elevation coastal 
areas world-wide, causing more frequent and severe inundations during 
tidal flooding events (Nicholls and Cazenave, 2010). Coastal flooding in 
the Lower Chesapeake Bay region has accelerated because rates of 
relative sea level rise along the U.S. East Coast are about 30% higher 
than the global average (Ezer and Atkinson, 2014) due to the combi
nation of long-term anthropogenic sea level rise (Tebaldi et al., 2012), 

local subsidence (Ezer and Corlett, 2012), natural climate variability 
(Ezer et al., 2013), and changes in oceanic circulation affecting the 
adjacent Gulf Stream (Ezer et al., 2013). As a result, the hours per year 
with water levels 0.5 m above mean higher high water (MHHW) have 
increased dramatically (Ezer et al., 2018). Relative SLR for the region 
also appears to be accelerating (Boon and Mitchell, 2015; Boon et al., 
2018), suggesting that the severity of tidal flooding will continue to 
increase in the foreseeable future. For example, Spanger-Siegfried et al. 
(2014) reported that 30 of 52 cities along the northeast coast of the US 

* Corresponding author. 
E-mail address: amaciast@odu.edu (A. Macías-Tapia).   

1 Present address: Department of Marine and Coastal Sciences, Rutgers University, New Brunswick, NJ, USA. 

Contents lists available at ScienceDirect 

Water Research 

journal homepage: www.elsevier.com/locate/watres 

https://doi.org/10.1016/j.watres.2021.117329 
Received 22 February 2021; Received in revised form 29 May 2021; Accepted 1 June 2021   

mailto:amaciast@odu.edu
www.sciencedirect.com/science/journal/00431354
https://www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2021.117329
https://doi.org/10.1016/j.watres.2021.117329
https://doi.org/10.1016/j.watres.2021.117329
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2021.117329&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Water Research 201 (2021) 117329

2

are predicted to have more than 20 tidal flooding events each year that 
will cause considerable impact (e.g., closure of roads and damage to 
infrastructure) by the year 2030 and more than 50 events per year by 
2045, including some extreme cases that are predicted to have more 
than 250 tidal flooding events per year by 2045. 

Because of its gravitational forcing, tidal flooding can occur at high 
tide in the absence of rain (i.e., “blue sky” flooding) and can be predicted 
with high precision (Loftis et al., 2019). Meteorological forcing (e.g., 
wind speed and direction) and ocean circulation (e.g., strength of 
western boundary currents) can exacerbate or ameliorate tidal height 
independent of gravitational forcing (Ezer et al., 2013; Ezer, 2018) and 
this is predicted with less precision and on shorter timescales. Most 
studies examining impacts of tidal flooding have focused on threats to 
resources on land, such as urban infrastructure and human health (Li 
et al., 2013; Ching-Pong et al., 2018; Akpinar-Elci et al., 2018), and 
wetlands (Raposa et al., 2016). However, little is known about water 
quality impairments to adjacent aquatic ecosystems that result from 
recurrent tidal flooding in urban areas. While estimates of stormwater 
inputs into coastal systems have been made (e.g., Hale et al., 2015), 
exchanges of materials (e.g., sediment, nutrients, and fecal matter) be
tween coastal lands and adjacent aquatic systems as a result of tidal 
flooding have not been quantified. 

Efforts to restore the Chesapeake Bay have been ongoing since 1985. 
However, because voluntary restoration activities failed to achieve their 
goals by 2010, the restoration was placed under federal mandate. To 
achieve restoration targets, the U.S. Environmental Protection Agency 
(EPA) established segment-specific total maximum daily loads (TMDLs) 
for the entire Chesapeake Bay watershed (Wainger, 2012). These load 
allocations were designed to be protective of water quality impairments 
that impede recreational and commercial use of its resources, including 
low dissolved oxygen (hypoxic/suboxic zones), accumulation of fecal 
contaminants, low water clarity, and excessive algal biomass (Wainger 
et al., 2013). Limits were established for nitrogen (N) and phosphorus 
(P) loads because these two elements have been recognized as essential 
nutrients for phytoplankton growth (Downing 1997; Bristow et al., 
2017) and excess algal growth has been linked to reduced water clarity, 
and the development of hypoxic/anoxic waters through the creation of 
biological oxygen demand (Hagy et al., 2004). 

The TMDLs also allocate nutrient loads by sector, establishing load 
allocations for wastewater treatment facilities, industrial discharges, 
atmospheric deposition, and other point and non-point land-based 
sources (e.g., runoff). The land-based load allocation is primarily from 
stormwater inputs and associated runoff. Nutrients delivered to the 
watershed during coastal flooding in the absence of rainfall are not 
currently accounted for in these allocations. When areas are inundated 
as a result of coastal flooding, materials that have accumulated on the 
landscape can be carried into waterways when floodwaters recede 
(Pandey et al., 2014; Köhler et al., 2013; Selbig, 2016). Further, due to 
the amount of time tidal floodwaters remain on the landscape (i.e., 
hours), biogeochemical reactions may alter the composition of nutrient 
elements within the floodwaters or mobilize material on the landscapes 
or in soils, facilitating its delivery to the estuary. Quantifying nutrient 
inputs from coastal flooding and including these inputs in the TMDL is of 
paramount importance for accurately calculating nutrient loads, and 
their potential water quality impacts, to low-lying tidal regions of the 
Chesapeake Bay watershed. If nutrient loads delivered during tidal 
flooding events are substantial, this could jeopardize the realization of 
water quality restoration goals. 

Here, we provide the results of a study in which the objective was to 
provide the first extensive spatial characterization of nutrient concen
trations from tidal floodwaters and estimate nutrient loading during a 
“blue sky” tidal flooding event in the Lafayette River, a sub-tributary of 
the lower Chesapeake Bay. This was made possible by leveraging a 
citizen-science project that enabled tributary-wide, intensive, and syn
optic sample collection during a tidal flooding event in 2017 associated 
with a perigean spring tide (i.e., king tide). We measured dissolved N 

and P concentrations in water samples collected from the receding high 
tide, corrected these for concentrations already present in the estuarine 
water prior to its encroachment onto the land, and combined these with 
modeled estimates of floodwater volume to calculate nutrient loading to 
the Lafayette River from a tidal flooding event to test the hypothesis that 
floodwaters from an urban landscape are a net source of dissolved nu
trients to the estuary. 

2. Methods 

2.1. Study site 

The Lafayette River watershed is a sub-tributary of the lower Ches
apeake Bay located completely within the city of Norfolk, VA (Fig. 1). 
Most of its watershed is prone to flooding because elevations are less 
than 5 m above mean sea level (Fig. 1 and Kleinosky et al., 2007). 
Long-term water level data indicate that tidal flooding will become more 
frequent and intense in the future (Spanger-Siegfried et al., 2014; Ezer, 
2018). 

2.2. Floodwater sample collection and processing 

During the perigean spring tide (i.e., king tide) that occurred on 
November 5, 2017 (Fig. 1), public and private media outlets and a non- 
profit group located in Norfolk, VA, organized a crowd-sourced citizen 
science sampling event (‘Catch the King’) that set a Guinness world re
cord for ‘Most contributions to an environmental survey’ (Loftis et al., 
2019). This project was made possible by the development of a smart
phone application (Sea Level Rise, Concursive Corporation) funded by 
the non-profit group Wetlands Watch (http://wetlandswatch.org/). The 
application allows users to report the extent of tidal flooding, by walking 
along the water’s edge and periodically (e.g., every five steps) pressing a 
button on their smart phone to drop “pins” that are data that include the 
geographic coordinates at the water’s edge and the associated time and 
date of data collection. The phone application also allows the user to 
save pictures and comments associated with data points. 

In parallel with the inaugural Catch the King event in 2017, we 
trained a subset of volunteers to collect water samples from the 
retreating floodwaters while also using the phone application to mea
sure the extent of tidal inundation. Volunteers primarily included high 
school students taking advanced placement environmental science, their 
teachers and parents, and graduate and undergraduate students (grad
uate and undergraduate), faculty, and staff from Old Dominion Uni
versity. These volunteers collected 190 floodwater samples within an 
hour of high tide. 

Teams of volunteers were trained to use the phone application before 
the king tide event. On the day of the event, sampling teams were pro
vided with acid-cleaned sample bottles, gloves, sample log sheets to 
record metadata, coolers with ice packs to store samples, and in
structions for sample collection and data recording using the provided 
log sheets and the Sea Level Rise phone application. Each team was then 
assigned to sample in a specific part of the watershed where flooding 
was expected based on output from the Tidal Inundation Tracking 
Application for Norfolk (TITAN) model (http://gisapp1.norfolk.gov/ 
TITAN/HOME.aspx). Samples were transported in the coolers to Old 
Dominion University, Norfolk, VA, where salinity was measured 
immediately using refractometers, and then water samples filtered 
through pre-combusted glass fiber filters (Whatman GF75; nominal pore 
size of 0.3 μm) and frozen for later analysis of nutrient concentrations 
(see below). Pictures, sample identifiers and location data, and salinity 
results were used to confirm that samples were collected from 
floodwater. 

From 40 sampling sites, floodwater samples were collected in 
autoclave-sterilized glass 250 mL bottles for enumeration of Entero
coccus abundance by the Hampton Roads Sanitation District or the 
Virginia Department of Health within 24 h of sample collection. 
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2.3. Estuarine sample collection 

Surface (<0.25 m) water samples were collected almost daily, be
tween August 1 and September 10, 2017, at a site near the mouth of the 
Lafayette River (Fig. 1; a total of 39 samples). Samples were collected 
directly into 15 mL Falcon® tubes, using a peristaltic pump connected to 
a Whatman® 0.8/0.2 μm pore-size filter, transported in a cooler with ice 
to the laboratory at Old Dominion University, frozen, and stored until 
analysis (see below). Sample analyses were conducted using the same 
methods described above for floodwater samples. 

2.4. Sample analyses 

We analyzed total dissolved nitrogen (TDN), ammonium (NH4
+), ni

trite (NO2
− ), nitrate (NO3

− ) + NO2
− (NOx), and phosphate (PO4

3− ) con
centrations using standard colorimetric methods. All concentrations 
were express in mg L− 1 of N or P. NH4

+ samples were analyzed within a 
week and the rest of the dissolved constituents were analyzed within a 
month of their collection. NH4

+ concentrations were analyzed using the 
phenol hypochlorite method with spectrophotometric detection (Solo
rzano, 1969). PO4

3− , NOx and NO2
− were analyzed on an Astoria Pacific® 

nutrient autoanalyzer according to the manufacturer’s specifications 
using standard colorimetric techniques (Grasshoff et al., 1999). Briefly, 
PO4

3− was analyzed using the molybdenum blue method. NOx was 
measured by first reducing NO3

− to NO2
− using a cadmium coil and then 

NO2
− was measured as an azo dye. NO2

− was measured with the same 
technique, but without the cadmium coil. NO3

− was calculated as the 
difference between NOx and NO2

− . Dissolved inorganic nitrogen (DIN) 
was calculated as the sum of NOx and NH4

+. Total dissolved nitrogen 
(TDN), samples were pretreated with potassium persulfate for complete 
oxidation of dissolved nitrogen compounds to NO3

− (Valderrama, 1981). 

Oxidized samples were then analyzed to measure NO3
− concentrations as 

described above. A glutamic acid (C5H9NO4) standard was used to 
corroborate that the efficiency of the oxidation step was above 95%. 
Dissolved organic nitrogen (DON) was calculated as the difference be
tween TDN and DIN. For all the dissolved nutrients measured, deionized 
water (DIW) was used as an instrument blank and to determine a reagent 
blank. Reagent blanks were treated the same as samples. Standards with 
concentrations at the low end of the standard curve were run every 10 
samples to ensure the stability of sample runs. Detection limits (3*σ, 
n>3) were calculated for each instrumental run using repeat measure
ments of the lowest standard concentration. Samples with concentra
tions less than this were assigned the concentration of the calculated 
detection limit for the corresponding instrument run. 

Enterococcus abundance was determined using Enterolert® kits 
(IDEXX Laboratories, Inc.), following the manufacturer’s specifications 
by the Hampton Roads Sanitation District or the Virginia Department of 
Health. This method yields results in units of the most probable number 
(MPN) of cells, based on statistical probability, through a fluorescent 
indicator that is activated by Enterococci bacteria. The relationship be
tween MPN and the number of colony forming units (CFU) is 1:1. 
Autoclaved pure water was used as a blank. 

2.5. Data analysis 

The Kolmogorov-Smirnov test was used to test for normality among 
different water quality variables in both floodwater and background 
estuarine waters. For all the datasets, residuals (each value minus the 
group mean) were not normally distributed. Therefore, the paired Wil
coxon signed-rank test was used to determine statistical differences 
between floodwater and background estuarine water concentrations for 
all of the water quality variables measured. The difference was 

Fig. 1. Flooding produced at the perimeter of the Lafayette River when the water level is 1 m above mean lower low water (MLLW). Data source for flood projection: 
City of Norfolk – Open Data Portal (https://www.norfolk.gov/3885/Open-Data-Norfolk). The star represents the site where in-river samples were collected prior to 
floodwater sampling. Inset shows the Atlantic coast of the continental US and the location of the city of Norfolk, in the mid-Atlantic region (red area) (For inter
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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considered significant when p < 0.05. The median of the background 
samples was used as the paired value for the comparison. This value was 
considered to represent the background with a single value, due to the 
low spatial and temporal availability of riverine concentrations before 
the flooding campaign. When a significant difference was found be
tween floodwater and estuarine concentrations, the one-tailed version of 
the paired Wilcoxon rank test was used to confirm which group of 
concentrations was higher. 

2.6. Hydrodynamic model predictions of inundation volumes 

The SCHISM hydrodynamic model was used to compute temporally 
and spatially resolved inundation maps (Zhang et al., 2016). A 
street-level hydrodynamic model was driven in a one-way nested 
configuration by SCHISM’s predicted water levels prescribed as 
Dirichlet boundary conditions at Sewells Point near the Elizabeth River 
mouth to estimate water volumes and velocities throughout the cities of 
Norfolk, Portsmouth, and Chesapeake, including the Elizabeth and 
Lafayette Rivers (Loftis et al., 2018). This street-level model in
corporates fluid fluxes, groundwater infiltration, and stormwater 
drainage infrastructure similar to other previously developed 
street-level models for nearby watersheds of coastal Virginia (Wang 
et al., 2015; Loftis et al., 2016). The geospatial inundation depth results 
from these models are presented as high-resolution time-aware GIS 
rasters of flood predictions prior to the 2017 king tide (Loftis et al., 
2019). Hourly inundation depths from 36 h simulation results beginning 
at 06:00 on November 4, 2017, and ending at 18:00 on November 5, 
2017, from SCHISM and the street-level model were used to estimate 
water volumes from GIS raster outputs at 1-meter resolution scale for 
this study (Danielson et al., 2016). 

2.7. Nutrient loading calculations 

We calculated the amount of N and P entering the Lafayette River 
during a single flooding event using an estimation of the volume of 
water inundating the landscape calculated from the aforementioned 
hydrodynamic models, and the difference in concentrations of dissolved 
nutrients in the floodwater samples and median concentrations 
measured from the adjacent estuarine water previous to the flooding 
event. 

For the nutrient loading estimates, floodwater concentrations were 
pooled and the median concentration was calculated (to reduce the in
fluence of outliers), while the background riverine concentration was 
calculated as the median of surface (<0.25 m) concentrations measured 
at a time series site near the mouth of the Lafayette River. The median of 
each group was used to avoid biasing by extreme low and high mea
surements. Nutrient inputs from floodwater to the estuary were calcu
lated only when concentrations were statistically higher in the 
floodwaters doing a paired Wilcoxon signed-rank test (see above). To 
calculate the volume of floodwater, inundation depths were extracted 
from the predictive model’s GIS raster outputs for the peak inundation 
period (13:36 UTC on November 4, and 13:36 UTC on November 5, 
14:30 UTC) by computing the difference between values from the same 
lidar-derived digital elevation model of the Chesapeake Bay used by the 
hydrodynamic models (Danielson et al., 2016) and water surface 
elevation data for locations where water level sensors are located near 
the study site (Loftis et al., 2017). 

3. Results and discussion 

To our knowledge, this is the first estimate of nutrient loading to the 
Chesapeake Bay (or anywhere) as a result of tidal flooding. Such a 
loading calculation has not been made previously because it is difficult 
to gather enough samples in the right places at the right times and over 
appropriate timescales. A confluence of events and sampling programs 
enabled this project. We summarize them here to both advance our 

ability and improve our methods for quantifying nutrient loading 
resulting from tidal flooding. Tidal flooding is increasing in the mid- 
Atlantic region as a result of climate change and sea level rise (Ezer 
et al., 2013; Ezer and Atkinson 2014; Ezer 2018). The “King Tide” 
mapping event provided us with an unprecedented opportunity to 
calculate floodwater inundation volumes at a street level for the 
Lafayette River watershed (Loftis et al., 2019). In order to make an ac
curate assessment of nutrient concentrations in floodwaters, it was 
paramount that we collect many floodwater samples over a short period 
of time (at high tide and shortly thereafter) to characterize the natural 
variability in floodwater nutrient concentrations over diverse land uses 
at a watershed scale. Enlisting/recruiting a subset of the army of vol
unteers participating in the king tide mapping event enabled our syn
optic water sampling. The Lafayette River is a small watershed, 
completely within the City of Norfolk and the one for which there is a 
TMDL. This made it possible for us to estimate nutrient loading at a 
watershed scale, on a relevant to the Chesapeake Bay restoration and the 
EPA’s TMDL. The proximity of this Chesapeake Bay sub-watershed to 
Old Dominion University enabled us to transport samples to the labo
ratory in less than one hour where they could be processed for later 
analysis (see methods section). Finally, we needed high-quality estua
rine observations against which to compare our floodwater measure
ments. This was made possible through our time-series sampling site in 
the Lafayette River associated with our harmful algal bloom monitoring 
program. 

3.1. Dissolved nutrient concentrations in floodwater 

Volunteers collected 190 floodwater samples from the Lafayette 
River watershed during the sampling campaign held during the perigean 
spring tide (i.e., king tide) on November 5, 2017 (Fig. 2). Overall, NOx-N 
and NH4

+-N concentrations were higher in the floodwaters collected near 
the mouth of the estuary than from samples collected at the middle and 
upper part of the Lafayette River (Fig. 2A and C), while PO4

3− -P and 
DON–N showed an opposite pattern, with higher concentrations in 
floodwater samples collected at the head of the system (Fig. 2B and D). 
Floodwater samples showed a large range in concentrations of dissolved 
constituents (Fig. 2A–D and Table 1). The average NH4

+-N concentration 
in floodwater samples was 0.017 ± 0.032 mg L− 1 (Table 1). More than 
50% of the samples were lower than 0.013 mg L− 1, while 47% of the 
samples had concentrations between that and 0.056 mg L− 1, and the 
remaining 3% of the samples had concentrations above 0.056 mg L− 1 

(Table 1). The median, minimum, and maximum NOx-N concentrations 
were 0.094, 0.001, and 1.92 mg L− 1, respectively (Table 1). NO3

− -N 
represented > 80% of the NOx-N in 191 of the 194 samples collected and 
between 50 and 80% of the NOx-N in the remaining 3 samples. Con
centrations of TDN–N in floodwater samples ranged from ~0.042 to 
1.99 mg L− 1, with a mean and median of 0.473 (±0.349) and 0.43 mg 
L− 1, respectively (Table 1). Estimated values of DIN–N and DON–N 
ranged from ~0.002 to ~1.96 mg L− 1, with an average of 0.13 (±0.349) 
and 0.379 (±0.349), respectively (Table 1). PO4

3− -P showed a broad 
range of concentrations (from 0.015 to 3.94 mg L− 1), but 98% of the 
samples had concentrations lower than 0.217 mg L− 1, with an average 
concentration of 0.082 (±0.29) mg L− 1 (Table 1). 

The differences between nutrient concentrations in floodwaters and 
the estuarine system, and the spatial variability observed in floodwater 
nutrient concentrations (Fig. 2) were likely influenced by several fac
tors. These include factors known to affect nutrient runoff such as: (1) 
land use and the condition of the landscape at the time of flooding, and 
(2) the frequency, intensity, and amount of rainfall “washing” the 
landscape prior to or during the flood event; as well as factors more 
specific to tidal flooding such as: (1) the extent of flooding, (2) the 
associated length of time floodwaters remain on and interact with the 
landscape, (3) the frequency of flooding over previous tidal cycles, and 
(4) the variability in estuarine conditions prior to flooding events. 

The quality and quantity of nutrient inputs from runoff can also vary 
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with land use because activities undertaken on the adjacent landscape 
influences the type of materials on the landscape (e.g., hydrocarbons, 
fecal material, fertilizer, other chemical contaminants, etc.) and their 
transport to adjacent waterways (e.g., pervious versus impervious sur
face) (Wu et al., 2016). Of the landscape flooded in the Lafayette River 
watershed when tidal height is 1 m above mean lower low water 
(MLLW), 45.6% is residential (Fig. 3A), 13.6% is transportation (e.g., 
roads), 12.5% is recreation (e.g., parks), 8% is industrial (e.g., ware
houses), 7.7% is institutional (e.g., schools), and 4.6% is commercial (e. 

g., restaurants) land use (Fig. 3A). Despite the increase in recreational 
and industrial land uses towards the head of the Lafayette River 
(Fig. 3A), we observed no consistent relationship between land use and 
floodwater nutrient concentrations for any of the dissolved constituents 
measured (Fig. 3B–D). This could be because the land use classifications 
used in this study were too broad or failed to distinguish important 
differences within categories. For example, residential land uses include 
green and gray areas, (e.g., grass and pavement), and a military facility 
was classified as residential. Institutional and recreational land uses 

Fig. 2. The concentration of (A) NOx-N, (B) DON–N, and (C) NH4
+-N, and (D) PO4

3− -P, all in mg L− 1, in floodwater samples collected by citizen-science volunteers 
during the perigean spring tide of November 5, 2017. 

Table 1 
Comparison of dissolved nutrients concentrations (all in mg L− 1) in the Lafayette River estuary prior to flooding and in floodwater samples collected during the 
retreating king tide on November 5, 2017.  

Variable  n min max mean SD (±) median p-value 

TDN–N Floodwater 164 0.052 1.989 0.475 0.349 0.430   
In River* 35 0.525 1.071 0.750 0.123 0.741 2.3 × 10− 17 

DON–N Floodwater 152 0.0031 1.961 0.379 0.349 0.372   
In River* 35 0.399 0.848 0.619 0.091 0.630 4.1 × 10− 16 

DIN–N Floodwater* 181 0.0021 1.940 0.130 0.153 0.106   
In River 39 0.0032 0.554 0.118 0.123 0.077 1.6 × 10− 30 

NH4
þ-N Floodwater* 181 0.0004 0.305 0.017 0.032 0.0094   

In River 39 0.0001 0.059 0.017 0.019 0.0089 0.0014 
NOx-N Floodwater* 189 0.011 1.921 0.115 0.146 0.095   

In River 39 0.00196 0.494 0.100 0.118 0.063 1.3 × 10− 16 

PO4
3¡-P Floodwater 190 0.015 3.937 0.082 0.289 0.047   

In River* 39 0.013 0.127 0.068 0.030 0.077 4.4 × 10− 17  

* Variables for which there was a significant difference (p<0.05) between floodwater and estuarine concentrations. The presence of the asterisk indicates which 
group had statistically higher concentrations for a given constituent and the p-value for each one-tailed Wilcoxon test is given. 
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were also diverse; the institutional category included a museum garden 
and a country club, and the recreational designation included a zoo with 
direct connection to the Lafayette River. Future research should consider 
evaluations of how nutrient loading from tidal flooding varies by spe
cific land uses. Such an analysis was beyond the scope of this study. 

Estuarine systems are characterized by salinity gradients that reflect 
mixing between fresh and salt water end-members, which can shape 
nutrient distributions (Eyre and Balls, 1999). Because the Lafayette 
River is shallow and freshwater inputs are limited to runoff and 
groundwater, the salinity gradient in this system is primarily influenced 
by the tides and storms. Most of the time the salinity gradient is rela
tively small, and the difference between salinity near the headwaters 
and the mouth of the system is not more than 3 salinity units (Morse 
et al., 2011). Because the salinity gradient in the river is small, we relied 
on nutrient concentrations measured nearly daily at a timeseries site 
near the mouth of the river for our pre-flood in-estuary concentration 
estimates. While ideally, paired comparisons of floodwater and 
pre-flood, in-estuary nutrient concentrations adjacent to each flooded 
area would be optimal, they were beyond the scope of this study. Further 
research is needed to better characterize variability in estuarine nutrient 
concentrations prior to flooding events. 

In addition to direct loading of nutrients, differences in dissolved 
nutrient concentrations between estuarine and floodwater samples can 

occur as a result of nutrient transformation as floodwaters interact with 
the landscape. According to Ezer (2018), the number of hours that water 
levels were 0.53 m above mean higher high water (MHHW) in Norfolk, 
VA, in 2016 was ~90 h. The same author report that this number has 
increased dramatically over the last 50 years and is projected to increase 
at an accelerating rate in the future. Although there are no studies to our 
knowledge reporting on floodwater-soil biogeochemical interactions in 
urbanized areas, changes in water chemistry have been observed in 
association with more rural systems (e.g., Weissman and Tully, 2020). In 
this study, DON–N concentrations were higher in the estuary than in 
floodwaters, while DIN–N showed an opposite trend (Fig. 4). This could 
mean that higher DIN–N concentrations in floodwaters were due to 
remineralization of DON to NH4

+, NO2
− and NO3

− , during the period when 
the landscape was inundated, rather than being due to their direct 
addition from materials being transported from the land. For example, 
Ardón et al. (2013) found that repeated saltwater intrusion during tidal 
flooding events changed N export from being dominated by organic N to 
being dominated by inorganic N in wetland sediments. Although re
ported rates of DIN regeneration from DON, and other nitrogen cycle 
processes, show that microbial transformations are fast enough to make 
measurable changes over the time span in which floodwaters remains on 
land (Herbert, 1999), we do not know the extent to which they do so 
during tidal flooding events inundating urban landscapes. Future studies 

Fig. 3. (A) Land use designations, within the Lafayette River watershed, affected during the 2017 perigean spring tide, as in Fig. 1. Colors represent the land use 
category. Data source for land use category: City of Norfolk – Open Data Portal (https://www.norfolk.gov/3885/Open-Data-Norfolk). (B) DIN–N, (C) DON–N, and 
(D) PO4

3− -P concentrations converted into a log scale in floodwater collected from areas designated as residential (Res), recreational (Rec), institutional (Inst) or 
commercial (Comm) land uses. The orange line within each box represents the median of the group. Whiskers represent the standard deviation of each group. Letters 
indicate land use categories between which there was a statistical difference (p<0.05, unpaired Wilcoxon test) for a given dissolved component. The number of 
samples collected within each land use category, for a given nutrient concentration, is shown (n) (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.). 
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should examine nutrient transformations (e.g., ammonification and 
nitrification rates) in inundated soils and floodwater to better under
stand the sources and fates of nutrients during tidal flooding events. 

3.2. Dissolved nutrient inputs during tidal flooding 

For all of the analytes measured here, the maximum concentrations 
in floodwaters were more than 2 to 10 times higher than those measured 
in the estuary at our timeseries site (Table 1). However, only concen
trations of DIN–N in floodwaters were statistically higher than pre- 
flood estuarine samples (p<0.05, paired Wilcoxon, Table 1). Average 
DON–N, TDN–N, and PO4

3− -P concentrations were statistically higher 
in estuarine waters than in the floodwater samples (Table 1). 

From the LIDAR-derived digital elevation model and corrections 
from water surface elevation measurements in the Lafayette River, we 
estimated that about 3.9 × 1010 ± 1.6 × 109 L of estuarine water 
inundated the landscape along the perimeter of the Lafayette River 
during the perigean spring tide on November 5, 2017, making the 
inundation prediction model’s uncertainty during this tidal inundation 
simulation approximately 4.2%. Only DIN–N concentrations were used 
to estimate nutrient inputs because this variable was the one in which 
concentrations were statistically higher in floodwaters than in the es
tuary itself and because the TDN–N results, and thus the DON–N 
concentrations, were highly variable (Table 1). The difference between 
the median DIN–N concentrations in floodwater and the estuary was 
0.0294 mg N L− 1. Multiplying this concentration by the volume of 
floodwater inundating the perimeter of the Lafayette River during the 
sampling event, we estimate that about 1145 kg of N was introduced to 

the system in the form of DIN during this single, blue-sky flooding event. 
According to the Environmental Protection Agency (EPA), the land- 

based annual load allocation for N to the Lafayette River should be less 
than 880 kg year− 1 ((Table 9–1; EPA, 2010). Thus, based on our cal
culations, this single flooding event delivered about 30% more of the 
annual load allocation for this category to the Lafayette River. While our 
results are provocative, they must be considered carefully for several 
reasons. First, all flooding events are not equal; tidal height and the 
extent of inundation varies between flooding events, and the condition 
of the inundated landscape can also vary depending on a variety of 
factors (e.g., seasonality, length of time since last rainfall/flooding, and 
land use). The water level the day of the flooding event during which we 
collected samples, although high enough to inundate the streets close to 
the estuary (Fig. 1), was not the as high as predicted or as high as other 
flooding events in the region during 2017 (Fig. 5). During the past 
century, the tide gage located close to the mouth of the Lafayette River 
has registered flooding events as high as 1.9 m above MLLW (Fig. 5). 
Further, the estuarine condition is also highly variable and nutrient 
concentrations can vary on short temporal and spatial scales (Morse 
et al., 2014). 

The floodwater nutrient anomalies presented here were calculated 
assuming homogenous nutrient concentrations within the estuary prior 
to the tidal flooding and using measurements collected several days 
before the sampling event at a site near the mouth of the tributary 
(Fig. 1). However, concentrations of dissolved constituents in the 
Lafayette River water can vary on multiple spatial and temporal scales, 
depending on weather (e.g., rainfall and wind; Morse et al., 2014; 
Egerton et al., 2014; Filippino et al., 2017), biogeochemical seasonality 
(Mulholland et al., 2009, 2018), and changes in estuarine water trans
port (Morse et al., 2011, 2013). Thus, our approach could over- or 
under-estimate floodwater nutrient fluxes if background concentrations 
decreased or increased relative to the median value used for our cal
culations. This variability could confound our ability to determine 
nutrient loads accurately during individual flooding events. While we 
had many synoptic floodwater samples, we had few in-estuary nutrient 
concentration measurements just prior to the tidal flooding. We 
recommend incorporating pre-flood sampling along the length of the 
estuary to provide better-paired comparisons of floodwater versus 
estuarine nutrient concentrations. Sampling estuarine conditions 
immediately before each flooding event would also allow us to account 
for the variability associated with biogeochemical and ecological sea
sonality that has been observed in this estuarine system (Morse et al., 
2014; Egerton et al., 2014; Mulholland et al. 2018). 

Overall, this study points to “blue sky” flooding as a potentially 
significant source of nutrients to estuarine and coastal systems. This is 
not surprising as nutrient inputs from overland stormwater runoff are 
known to be significant (Hale et al., 2015). As sea levels continue to rise 
in many coastal areas around the globe (Haigh et al., 2014), water 
level-induced transport of materials from the landscape to the connected 
waterways will likely increase in coastal watersheds unless measures are 
taken to prevent these transports. Increases in the intensity, frequency, 
and duration of harmful algal blooms (HABs), and expansion of hypoxic 
waters in the Chesapeake Bay have been attributed to more than 100 
years of intense nutrient loading to the system (Kemp et al., 2005). Sea 
level rise and associated increases in tidal flooding may exacerbate 
nutrient loading. The Chesapeake Bay restoration and similar efforts in 
other coastal waterways along the eastern seaboard of the U.S. have 
implemented both voluntary and mandatory nutrient reduction actions 
to achieve water quality goals. These efforts will be jeopardized if 
nutrient loads delivered as a result of coastal flooding are ignored and 
strategies for reducing these loads are not adopted, particularly in hot 
spots for water quality impairments such as the Lafayette River. The 
Lafayette River has been identified as an initiation site for harmful algal 
blooms (HABs) and these have been linked to N inputs (Morse et al., 
2011, 2013, 2014; Mulholland et al., 2018). Similarly, links between 
nutrient inputs and HABs have been observed throughout the 

Fig. 4. Absolute frequency of DON- and DIN–N concentrations in floodwater 
(red) and in-river (blue) samples. See Table 1 for a detailed description of the 
distributional parameters of this dissolved nutrient and the results of the sta
tistical analysis comparing floodwater and background concentrations. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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Chesapeake Bay watershed and other coastal areas around the globe (see 
Wells et al., 2015 and references therein). 

3.3. Microbial contamination in floodwaters 

The median and average abundance of Enterococcus was 1220 and 
6283 ± 8984 MPN 100 mL− 1, respectively, with results ranging from 30 
to >24,000 MPN 100 mL− 1 (Fig. 5). Further, the maximum detectable 
concentration of 24,000 MPN 100 mL− 1, the upper limit of analytical 
detection for the method, was observed in ~17% of the samples 
collected. There was no clear spatial pattern in Enterococcus abundance 
(Fig. 6). 

Enterococcus spp. is a general fecal indicator shed by a variety of 
organisms into the environment during excretion (Franzetti et al., 
2004). Its abundance in the environment has been associated with 
human health risks since the last century, which has made it the default 
indicator for fecal contamination (Cabelli et al., 1982). Transmission to 
humans can occur either by consuming or having contact with 
contaminated objects or water (Enayati et al., 2015; Iversen et al., 

2004). In this study, Enterococcus in floodwaters were far in excess of 
standards established for recreational waters by the US Environmental 
Protection Agency (Fig. 7). This standard recommends concentrations 
be no higher than 104 colony forming units (CFU) per 100 mL of water 
to achieve an estimated illness rate of 36 per 1000 people (Recreational 
Water Quality Criteria by EPA, 2012). Only 5% of the samples collected 
during our study met this standard, while the remaining samples had 
concentrations that were one to two orders of magnitude higher than 
this standard (Fig. 7). Consistent with our results, Gidley et al. (2016) 
found high fecal contamination indicators (e.g., human bacteroidales) in 
floodwaters and at drains where floodwaters were rising to inundate the 
streets in Miami Beach, FL, USA. ten Veldhuis et al., 2010 found that 
riverine flooding induced by excessive precipitation resulted in in
creases in the abundances of fecal indicators in floodwaters on the order 
of those found in untreated wastewater, ranging from 5 × 104 to 1 × 107 

CFU 100 mL− 1. 
Sources of Enterococcus bacteria include warm-blooded animals such 

as ducks, geese, dogs, and gulls, however high abundances of Enterococci 
have been found in areas without obvious sources (Byappanahalli et al., 
2012). In the Lafayette River watershed, several dog parks in the resi
dential areas along the perimeter of the Lafayette River are affected by 
tidal flooding. In addition, ducks, geese, and gulls are commonly 
observed in floodwaters and could be sources of Enterococcus contami
nation. Another source of Enterococcus could be the transport or repro
duction of bacteria during the intrusion of floodwater through storm 
drains. Haile et al. (1999) found that biofilms developing within the 
drainage systems can increase fecal contamination indicators in flood
water during tidal flooding events. In urban areas affected by tidal 
flooding, such as Norfolk, Virginia, much of the water that inundates the 
landscape passes through the storm drain system (e.g., Shen et al., 
2019). 

While it is difficult to quantify, people are frequently in contact with 
floodwater during flooding events. In urban areas, the most common 
exposures include contact with floodwaters while walking through 
affected areas to get to cars, homes, businesses, schools, and other 

Fig. 5. Maximum water levels measured between 1930 
and 2019 at the Sewells Point station, Norfolk, VA. 
Green dots (MLLW <0.5 m) are considered a ‘no 
flooding scenario’, while yellow (MLLW 0.5 - 1 m) and 
red dots (MLLW >1 m) are water levels that produce 
flooding in this region as exemplified in Fig. 1. The 
dotted line shows the water level during our sampling 
campaign. Data source: NOAA’s Tides & Currents 
(https://tidesandcurrents.noaa.gov) (For interpretation 
of the references to color in this figure legend, the 
reader is referred to the web version of this article.).   

Fig. 6. Enterococcus abundance (in MPN 100 mL− 1) in floodwater samples 
collected by citizen-science volunteers during the perigean spring tide of 
November 5, 2017. 

Fig. 7. Percentage of floodwater samples with ≤ 104 (EPA standard), 
105–1000, 1000–10,000, or > 10,000 MPN 100 mL− 1 of Enterococcus. 
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destinations, and contact with items (e.g., outerwear) that have been in 
contact with floodwater. The dominant land use along the perimeter of 
the Lafayette River is residential (Fig. 3A), which could increase the 
number of people in contact with floodwater and the contaminants it 
carries. The large and increasing fraction of human populations living in 
coastal areas coupled with increases in tidal flooding due to sea level rise 
suggests that more people will be increasingly affected by flooding and 
exposed to potential contaminants carried by floodwaters (Neumann 
et al., 2015). Future research should consider not only the nutrient loads 
delivered to coastal waters but also the effects of tidal flooding on 
human health through exposure to waterborne pathogens. 

4. Conclusions 

Despite the impact that tidal flooding has in coastal areas, the effects 
of these events on water quality have not been examined. In this study, 
we carried out the first comprehensive spatial characterization of 
nutrient and fecal material concentrations in floodwaters from an ur
banized Chesapeake Bay sub-estuary. The main conclusions of this study 
are as follows:  

• DIN–N concentrations were statistically higher in floodwaters than 
in adjacent estuarine waters, indicating that coastal flooding is a 
previously unquantified, and substantial source of nutrients to 
coastal and estuarine systems.  

• Enhanced biogeochemical processes in the floodwater itself or the 
direct transport of dissolved nitrogen from the landscape to estuarine 
waters could explain the differences between floodwater and estua
rine concentrations.  

• Enterococcus abundance exceeded the recommended standard for 
recreational waters in nearly all of the floodwaters examined sug
gesting that contact with floodwaters can be harmful to public 
health. 

Results from this study suggest that DIN transport into adjacent 
water bodies by floodwaters may be high. Thus, failing to consider 
nutrient fluxes resulting from tidally induced inundations could result in 
underestimates of nutrient inputs into coastal waters. Their exclusion 
could bias water quality model projections of nutrient loads to coastal 
areas thereby jeopardizing mitigation, conservation, and restoration 
efforts. Further research should be done to confirm these estimates and 
their variability with respect to land use, meteorology, and variability in 
landscape conditions. 
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