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Abstract

Although an emerging component in the marine nitrogen (N) cycle, cyanate concentrations
and cycling have not been examined in estuarine systems to date. To better understand controls on
cyanate concentrations in estuaries, time series data of cyanate and nutrient concentrations in the
Lafayette River, a micro-tidal, sub-tributary of the lower Chesapeake Bay, were examined between
June and September 2018, and May to September 2019. Cyanate concentrations ranged from near
the detection limit (0.4 nmol L) to 82.9 nmol L! in 2018, and 6.8 to 207.4 nmol L' in 2019.
Variations in cyanate concentrations were highly correlated with chlorophyll biomass in the
summer, biomass degradation in early fall, and sediment resuspension that occurred in response to
meteorological forcing. Cyanate concentrations increased after Chl a concentrations decreased
suggesting algal decomposition as a source of cyanate. High cyanate concentrations in bottom
waters, corresponded to wind-induced sediment resuspension events in the Lafayette River, again
suggesting organic matter decomposition as a source of cyanate. Cyanate concentrations in
sediment pore water varied between years; in summer 2018, cyanate concentrations were up to
150 nmol L', while in 2019, they were three times lower. To confirm an algal source for cyanate,
a degradation experiment was conducted using Lafayette River water collected during a bloom of
Margalefidinium polykrikoides in 2018. In dark incubation bottles, cyanate was one of the first
labile organic nitrogen products produced, suggesting the contention that high concentrations of
cyanate in late summer and fall were the result of organic matter decomposition. Neither cyanate
nor ammonium accumulated in light bottles suggesting production and uptake are tightly coupled
and microbes have a high affinity for cyanate in the light. In dark bottles, cyanate production rates
were 6.8 nmol L' d”!, while microbial removal rates during the late phase of degradation were 1.5
nmol L d!, suggesting that cyanate may not be a preferred nitrogen substrate for microbes
(including nitrifiers) in dark bottles or that microbes have a lower affinity for cyanate in the dark,
allowing cyanate to reach steady state at concentrations greater than the detection limit.

Keywords: Cyanate; cyanate production and regeneration; Lafayette River; Margalefidinium

polykrikoides; wind-driven sediment resuspension

1 Introduction

Bioavailable dissolved organic nitrogen (DON) compounds (e.g., urea, amino acids, small
peptides, and nucleic acids) have been recognized for several decades as nitrogen [N] sources for
phytoplankton (Glibert and Legrand, 2006; Bronk et al., 2007; Mulholland and Lomas, 2008).
Their availabilities are thought to influence phytoplankton community composition (Berg et al.,
2003; Glibert and Burkholder, 2011; Moschonas et al., 2017; Wu et al., 2019) and contribute to
algal blooms (Glibert et al., 2001; Mulholland et al., 2002; Davidson et al., 2012; Gobler et al.,
2012; Collos et al., 2014). In the spectrum of DON compounds, cyanate has the simplest molecular
structure and was only recently discovered to be a source of bioavailable N for phytoplankton
(Kamennaya et al., 2008; Hu et al., 2012; Widner et al., 2016). Cyanobacteria, Prochlorococcus
and Synechococcus, were found to encode cyanate hydratase (synonyms - cyanase, cyanate lyase)
genes to utilize cyanate (Miller and Espie, 1994; Palenik et al., 2003; Rocap et al., 2003;
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Kamennaya et al., 2008; Kamennaya and Post, 2011, 2013) and more recently, it has been
demonstrated that cyanate can be assimilated by natural microbial communities (Widner et al.,
2016; Widner and Mulholland, 2017; Widner et al., 2018b). While it was initially thought that
cyanate was used primarily by prokaryotes, within whose genomes genes for cyanate utilization
were first identified, a coastal harmful dinoflagellate species, Prorocentrum donghaiense, was
cultured using cyanate as its sole source of N (Hu et al., 2012) and a bloom-forming pelagophyte,
Aureococcus anophagefferens, was also found to possess cyanase genes (Berg et al., 2008)
suggesting that cyanate might be more broadly bioavailable. The uptake of cyanate accounted for
up to 10% of total measured N uptake in the oligotrophic mid-Atlantic Bight, the Gulf of Maine,
and the Eastern Tropical South Pacific Ocean (Widner et al., 2016; Widner and Mulholland, 2017;
Widner et al., 2018b), suggesting it is an important but overlooked component of the marine N
cycle and that the utilization of cyanate can make a significant impact on N biogeochemistry in
coastal and open oceans.

Adding to its emerging recognized biogeochemical significance, cyanate can also be used
as a N substrate supporting nitrification (Palatinszky et al., 2015; Kitzinger et al., 2019; Koch et
al., 2019; Kitzinger et al., 2020). Some ammonia (e.g., thaumarchaeon Nitrosopumilus maritimus,
Nitrososphaera gargensis, and Nitrosomonas nitrosa) and nitrite oxidizing microbes (e.g.,
Nitrospira moscoviensis and Nitrospinae bacteria) mediated the conversion of cyanate to either
ammonium or nitrite, both directly and indirectly, even though cyanate hydratase genes were not
identified in all of these organisms in genomic analyses (Palatinszky et al., 2015; Kitzinger et al.,
2019; Kitzinger et al., 2020). Cyanate can also be a primary substrate for anaerobic ammonium
oxidation (anammox), a process recently dubbed “cyanammox”, in oxygen deficient zones, such
as those that occur in the Eastern Tropical Pacific Ocean (Babbin et al., 2017; Widner et al., 2018a).
In the Eastern Tropical North Pacific Ocean, the contribution of cyanate to anammox was
equivalent to ammonium at the top of the oxygen deficient zone (Babbin et al., 2017), and cyanate
lyase genes were present at all depths sampled, where Nitrospina and Scalindua were located
(Widner et al., 2018a). Together, these observations suggest that cyanate, like ammonium, is a
central and dynamic component of the N cycle despite its low environmental concentrations.

Similar to other reactive DON species such as urea, amino acids, and small peptides,
cyanate was shown to be produced during cellular metabolism (e.g., by intracellular urea and/or
carbamoyl phosphate breakdown) (Kamennaya et al., 2008; Kamennaya and Post, 2011), and
extracellularly as a result of photochemical reactions and during degradation of algal cultures at
rates comparable those of other labile nitrogen compounds such as ammonium and amino acids
(Widner et al., 2016). Because its production and consumption appear to be tightly coupled, as for
other N cycle intermediates such as ammonium and nitrite, cyanate seldom accumulates in the
water column or soils, with concentrations typically observed at nanomolar levels in most
environments examined to date (Mooshammer et al., 2021). As for ammonium and nitrite, vertical
profiles of the water column typically show subsurface cyanate maxima just below the chlorophyll
maximum, reflecting biological consumption in surface waters, production in subsurface waters
where regeneration is substantial, and depletion in deep waters as reduced N is oxidized (Widner
etal., 2016; Widner and Mulholland, 2017). Spatially, cyanate concentrations are generally highest
in coastal/shelf waters where productivity and terrestrial inputs of organic matter are higher and
decrease with distance from the land (Widner et al., 2016; Widner and Mulholland, 2017). For
example, cyanate concentrations near the Chesapeake Bay Mouth were <40 nmol L' (Widner et
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al., 2013), decreased to <10 or 20 nmol L' in mid-Atlantic Bight and Gulf of Maine (Widner and
Mulholland, 2017), and were <5 nmol L in oligotrophic waters influenced by Gulf Stream
(Widner et al., 2016). From the limited measurements available, cyanate-N concentrations were
~5% - 30% of ammonium-N concentrations in continental shelf waters (Supplementary Fig. 1 from
Kitzinger et al., 2019).

Previous studies of cyanate utilization by phytoplankton were focused primarily on
prokaryotic phytoplankton that occurs in oceanic regimes and is known to have and express
cyanate hydratase genes (e.g., Prochlorococcus and Synechococcus) (Palenik et al., 2003;
Kamennaya et al., 2008; Kamennaya and Post, 2011). However, recent studies conducted in
coastal waters in the North Atlantic Ocean between Cape Hatteras and the Gulf of Maine suggest
that a broader group of eukaryotic phytoplankton may utilize cyanate to support their growth and
that cyanate production may be dependent on the availability of labile organic matter (Widner and
Mulholland, 2017). Estuaries such as the Chesapeake Bay are dominated by eukaryotic
phytoplankton, mainly diatoms and dinoflagellates (Harding et al., 2015), tend to be meso- or
eutrophic, and have ambient DON, dissolved inorganic nitrogen (DIN), and phytoplankton
concentrations up to three orders magnitude higher than those observed in coastal and oceanic
systems (Harding et al., 2016; Testa et al., 2018; Harding et al., 2019). These systems are also
prone to substantial terrestrial inputs of DIN and DON through runoff (Austin, 2002; Hagy et al.,
2004; Zhang et al., 2015), which may provide potential direct and indirect sources of cyanate.
Based on this, we hypothesized that cyanate production rates were likely to be high in estuarine
systems. In addition to water column processes, sediments accumulate organic matter in shallow
eutrophic estuaries, and remineralization of sedimentary organic N can play an important role in
N biogeochemistry in these systems (Cowan and Boynton, 1996; Burdige and Zheng, 1998), thus,
sediment might be a potential source of cyanate.

The Lafayette River is a shallow, eutrophic, micro-tidal sub-tributary of the lower
Chesapeake Bay (Fig. S1, supporting information), prone to recurring harmful algal blooms
(HABs). Over recent decades, seasonal dinoflagellate blooms, including nearly annual summer
blooms dominated by Margalefidinium polykrikoides (M. polykrikoides), have been observed in
this system resulting in chlorophyll a (Chl @) concentrations of > 200 pg L' (Mulholland et al.,
2009; Morse et al., 2011; Egerton et al., 2014; Hofmann et al., 2021). Because the Lafayette River
was identified as a site where blooms initiated (Morse et al., 2013), a time series site was
established there in 2012. Ambient DIN concentrations in the Lafayette River are often >10 umol
L', DON concentrations >20 umol N L', and concentrations of dissolved inorganic phosphorus
(DIP, refers to phosphate [PO4>7]) typically range from 2—9 pmol P L' umol L' (Morse et al.,
2014). However, during summertime blooms, DIN concentrations are typically at the limit of
analytical detection, and DON concentrations drop to as low as 13 pmol N L' (Mulholland et al.,
2009; Morse et al., 2014). In the summer, there are interspersed periods of stratification and event-
scale processes, including tropical storms, that mix the water column and re-suspend sediments
thereby modulating benthic-pelagic coupling. Wind-driven sediment resuspension can inject
nutrients regenerated from sedimentary organic matter decomposition into the water column
(Morse et al., 2011; McGill et al., 2019). The unique environmental setting of the Lafayette River
and the availability of time series data make this an ideal system to investigate how intense algal
production, biomass, and sediment resuspension affect the biogeochemical cycling of cyanate in
estuarine environments. To advance our understanding of cyanate within the estuarine N cycle, we
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examined the distribution of cyanate in the water column and sediments of the Lafayette River and
here we provided a time series of cyanate concentrations relative to those of Chl a and other
dissolved N species over two contrasting summers; one during which there was an intense M.
polykrikoides bloom where Chl a concentrations reached upwards of 400-500 pg L' (2018), the
other when there was no bloom (2019).

2 Materials and Methods
2.1 Sensor deployment

Water quality sondes (Model 6600, Yellow Spring International [YSI], Inc., USA) were
deployed near the surface at two fixed stations in the Lafayette River, Virginia, from May 1 to
September 30 in 2018 and 2019; one was located at Norfolk Yacht and Country Club near the
mouth of the river where the maximum water depth was approximately 6 m (NYCC, [36.91°N, -
76.30°E]); and the other was near the headwaters of the river, where the maximum water depth
was approximately 2 m (AC, [36.88°N, -76.27°E]) (Fig. S1, supporting information). YSI sondes
were equipped with sensors to measure pressure (a proxy of water depth), temperature,
conductivity (a proxy of salinity), pH, chlorophyll fluorescence (a proxy for Chl a concentration),
dissolved oxygen (DO), and turbidity. The sampling frequency of the moored sondes was every
15 mins in unattended sampling mode. Sondes were exchanged every 1-2 weeks for cleaning and
calibration. After retrieval, data was downloaded, and sensors were calibrated according to the
manufacturer’s specifications and protocols established by Hampton Roads Sanitation District as
part of their routine water quality monitoring in accordance with their US Environmental
Protection Agency (EPA) discharge permit. Chlorophyll fluorescence data was corrected using the
daily extracted chlorophyll data (see below). Conductivity data were converted to practical salinity
(Sp, unitless) and then to absolute salinity (Sa, g kg'') based on the current TEOS-10 standard
(Martins and Cross, 2022).

In addition to data from the surface moored sondes, vertical profiles were collected almost
daily, at both sites, using identical instruments near mid-day, when solar radiation is predicted to
be at its peak, to examine hydrographic parameters over the water column. The sampling frequency
was rapid (seconds) under discrete sampling mode. On average, the YSI sonde collected data at
every 0.1-0.2 m interval during the vertical profiling. Because M. polykrikoides vertically migrate
on a daily schedule (Park et al., 2001), the timing of sampling was intended to coincide with the
time of day when Chl a was concentrated in surface waters. In 2018, daily vertical sonde
deployments were conducted at AC from June 1 until July 31 when a bloom of M. polykrikoides
was first detected (>1,000 cells mL™"). Subsequently, daily vertical profiling was moved to our
down-estuary site at NYCC where high Chl a concentrations persisted from August 1 to September
30. In 2019, vertical deployments of YSI sondes were conducted daily at both sites from May 1 to
September 30. Sondes used for vertical profiling were cleaned and calibrated as described above.
While ideally sampling would have been congruent during both years, this study leveraged
ongoing projects. Data and quality assurance and quality control protocols are publicly available
on the Virginia Estuarine and Coastal Observing System (VECOS) website hosted by the Virginia
Institute of Marine Science (http://vecos.vims.edu).
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2.3 Water column and pore water sampling.

Water column sampling was conducted alongside the vertical profile data collections
described above. Samples to measure cyanate, ammonium (NH4*), urea, nitrate (NOs3"), nitrite
(NO»"), and PO4* concentrations were pumped from three depths (near-surface, an intermediate
water depth, and near-bottom) at each site through a 0.2 um Polycap TC encapsulated filter
(Whatman®) affixed to a portable peristaltic pump system (Masterflex E/S, Cole-Parmer, USA).
Since the water level changes with tide (e.g., varying 4.8—6.1 m at site NYCC, see Fig. S2,
supporting information), the three sampling depths varied as well: 0.5 (or 0.25), 2.5, and 4.25 m
during low tides, 0.5 (or 0.25), 3, and 5 m during intermediate tides, and 0.5 (or 0.25), 3, and 5.75
m during high tides. Similarly, at site AC, the water depth varied from 1.2-2.2 m, so the three
sampling depths were targeted at 0.25 (or 0.5), 0.75, and 1 m when it was low tide, 0.25 (or 0.5),
1, and 1.5 m at intermediate tides, and 0.25 (or 0.5), 1.25, and 2 m when it was high tide. Samples
for NH4* (in triplicate), NOs", NOy", urea, and PO4+* analyses were filtered on site and collected
directly into sterile polypropylene centrifuge tubes (Falcon®). Cyanate samples were placed into
1.8 ml sterile microcentrifuge tubes with O-ring seals (Micrewtube®). Samples were stored and
transported in a cooler with ice packs and returned to the laboratory within 2 hours of their
collection (usually less). In the laboratory, nutrient samples were immediately frozen upright at -
20°C and cyanate samples were immediately stored at -80 °C until analysis. In addition to filtered
samples, whole water samples for identifying and numerating M. polykrikoides and other
taxonomic phytoplankton groups were preserved with iodine Lugol’s solution at the time of
collection. Whole water was also pumped into dark high-density polyethylene (HDPE) bottles
(Nalgene®) and stored in a cooler and then transported to the laboratory. Immediately upon arrival,
these water samples were mixed, and sub-samples were collected onto pre-combusted glass fiber
filters (GF75, Whatman®, nominal pore size 0.3 um) in triplicate for analysis of Chl a
concentrations to provide biomass estimates and correct the YSI fluorescence data. These filters
were stored frozen until analysis within two weeks of their collection.

Sediment cores were collected at AC using a cylindrical gravity corer to examine the
potential cyanate production from organic matter degradation in the sediments in summer 2018
and 2019. In July 2018, samples were collected by slicing sediment cores into three layers (0-3
cm, 3—6 cm, and 6-9 cm). Sliced sediments were then centrifuged, and the resulting pore water
(supernatant) was syringe-filtered through GF75 filters and frozen (-80 °C) until analysis. In 2019,
three sediment cores were collected, two from August 20, the other one from August 27. For each
sediment core, pore water samples (~1.8 ml) were withdrawn, through holes drilled at 2 cm
increments (0, 2, 4, 6, 10 cm) in the polycarbonate core sleeve, using a syringe and then filtered
through GF75 (nominal pore size of 0.3 mm) filters. Filtrate was frozen for cyanate analysis as
described above.

2.4 Algal degradation experiments

During 2018, there was a massive M. polykrikoides bloom while in 2019 there was not. In
August 2018, a 50-day incubation experiment was conducted to examine the production of cyanate
and other nitrogenous nutrients during degradation of natural microbial community assemblages
using natural estuarine waters collected during a bloom of the dinoflagellate, M. polykrikoides.
Surface water was collected within the M. polykrikoides bloom when Chl a concentrations were
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extremely high (105 pg L) using a clean bucket and then gently transferred to a 20 L carboy and
transported back to the laboratory where an acid-cleaned Teflon magnet was added, and the carboy
was placed on a stir-plate to keep the microbial community homogenized. Water from the carboy
was dispensed into triplicate, dark HDPE bottles (2 L) and triplicate, clear polycarbonate bottles
(2 L). All bottles were placed in an illuminated incubator (Precision Scientific, USA) set at 27 °C
(near ambient water temperatures) supplied with a 14:10 h light:dark cycle with a light intensity
of 700 WE m? s7! for 50 days. Samples were collected from incubation bottles and filtered through
GF75 filters to measure the production of dissolved constituents, including cyanate, urea, NH4™,
NO2, NOs-, and PO4* at days O (the start of the experiment), 1, 3, 4, 6, 7, 10, 14, 19, 22, 26, 29,
33, 37, and 50. Samples were frozen until their analysis as described below. Since there was no M.
polykrikoides bloom in 2019, no degradation experiments were undertaken in that year.

2.5 Sample analyses

Cyanate concentrations were measured using a pre-column fluorescence derivatization
method and high-performance liquid chromatography (Widner et al., 2013; Widner and
Mulholland, 2017). The method detection limit (MDL) was 0.4 nmol L' (Widner et al., 2013).
Micromolar concentrations of NOs", NOy,, POs*, and urea were determined using a nutrient
autoanalyzer according to the manufacturer’s specifications (Astoria-Pacific, Inc., USA); NOs +
NO> (N+N) samples were analyzed using the standard azo dye colorimetric method (Whitledge
etal., 1981). PO4** was determined using the phosphomolybdenum blue (PMB) method (Bernhardt
and Wilhelms, 1967). Urea concentrations were measured by the diacetyl monoxime method
(Rahmatullah and Boyde, 1980). The MDLs for N+N, PO4*, and urea were 0.14 pmol L', 0.03
umol L1, and 0.08 pmol L', respectively. NH4* concentrations were analyzed manually using the
manual indophenol method with the MDL of 0.02 umol L' (Strickland and Parsons, 1972). Both
NH4* and Chl a samples were analyzed within 10 days of their collection. To measure extracted
Chl a samples, the frozen filters were submerged in 10 mL 90% acetone and extracted in a freezer
(-20°C) for 24 hrs. before measuring fluorescence on a 10-AU Turner Fluorometer (Welschmeyer,
1994). Major taxonomic phytoplankton group identification and algal cell enumeration were
carried out using an inverted microscope (100-600x, model CKX41, Olympus, Japan). Cell
densities were reported as cells mL"'. M. polykrikoides blooms have been defined as when their
cell abundance exceeds 1000 cells mL! (Marshall and Egerton, 2009).

2.6 Data analysis

Data collected from Y SI vertical profiles were binned at 0.1 m and 0.25 m intervals for AC
and NYCC, respectively. Water column density gradients were calculated from vertical profile
data to assess the degree of stratification such that density (pw) differences were calculated over
discrete depths (z) in the water column using Eq.1, without filtering the effect of tidal and wind
straining. z was 0.1 m and 0.25 m interval for AC and NYCC, respectively. For n number of
measurements referenced from the surface, fori=1toi=n-1:

0Pw _ Pi+1 — Pi
0z Ziv1 — %

Density gradient =

€y
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Therefore, the more stratified the water column the more positive the value of the density
gradient. In this case, the water column was deemed stratified when the density gradient was
higher than 0.5 kg m™.

Hourly wind and precipitation data at Norfolk Naval Station (station ID: 13750, [36.95°N,
-76.30°E]) were downloaded from https://www.ncdc.noaa.gov/cdo-web/datatools/lcd. A one
tailed r-test was applied to examine if daily average windspeed was correlated to bottom water
DIN and cyanate concentrations. In addition, the cross-correlation tool in MATLAB (R2021b,
MathWorks) was used to examine the relationship between daily average windspeed (n=61) and
daily bottom water DIN and cyanate concentrations, during August-September 2018. The DIN and
cyanate data contained missing values (19 out of 61) and interpolating the data could make the
data points more continuous (fill data gaps). Thus, data gaps were filled by running a “spline”
model. However, for the same period of 2019, the measured nutrient data points (n=21, out of 61)
were not sufficient, filling the data gaps brought poor and misleading results (data not shown here),
therefore, cross-correlation was only performed for August-September 2018.

3 Results

3.1 Environmental parameters from surface mooring data and vertical profile data

Water temperatures were generally higher at AC and more variable than at NYCC
throughout the summer (see Figs. 1a and 1d, and 3a and 3g), due to its shallower depth. Surface
water temperatures at AC varied from 24.6 to 33.5 °C with the average of 28.9 + 1.7 °C between
June-September 2018 (Fig. 1a), and 20.3 to 34.4 °C with the mean value of 27.7 £ 2.3 °C in the
same period of 2019 (Fig. 1a). Surface water temperatures at NYCC ranged 23.8-31.6 °C with the
mean of 27.9 + 1.4 °C between June-September 2018 (Fig. 1d), and 22.7-32.6 °C with the mean
of 26.8 + 1.8 °C in the same period of 2019 (Fig. 1d). In general, water temperatures at AC and
NYCC were greater during July and August and then decreased in late September, although
sporadic cooling was observed with the passage of storms (Figs. 2a and 2g, 3a and 3g).

Overall, surface salinities appeared to gradually increase over the summer in both years
and were higher by ~ 3-4 in 2019 than that of 2018 for both sites (Figs. 1b and le, 2b and 3b, and
2h and 3h), although there were large data gaps at AC in 2018 due to a sensor failure. Salinity at
AC (Figs. 2b and 3b) was slightly lower than that at NYCC (Figs. 2h and 3h) in both years, not
surprising since the AC station is nearer the headwaters and NYCC near the mouth of the estuary.
Briefly, surface water salinity at AC ranged 12.2—-19.5 with the mean of 16.3 + 1.8 during June-
September 2018 (Fig. 1b), and 7.8-23.5 with the average of 17.9 + 3.2 in the same period of 2019
(Fig. 1b). Surface salinity at NYCC varied 13.8—22.8 with the average of 18.5 £ 2.1 during June-
September 2018 (Fig. 1e), and 15.0-27.5 with the average of 21.5 + 3.2 in the same period of 2019
(Fig. 1e). During both years salinities were within the ranges reported from the Chesapeake Bay
Program monitoring data (https://datahub.chesapeakebay.net). Both temperature and salinity
determine water column stratification and were periodically affected by weather events such as
storms and precipitation. At AC, the water column was periodically stratified in June and
consistently stratified in July of both years and in August 2019 (Figs. 2¢ and 3c). Water column
stratification at NYCC was common in August in both 2018 and 2019 (Figs. 2i and 3i) with
periodic stratification in June and July 2019 (Fig. 3i). The periods when the water column was
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stratified coincided with periods of high Chl a, at AC in July 2018 (Fig. 2c and 2d) and July-
September 2019 (Fig. 3c and 3d), and at NYCC in August 2018, when two algal blooms occurred
(Fig. 21 and 2)).

Chl a concentrations at AC were higher in June and late July (over 100 ug L") during 2018
when a bloom of M. polykrikoides initiated than during the same period in 2019 (Fig. S3, a & c,
supporting information), however, Chl a concentrations were sporadically high at AC throughout
August and September during both years (Fig. 1c, 2d, and 4e). While Chl a concentrations at AC
were sometimes high in 2019, especially in July and throughout August (Figs. 3d and 5e) when
the phytoplankton community was dominated by another dinoflagellate (Fig. S3, ¢ & e, supporting
information), there was no M. polykrikoides bloom during that year. Chl a concentrations at NYCC
were generally less than 30 pg L' until the end of July 2018 (Fig. 1f). Throughout August 2018,
high Chl a concentrations (over 100 pg L) were observed at NYCC where a bloom of M.
polykrikoides occurred (Fig. 1f). Sometimes Chl a concentrations reached the maximum capacity
of the fluorescence sensor (400-500 pg L', Figs. 2j and 4j) when M. polykrikoides concentrations
reached >25,000 cells mL! (Fig. S3b, supporting information). After the bloom dissipated, Chl a
concentrations decreased to 5-20 ug L' in mid-September (Figs. 1f and 2j). In contrast, Chl a
concentrations seldom exceeded 30 ug L' at NYCC throughout the summer in 2019 when there
was no bloom (Figs. 1f, 3j, and 5j). DO concentrations were mostly greater than 4 mg L!
(saturation > 50%), showing the Lafayette River was well oxygenated (Figs. 2e & k and 3e & k).
DO hotspots were correlated with high Chl a concentrations (Figs. 2d-e, 2j-k, and 3d-e). Turbidity
at AC (Figs. 2f and 3f) was much higher than at NYCC (Figs. 21 and 31) in both years due to the
shallower water depth, sediment resuspension events, and higher Chl a (McGill et al., 2019). In
July 2018 and July-August 2019, turbidity at AC was notably higher than in other months (Figs.
2f and 3f). Some of this was likely due to high Chl a concentrations. At NYCC, turbidity was
generally higher near the bottom but sporadically high throughout the water column when storms
passed through (Figs. 21 and 31) with winds sufficient to cause sediment resuspension. In section
3.4, the relationship between wind-induced sediment resuspension and bottom nutrients at NYCC
is reported.

3.2 Cyanate and nutrient concentrations in the Lafayette River

In 2018, cyanate concentrations ranged from near the detection limit to 82.9 nmol L', with
the highest concentrations observed in late summer (Fig. 4a & f). At AC, cyanate concentrations
were high in June and again in late July (Fig. 4a). At NYCC, cyanate concentrations reached 81.7
nmol L' on August 2, as the M. polykrikoides bloom was initiating (Fig. 4f). Subsequently, cyanate
concentrations remained at or below 30 nmol L' until mid-September when cyanate
concentrations reached 82.9 nmol L' (Fig. 4f). Similar to cyanate concentrations, NH4*
concentrations were high at AC in early and mid-June, ranging 2.2-5.5 pumol L' (Fig. 4b),
increasing to 12.5 pmol L' on June 20 after a storm (storm 1, Fig. 4b). Concentrations were below
the limit of analytical detection at AC throughout most of July except in late July when there was
another storm (storm 2, Fig. 4b) and NH4* concentrations up to 15.9 umol L! were observed. NH4*
concentrations at NYCC were generally at or near the limit of analytical detection throughout the
summer except for a few episodically high concentrations during August, associated with the
passage of storms (e.g., storms 3 and 4, Fig. 4g) and high turbidity (Fig. 21). NH4* concentrations
increased after the M. polykrikoides bloom terminated with concentrations up to 4.0 umol L-!
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observed in early September, which was also coincident with a tropical storm (storm 5, Fig. 4g).
As for NH4*, N+N concentrations were mostly undetectable throughout the summer with a few
exceptions linked with the passage of storms and associated rainfall (Figs. 4c and 4h). N+N
concentrations increased by an order of magnitude in September 2018 after the M. polykrikoides
bloom terminated, reaching concentrations as high as 35.8 umol L'! (Fig. 4h). Concentrations of
PO.* were never depleted over the sampling period, ranging 2.8-6.1 umol L' (Figs. 4d and 4i),
and were generally lower after mid-July, dipping during the period when M. polykrikoides
abundance was highest between August 16-21, when PO4* was drawn down to 0.6 pmol L' (Fig.
4i).

In 2019, dissolved cyanate, NH4*, and N+N concentrations at AC were generally lower
than in 2018 between May and August (Figs. 5a-c and 4a-c, respectively). Concentrations of
cyanate, NH4*, and N+N were markedly higher at NYCC than AC during May (Figs. 5f-h and Sa-
¢, respectively). Overall, concentrations of all 3 analytes were depleted throughout much of the
rest of the summer excluding periods when storms passed through and may have introduced
nutrients through runoff and resuspension of sediments. Cyanate concentrations reached 207.4
nmol L' in May at NYCC (Figs. 5f) and exceeded 100 nmol L' in September at both NYCC and
AC (Figs. 5a and 5f). At both sites, cyanate concentrations were usually <50 nmol L' during most
of the period between June and August (Figs. 5a and 5f). Like cyanate, NH4* concentrations at AC
were mostly undetectable throughout the summer in 2019, only occasionally increasing in
association with summer storm or wind events during July and August (Fig. 5b). NH4*
concentrations at NYCC (Fig. 5g) were low but fluctuated throughout the summer and were
highest at both sites at the end of the summer, reaching 6.8 umol L (Figs. 5b and 5g). Urea
concentrations were undetectable for most of the sampling period at both sites (Figs. 5b and 5g).
Concentrations of N+N at NYCC in 2019 (Fig. 5h) were generally much lower than those observed
in 2018 (Fig. 4h), ranging from near the analytical detection limit throughout most of the summer,
to 9.5 umol L! during the early fall (Fig. 5h). Similar to NH4* and cyanate, N+N concentrations at
AC and NYCC (Figs. 5c and 5h) were higher in both early May and late September and were at
or near the analytical detection limit during the summer except for sporadic increases associated
with the passage of storms in mid-June and early August. The late summer N+N maxima at AC
(Fig. 5¢) was much lower than that observed at NYCC (Fig. 5h). PO concentrations at AC ranged
1.5-6.9 pmol L*! with an average concentration of 3.6 + 1.3 umol L'! (Fig. 5d), slightly higher than
that at NYCC (Fig. 5i), where PO4* concentrations varied 0.3-6.2 umol L' with the mean
concentration of 2.7 + 1.2 pmol L' and generally increased over the course of the summer.

3.3 Influence of wind-induced sediment processes on bottom cyanate and DIN variations

During the sampling period, the wind most commonly came from the WSW and was
associated with low speeds (<5 m/s). The most intense winds blew from the NNE and reached >7.5
m/s during August-September (Fig. S4, supporting information). The relationship between wind
speed and direction, precipitation, and bottom water cyanate and DIN (the sum of NH4* and N+N)
concentrations in August and September 2018 and 2019, were examined (Fig. 6) to determine
whether wind- or storm-induced sediment resuspension events may have released cyanate and
other nitrogenous nutrients to the water column. Between August 1 and August 4, 2018,
precipitation associated with high south/southwesterly winds with speeds >5 m s (Fig. 6a),
defined here as a storm event (storm 3, Fig. 4), were aligned with high bottom water DIN and
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cyanate concentrations (Fig. 6b). These high concentrations of nitrogen compounds were rapidly
depleted, with concentrations returning to undetectable levels on August 6 (Fig. 6b). Furthermore,
elevated nutrient concentrations in bottom waters appear not only associated with wind speed, but
also with wind direction. For example, during August 30-31, 2018, southerly wind abruptly
switched to northerly wind (storm 4, Figs 4 and 6a), resulting in elevated bottom DIN and cyanate
concentrations (Figs. 4f-h and 6b). Notably, hurricane Florence impacted Norfolk from September
12 to 16, 2018 (storm 5, Fig. 4), during which time northeasterly winds exceeded 10 m s (Fig.
6a), causing huge nutrient releases from sediments into bottom waters (Fig. 6b). During and just
after this event, bottom cyanate and DIN concentrations increased by a factor of 3 to 4 (Fig. 6b).
Similar to 2018, in summer 2019, storm 3 (August 22-28), storm 4 (hurricane Dorian, September
5-6), and storm 5 (September 13-14) (Fig. 6¢) resulted in high bottom water concentrations of
cyanate and DIN (Fig. 6d).

3.4 Sediment pore water concentrations

Cyanate concentrations in sediment pore water profiles exhibited distinct variations
between years (Fig. 7). In July 2018, cyanate concentrations in pore waters ranged from 120 to
150 nmol L', increasing slightly with depth (Fig. 7). The concentrations in the sediment were a
few times higher than those in the water column at the same time (Fig. 4a). In contrast, in August
2019, cyanate concentrations were three times lower than in 2018, ranging 0.4-67.8 nmol L'}, and
generally decreased with depth, these concentrations were similar to those observed in the water
column at the same time (Fig. 5a).

3.5 Phyto-detritus decay experiments

Incubations of natural water samples collected during blooms were conducted in 2018 to
determine whether cyanate was produced during phytoplankton degradation in the environment.
In dark bottles, we observed the sequential production of NH4*, NO>", and NOs™ (Fig. 8a), as has
been observed previously (Sima et al., 2020), however, along with NH4*, we also observed that
cyanate and urea were released as primary degradation products (Figs. 8b and 8c, respectively).
Concentrations of NH4*, cyanate, and urea increased rapidly over the first 2 days of our
degradation experiments, reaching their concentration maxima nearly simultaneously after 10-15
days of incubation (Figs. 8a-c). The concentration maxima were 26.9 umol L'! for NH4* (Fig. 8a),
70.7 nmol L' for cyanate (Fig. 8b), and 2.0 umol L' for urea (Fig. 8¢). Production of these reduced
intermediate compounds was followed by a production of NOz", another N cycle intermediate, that
reached its maximum concentration of 36.5 umol L™ after 22 days (Fig. 8a). Ultimately, NO» was
nitrified to NO3", which reached concentrations of 40 umol L' after 37 days and completing the
nitrification process (Fig. 8a). Notably, urea was consumed rapidly after reaching its maximum
(Fig. 8c) while cyanate was not (Fig. 8b). Concentrations of PO4* increased from ~3 pmol L*! to
~6.7 pmol L' after about 15 days (Fig. 8d). In contrast, in light bottle incubations, the
concentrations of all the nitrogenous compounds measured remained near or at the analytical
detection limits for the duration of incubation experiment suggesting a tight coupling between their
production and consumption (Figs. 8a-c). Concentrations of PO4* remained 2-4 pmol L'
throughout most of the light incubation experiments and then decreased to ~0.6 pmol L! at the
end of the incubation (Fig. 8d). Detailed concentrations of N and phosphate are shown in table S1
and S2 in supplementary materials.
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4 Discussion
4.1 Cyanate cycling in the Lafayette River

This study shows that cyanate concentrations in the Lafayette River are an order of
magnitude higher (up to 207 nmol L") than those observed in the North Atlantic continental
shelves and slope sea (Widner et al., 2016; Widner and Mulholland, 2017), the Gulf of Mexico
shelf waters (Kitzinger et al., 2019; Kitzinger et al., 2020), and the Eastern Tropical Pacific
(Widner et al.,, 2018a; Widner et al., 2018b). This is not surprising given the relationships
previously observed between Chl a and cyanate concentrations. As for these other systems, cyanate
variations in the Lafayette River appears to be regulated by primary productivity and the
production of organic matter. Specifically, cyanate and other N compounds (e.g., NH4*) were
generally depleted in summer when algal productivity and biomass were highest (Figs. 4a-c, 4f-h
Sa-c, and 5f-h). High cyanate concentrations in late spring (see Fig. 5f), likely reflect the
accumulation of reduced N cycle intermediates due to lower consumption by phytoplankton.
Higher concentrations in fall after the period of maximum chlorophyll biomass are likely due to
decomposition of phytoplankton and nitrification of organic matter and reduced N compounds. As
revealed from the Phyto-detritus decay experiment (Figs. 8a-d), calculated DIN:DIP was ~10,
however, the measured DIN:DIP in the Lafayette River during the period before the bloom in 2018
was <1, indicating that the phytoplankton community in general was N-limited, potentially using
organic nitrogen to support their N demand. Indeed, M. polykrikoides is a known mixotroph and
like other dinoflagellates that bloom in the lower Chesapeake Bay (e.g., Gymnodinium spp.,
Akashiwo sanguinea, and Prorcentrum minimum), can take up organic nutrients, including urea
and amino acids, and hydrolyze small peptides (Mulholland et al., 2009; Tang et al., 2017;
Mulholland et al., 2018). Gobler et al. (2012) similarly found that blooms of M. polykrikoides often
occurred when concentrations of DIN were <2 umol L' and DON >20 pumol L' in New York
estuaries. It is noted that even in spring and fall (September), when cyanate was most abundant,
its concentrations were 2—3 orders of magnitude lower than those of other measured N sources.
At this point, the contribution of cyanate to the N demand during blooms in the Lafayette River is
unclear. While cyanate uptake was not measured in this study, a variety of phototrophic
cyanobacteria and eukaryotes (e.g., Prochlorococcus, Synechococcus, and Prorocentrum
donghaiense) are known to take up cyanate to meet their N demand (Kamennaya et al., 2008; Hu
et al., 2012; Kamennaya and Post, 2013; Widner and Mulholland, 2017). Metatranscriptomics
profiling strikingly reveals that dinoflagellate species, Alexandrium fundyense, has the versatility
to exploit various source of organic N compounds, e.g., cyanate, urea, under nitrate depleted
condition (Zhuang et al., 2015; Elferink et al., 2020).

Here, we demonstrate that cyanate, along with other reduced N compounds and N cycle
intermediates, e.g., NH4* and urea, were the first degradation products released during algal
decomposition (Figs. 8a-c). While NH4* and urea were subsequently oxidized in our experimental
incubations (Figs. 8a and 8c, respectively), cyanate did not appear to be removed/nitrified (Fig.
8b). Kitzinger et al. (2019) discovered that cyanate can be directly used as both energy and N
sources by ammonia-oxidizing archaea (Nitrosopumilus maritimus) in the hypoxic shelf waters of
Gulf of Mexico, likely through extracellular breakdown to NH4*, since this organism did not
contain cyanase. Some bacterial nitrite oxidizers in the same area, e.g., Nitrospinae, were also
found capable of incorporating N from cyanate despite observations that cyanase was rarely
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detected (Kitzinger et al., 2020). While other nitrite oxidizers, e.g., Nitrospira moscoviensis,
Nitrospina gracilis, Nitrospira marina, and anammox/cyanammox bacteria (e.g., Candidatus
Scalindua), were found to possess cyanase-encoding genes to facilitate cyanate utilization (Liicker
et al., 2010; Palatinszky et al., 2015; Babbin et al., 2017; Pachiadaki et al., 2017; Ganesh et al.,
2018; Widner et al., 2018a; Bayer et al., 2021), the mechanism by which cyanate is being
mobilized by cyanase-deficient microbes remains unclear. It was suggested that cyanase-negative
ammonia oxidizers and cyanase-positive nitrite oxidizers may have developed reciprocal/cross-
feeding strategies that benefit both microorganisms when they co-aggregate (Palatinszky et al.,
2015; Pachiadaki et al., 2017).

This study showed that the net rate of cyanate production during degradation of natural
phytoplankton assemblages was ~6.8 nmol L' d”! during the linear portion of the decay process
(first 10 days, Fig. 8b), in agreement with the production rates of 5-9 nmol L' d! observed
previously in diatom cultures (Widner et al., 2016). However, the net removal rate of cyanate
during the late phase of degradation in dark incubations was only ~1.5 nmol L' d*!, much slower
than the measured rate of ~10-54 nmol L'! d"! observed in hypoxic/anoxic shelf waters of the Gulf
of Mexico (Kitzinger et al., 2019) and 33.4 + 48 nmol L! d"!in the Eastern Tropical North Pacific
oxygen deficient zone (Widner et al., 2018b) from '’N-cyanate addition incubations. This suggests
that microbial nitrifier communities in the lower well-oxygenated Chesapeake Bay may have
different physiological capabilities (e.g., lower affinity for cyanate) than those residing near or
within oxygen deficient water. Not all nitrifiers possess cyanate encoding genes that enable
cyanate utilization (Pachiadaki et al., 2017), thus we cannot rule out the possibility that the slow
removal rate of cyanate may simply reflect the inability of resident nitrifiers to use cyanate, and
thus it indicates a slow abiotic decay process of cyanate. We also realized that the actual turnover
rates of cyanate were not measured, and inferences made based on N concentrations alone may be
inconclusive if production and consumption are balanced. Steady state nutrient concentrations
reflect a balance between production and consumption and reflect the collective affinity of
microbes for a particular nutrient element. Therefore, the steady state cyanate concentrations in
dark incubations may reflect balanced production and consumption of cyanate in incubations
where organisms have a lesser affinity for cyanate utilization.

Urea, another N species recently found to support microbial nitrification (Alonso-Séez et
al., 2012; Connelly et al., 2014; Tolar et al., 2017; Widner et al., 2018a; Kitzinger et al., 2019;
Kitzinger et al., 2020; Wan et al., 2021), behaved differently than cyanate in the dark bottle
incubation experiments. The net production rate of urea was 0.15 pmol L' d! in the early linear
phase while the net removal of urea was much faster, up to 0.35 umol L' d"! (Fig. 8c) suggesting
that urea production limits its consumption and urea is one of the most preferred N substrates for
nitrification in the Lafayette River. We know that urea is transported into microbial cells and
decomposed by urease to NH4* (see Figure 7.2 in Mulholland and Lomas, 2008). Among all
examined N intermediates, urea was barely detectable in the water column even though substantial
NH4* accumulated at times (Figs. 4b & g and 5b & g), which suggests that the utilization of urea
may be rapid and tightly coupled to its production. N+N concentrations rose after 10 days in dark
incubations. While this is a rather long lag, and likely not representative of in-situ nitrification
rates, it may indicate that there were few nitrifiers present in surface waters during sampling or
that nitrifiers present were substrate limited until decay processes were underway. Because
nitrifiers are usually not very abundant and active in euphotic surface waters due to
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photoinhibition, it could have taken time for nitrifiers to become abundant enough to detect their
activity in these concentration-based assays. Taken together, a further investigation of microbial
community composition in the Lafayette River is needed.

In light incubations, concentrations of all N cycle intermediates, including cyanate,
remained low throughout the degradation experiments suggesting that their production and uptake
are tightly coupled in the euphotic zone (Figs. 8a-c), as has been observed previously for NH4* and
urea (Mulholland and Lomas, 2008). High cyanate concentrations during late spring and fall, when
primary productivity and algal biomass were low suggests that cyanate is produced in the fall, as
organic material decomposes and these high concentrations may persist through winter until
organisms capable of their uptake emerge (e.g., Fig. 5f). In future studies, cyanate concentrations
and uptake should be measured over the entire annual cycle to determine whether this is indeed
the case.

4.2 Cyanate and nutrient release during wind-driven sediment resuspension events

Wind-driven sediment resuspension appears to be another external forcing that controls
cyanate and other nitrogenous nutrient concentrations in the Lafayette River. High summertime
productivity and settling of algal biomass transport a large pool of labile organic matter to the
sediments that can be remineralized on short time scales (Schultz and Urban, 2008; Zhu et al.,
2013). Regeneration of phytoplankton and other organic detritus in the sediments results in the
reintroduction of nutrients to the water column through diffusive processes as well as advection,
when there is a storm- or wind-induced sediment resuspension (Fong and Zedler, 2000; Yu et al.,
2019). Sediment resuspension after storms and strong wind events resulted in increases in nutrient
and Chl a concentrations during the days following (Filippino et al., 2017; Chen et al., 2018).
McGill et al. (2019) showed that sediment resuspension in the Lafayette River can be induced and
enhanced by elevated current speeds, and bottom wave orbital velocities >~2 c¢cm s™!, coinciding
with wind speeds =5 m s’'. For example, a large resuspension event caused by wind-generated
waves occurred at AC on June 20, 2018 (storm 1, Fig. 4), when suspended sediment concentrations
reached almost 6 g L' in the Lafayette River (McGill et al., 2019). Coincidently, this event was
followed by an immediate increase in NH4*, N+N, and PO4* concentrations, and a sharp decrease
in Chl a concentrations (Figs. 4b-e & 4g-j ); Chl a concentrations increased two or three days later,
after the winds subsided and the storm had passed, in agreement with Morse et al. (2014).

Similar to the N compounds mentioned above, cyanate concentrations in bottom waters
responded rapidly to the passage of storms, e.g., storms 1-5 in 2018 and 2019 (Figs. 4a & f, and
5a & f); concentrations increased by up to a factor of 3 as these storms passed through (Figs. 4a &
f,5a & f, and 6b & d), suggesting sediment resuspension is a major component of cyanate cycling
in the shallow Lafayette River. Indeed, daily average wind speed and daily bottom cyanate
concentrations were found to be significantly correlated for both years (p<0.01, #-test). Also, cross-
correlations show the lag between daily average wind speed and daily bottom DIN concentrations
was only 1 day (Fig. S5a, supporting information), whereas the lag between daily average wind
speed and daily bottom cyanate concentrations was ~3 days (Fig. S5a, supporting information).
Bottom cyanate and DIN concentrations were also shown to be positively correlated (p<0.01 for
t-test) with lag of 1-2 days (Fig. S5b, supporting information). Cyanate was rapidly consumed,
coincident with rising Chl a concentrations, suggesting that phytoplankton assemblages can utilize
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cyanate to support their growth. The high cyanate concentrations in sediments during 2018 and
dramatic increase in cyanate concentrations in response to wind-induced sediment resuspension
suggests that remineralization of organic matter in the sediments is an important source of cyanate
in shallow eutrophic estuaries.

5 Conclusions

To our knowledge, this is the first study examining the role of cyanate in the N cycle in an
estuarine system. Cyanate concentrations varied from a few nmol L! to ~200 nmol L' in the
Lafayette River, as for concentrations of other N cycle intermediates in summer, attesting to their
lability. Bottom water cyanate concentrations were strongly correlated with storm-induced
sediment resuspension suggesting that, like other N compounds, cyanate is produced in the
sediments during organic matter remineralization. Degradation experiments confirmed that
cyanate is also produced in the water column during organic matter decay. Further investigation
of cyanate turnover times is needed to examine the importance of cyanate in primary production.
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Figure 1. Time-series data from YSI data sondes deployed at stations AC (left panels) and NYCC (right panels). Data collected include
temperature (panels a & d), absolute salinity (panels b & €), and Chl a (panels ¢ & f) in summer 2018 (blue line) and 2019 (gray line).
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Figure 2. Time-series data collected at stations AC (left panels, 0.1 m binned) and NYCC (right panels, 0.25 m binned) in the Lafayette

River using YSI data sondes that include measurements of temperature (panels a & g), absolute salinity (panels b & h), density gradient

(panels ¢ & 1), Chl a (panels d & j), DO (panels e & k) and turbidity (panels f & 1; NTU: nephelometric turbidity units) in summer 2018.
Note the colorbars of Chl a were shown in log scale.
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Figure 3. Time-series data collected at stations AC (left panels, 0.1 m binned) and NYCC (right panels, 0.25 m binned) in the Lafayette
River using YSI data sondes that include measurements of temperature (panels a & g), absolute salinity (panels b & h), density gradient
(panels ¢ & 1), Chl a (panels d & j), DO (panels e & k), and turbidity (panels f & 1) in summer 2019. Note the colorbars of Chl a were
shown in log scale.
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Figure 4. Time series data of cyanate (a & f), NH4*and urea (b & g), N+N (nitrate+ nitrite, c & h),
PO4* (d & i), and extracted Chl a (e & j) collected from near-surface (black circles), at mid-depth
(white circles), and near-bottom (black triangles) at stations AC (June 1-July 30, 2018) and NYCC
(August 1-October 1, 2018). Red dots represent urea concentration. Gray shading indicates
passage of major storms 1-5 during the sampling period in 2018. Storm 5 was hurricane Florence
which occurred during September 12—-16, 2018.
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Figure 5. Time series data of cyanate (a & f), NH4*and urea (b & g), N+N (nitrate+ nitrite, c & h),
PO4* (d & i), and extracted Chl a (e & j) collected from near-surface (black circles), at mid-depth
(white circles), and near-bottom (black triangles) at stations AC (left panels) and NYCC (right
panels) from May 1 to October 1, 2019. Red dots represent urea concentration. Gray shading
indicates passage of major storms 1-5 during the sampling period in 2019. Storm 4 was hurricane
Dorian which occurred during September 5-6, 2019.



67, 157 c
1 | .
;%“J’gmmww‘ ,;,,uw, m ki, Jmm 8
BB H 2, T A 1 e
8,2, b ey =
8/1 8/8 8/15 8/22 8/29 9/5 9/12 9/19 9/26
7y 1 100 p) 40 ~
g 75 & 30 =
= 5ot ~120 §
T 25- 10 z
S o a
O B 8/8 8/15 8/22 8/29 9/5 9/12 9/19 9/26
_ Date (m/d)
56‘»’721570) 10 5
€4l Lo o , N ‘ 3
i kb df, _Wtﬂ.g il WY
82| J | | =
N LT LT TN AT A R

81 8/8 8/15 8/22 8/29 9/5 912 9/19 9/26

DIN (zmol L'

0
8/1 8/8 8/15 8/22 8/29 9/5 9/12 9/19 9/26
Date (m/d)

Figure 6. (a) wind speed (blue shaded lines), wind direction (gray vectors, negative indicates
winds were from the south), and precipitation (red lines) at Norfolk Naval Station (station ID:
13750, [36.95°N, -76.30°E]), and (b) observed bottom cyanate concentrations (blue dots) and DIN
(the sum of NH4* and N+N, gray dots) at NYCC in August and September 2018; (c) and (d) are
the same as (a) and (b) but for 2019. Gray dashed line in (a) and (c) indicates the threshold of storm
with wind speed of 5 m s”!. Wind data were obtained from https://www.ncdc.noaa.gov/cdo-
web/datatools/lcd.
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Figure 8. Results from degradation experiments using natural water collected during a bloom of
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