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Abstract  Nitrogen (N) inputs to developed coast-
lines are linked with multiple ecosystem and socio-
economic impacts worldwide such as algal blooms, 
habitat/resource deterioration, and hypoxia. This 
study investigated the microbial and biogeochemical 
processes associated with recurrent, seasonal bottom-
water hypoxia in an urban estuary, western Long 
Island Sound (WLIS), that receives high N inputs. A 
2-year (2020–2021) field study spanned two hypoxia 
events and entailed surface and bottom depth water 
sampling for dissolved nutrients as inorganic N (DIN; 
ammonia-N and nitrite + nitrate (N + N)), organic 
N, orthophosphate, organic carbon (DOC), as well 
as chlorophyll a and bacterial abundances. Physical 

water quality data were obtained from concurrent 
conductivity, temperature, and depth casts. Results 
showed that dissolved organic matter was highest at 
the most-hypoxic locations, DOC was negatively and 
significantly correlated with bottom-water dissolved 
oxygen (Pearson’s r = −0.53, p = 0.05), and ammonia-
N was the dominant DIN form pre-hypoxia before 
declining throughout hypoxia. N + N concentrations 
showed the reverse, being minimal pre-hypoxia then 
increasing during and following hypoxia, indicat-
ing that ammonia oxidation likely contributed to the 
switch in dominant DIN forms and is a key pathway 
in WLIS water column nitrification. Similarly, at 
the most hypoxic sampling site, bottom depth bacte-
ria concentrations ranged ~ 1.8 × 104–1.1 × 105 cells 
ml−1 pre-hypoxia, declined throughout hypoxia, and 
were positively and significantly correlated (Pear-
son’s r = 0.57; p = 0.03) with ammonia-N, confirming 
that hypoxia influences N-cycling within LIS. These 
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findings provide novel insight to feedbacks between 
major biogeochemical (N and C) cycles and hypoxia 
in urban estuaries.

Keywords  Bacteria · Nitrification · Hypoxia · 
Dissolved organic carbon · Long Island Sound

Introduction

The Long Island Sound (LIS) estuary, located 
between the southern coast of Connecticut (CT) 
and Long Island, New York (NY), is approximately 
160 × 30  km (length x width), has an average depth 
of 20–21 m, and a principal tidal exchange with the 
Atlantic Ocean in its eastern portion (Gay et al. 2004). 
LIS is a river-dominated estuary with three major 
hydrographic regions: eastern (ELIS), central (CLIS), 
and western (WLIS), that receive freshwater from the 
Connecticut, Quinnipiac, and both Hudson and East 
Rivers, respectively, in addition to precipitation and 
groundwater (Gay et  al. 2004; Vlahos and Whitney 
2017). LIS was designated an estuary of national sig-
nificance by the United States Congress in 1987 due 
to its large biodiversity and multiple ecosystem ser-
vices (New York State Department of Environmental 
Conservation (NYSDEC) 2000; Latimer et al. 2014). 
The region is home to approximately 9.8 and 2.3 mil-
lion residents in the NY and CT counties, respec-
tively, bordering the estuary (U.S. Census 2020).

Due to urbanization surrounding the LIS watershed 
and its proximity to New York City (NYC), WLIS 
receives elevated nutrient loading (especially nitrogen 
(N)) from industrial and wastewater (sewer) sources 
(Gay et  al. 2004; Long Island Sound Study 2015; 
Burke Watson et  al. 2018; Connecticut Department 
of Energy and Environmental Protection (CTDEEP) 
2019). When combined with atmospheric deposition, 
fertilizer runoff (Vaudrey et al. 2016), and other ter-
restrial sources, elevated N has been directly linked 
to recurrent (since the 1970s) eutrophication, bottom-
water hypoxia (categorized by CTDEEP as dissolved 
oxygen (DO) < 3.00 mg l−1), and occasionally anoxia 
(DO < 1.00 mg l−1) (Koppelman et al. 1976; Welsch 
and Eller 1991; Ballestero et  al. 2018; CTDEEP 
2019). WLIS hypoxia typically occurs during the 
summer from Jul to Aug (Parker and O’Reilly 1991; 
NYSDEC 2000; Vaudrey 2017; Ballestero et al. 2018) 
and presents a chronic ecological risk that threatens 

LIS biodiversity and ecosystem resources (Cuomo 
et  al. 2005; Pearce and Balcom 2005; CTDEEP 
2019). For example, prolonged (2-Jul through 21-Aug 
1999) hypoxia covered 120 mi2 (311 km2) and led to 
a stress-induced mass mortality event of WLIS lob-
ster populations (Cuomo et al. 2005; Pearce and Bal-
com 2005). Thus, N-loading and subsequent hypoxia 
threaten LIS ecosystems and fisheries.

In 2001, the Environmental Protection Agency 
(EPA) implemented a total maximum daily load 
(TMDL) for total N (TN), with a goal of reducing NY 
and CT point-source TN inputs by 58.5% by August 
2014 (NYSDEC 2000; Long Island Sound Study 
2015). In response, refinements and upgrades to 
wastewater treatment facilities decreased TN-loading 
by 0.06 mg l−1 per decade, and LIS summer bottom 
DO has been increasing by ~ 0.48 mg l−1 per decade 
(Whitney and Vlahos 2021), decreasing the average 
hypoxia area by > 50%. Despite these improvements, 
WLIS water quality received a failing grade (43%) in 
2022 (Save the Sound 2022) due to interannual varia-
bility in open water indicators as excessive productiv-
ity and seasonal hypoxia persist (O’Shea and Brosnan 
2000; Burke Watson et  al. 2018; Tetra Tech 2020). 
Point-source TN inputs remain highest in the WLIS, 
with a combined total equalized average daily load 
of 1.83 × 104 pounds (8.30 × 103  kg) in 2021 (Long 
Island Sound Study 2021). These inputs are major 
factors that make WLIS the largest TN sink of all 
three LIS regions, with 97% sequestered by sediment 
burying or degassed through denitrification, con-
tributing to an average inferred internal N loss rate  
of 5.40  g N m2 y−1 across the estuary (Vlahos and 
Whitney 2017; Vlahos et  al. 2020). By comparison, 
CLIS and ELIS consume approximately 90% and 28% 
of TN, respectively, due to increasing tidal exchange 
with, and thus N-export to, the Atlantic Ocean and 
adjacent shelf, delivering 10.80 × 106  kg N y−1  
(Vlahos et al. 2020).

Of the TN pool, dissolved inorganic nitrogen 
(DIN) concentrations are typically higher in WLIS 
than ELIS and CLIS due to heightened secondary 
wastewater treatment plant discharge from the NYC 
area (Parker and O’Reilly 1991; Gobler et al. 2006). 
Allochthonous DIN inputs (specifically ammo-
nium, NH4

+) following heavy precipitation have 
been coupled with WLIS hypoxia timing and sever-
ity (Anderson and Taylor 2001). In bottom waters, 
nitrifiers oxidize ammonium (NH4

+) or ammonia 



221Biogeochemistry (2023) 163:219–243	

1 3
Vol.: (0123456789)

(NH3) into nitrite (NO2
−) then nitrate (NO3

−), a pro-
cess that has been associated with increased oxygen 
demand in estuaries (Dai et  al. 2006; Garnier et  al. 
2007). Ammonia-N (NH4

+ and NH3) availability 
is further elevated by microbial decomposition of 
N-rich organic matter (OM) in sediments (Lapota 
et al. 2000; Borsuk et al. 2001; Staroscik and Smith 
2004), amplifying sediment oxygen demand (SOD) 
and therefore hypoxia (Borsuk et  al. 2001). In low 
DO (but not anoxic) environments, heightened NH4

+ 
concentrations may help catalyze ammonia oxida-
tion (NH3 → NO2

−), the first rate limiting step of 
nitrification, thereby increasing NO2

− concentrations 
(Lehtovirta-Morley 2018). Recent temporal patterns 
in DIN forms, concentrations, and their associations 
with bacterial abundances are largely unreported for 
WLIS.

Dissolved organic matter (DOM) concentrations, 
consisting of dissolved organic N, carbon, and phos-
phorus (DON, DOC, and DOP, respectively), can 
scale positively with microbial degradation rates 
(Lønborg et al. 2009). Heterotrophic bacteria metab-
olize DOM for growth and respiration (Moran et  al. 
1999; Staroscik and Smith 2004; Kamjunke et  al. 
2019), especially by the uptake of reduced C from 
DOC (Raymond and Bauer 2000; Buchan et al. 2014; 
Logue et  al. 2016). Enhanced microbial respiration 
due to OM breakdown, has been associated with low 
DO (Parker and O’Reilly 1991; D’Sa and DiMarco 
2009; Su et al. 2020), and it significantly contributes 
to hypoxia formation and maintenance (Parker and 
O’Reilly 1991; Diaz and Rosenberg 2008; Su et  al. 
2017). In LIS, DOM concentrations, as well as DIN 
(NYSDEC 2000), precipitation, low summer DO 
solubility, and water column stratification (determin-
ing sensitivity to hypoxia in coastal waters generally; 
Jensen et al. 1990; Howarth et al. 2011) have accentu-
ated hypoxia by increasing biological oxygen demand 
(BOD) (Anderson and Taylor 2001; Lee and Lwiza 
2008; Liu et al. 2015). Over 75% of DOM total fluo-
rescence in WLIS is attributed to terrestrial sources, 
indicating that the overall DOM pool is primarily of 
terrigenous rather than marine origin (Schartup et al. 
2015; Supino 2020), though UV–Vis evaluations of 
Connecticut River DOM contributions to LIS may 
be over-estimates due to the influence of ferric iron 
(Logozzo et al. 2022).

Estuarine DOC bioavailability depends on its 
source and environmental factors since anthropogenic 

and terrestrial inputs to urban systems (e.g., wastewa-
ter discharge and marsh export) can increase DOM 
bioavailability, especially after exposure to sunlight 
(Tzortziou et  al. 2007; Schartup et  al. 2015; Supino 
2020; Logozzo et  al. 2021, 2022). Urbanized LIS 
regions produce greater quantities of labile DOM, 
leading to net increases in microbial degradation 
rates (Supino 2020). LIS total organic C concentra-
tions increase with point-source wastewater dis-
charge volume (Mullaney 2015), terrestrially-loaded 
freshwater flow (Walsh 1995), overall anthropo-
genic N-inputs (NYSDEC 2000), and precipita-
tion (in surface waters; Willey et  al. 2000) leading 
to ~25% of LIS oxygen consumption from the oxi-
dation of organic C (NYSDEC 2000). Rivers and 
marshes supply substantial, though temporally vari-
able, DOC to LIS, with a net DOC import generally 
during low flow years, a net export to the continen-
tal shelf during average/high flow years (Vlahos and 
Whitney 2017; Byrd et  al. 2020; Supino 2020), and 
most DOC removed via photo-oxidation (Zhong and 
Wang 2009). As such, terrestrial sources of labile and 
overall organic C levels have increased within WLIS  
(Varekamp 2010) coincident with a general rise in 
DOC concentrations throughout Northern U.S. sur-
face waters (Evans et al. 2005).

In contrast to literature describing LIS hypoxia 
spatial and temporal extent, the associated micro-
bial communities remain surprisingly understud-
ied. Bacterial assemblages have exhibited annual 
cycles with summer maxima. As examples, bac-
terial abundances at the most-frequently hypoxic 
WLIS station (A4; Fig. 1) ranged 5.9–287 × 108 cells 
l−1  year-round (1996–1998) (Taylor et  al. 2003), 
and bacterial biomass at surface depths increased 
(Jul–Aug of 1992–1993) coincident with rising tem-
peratures, followed by bottom depth peaks in late Jul/
early Aug (Anderson and Taylor 2001). Similarly, 
outputs from a coupled physical-biogeochemical 
model showed that WLIS simulated bacterial biomass 
density (per unit volume) begins to increase during 
Apr, fluctuates late spring-early summer, reaching 
2.75 mmol N m −3 in Jul and 2 mmol N m−3 in Aug 
before decreasing during the fall (Liu et  al. 2015). 
While less is known about WLIS microbial diversity, 
high-throughput sequencing using 16S rRNA genes 
revealed that spatial and temporal trends in dominant 
taxa coincided with bottom-water hypoxia during 
2019 (Santoferrara et al. 2022).
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Connections between WLIS bacterial popula-
tions and phytoplankton biomass (chlorophyll (chl) 
a) are poorly understood. These are important con-
siderations because phytoplankton supply autoch-
thonous DOM to bacteria that, depending on the 
timing, DOM quality and quantity, could influence 
hypoxia onset and severity. Increases in chl a fol-
lowing DON enrichment can result in elevated 
DOC (Reed et al. 2015); both DOC and DON have 
been spatially and temporally correlated with chl 
a biomass in Long Island embayments (Lonsdale 
et  al. 2006), and DOC quality in LIS is enriched 
by in situ primary production (Whitney and Vlahos 
2021). Although WLIS generally exhibits higher 
levels of chl a than either CLIS or ELIS (CTDEEP 
2019), variance in bacterial biomass has not been 
closely associated with chl a (Anderson and Taylor 

2001; Taylor et al. 2003). Since the implementation 
of TMDLs, these critical microbial associations and 
biogeochemical processes have been largely under-
studied, representing a significant gap in our mod-
ern understanding of LIS hypoxia dynamics. Given 
the wealth of evidence that N enrichment increases 
phytoplankton biomass (Heisler et  al. 2008; Reed 
et  al. 2015; Glibert et  al. 2018; Sitta et  al. 2018; 
CTDEEP 2019), it is relevant to consider synergies 
between chl a and WLIS bacterial abundances.

The goal of this study was to evaluate linkages 
between bacterial populations, dissolved inorganic 
and organic N and P, DOM, and chl a temporal tran-
sitions during WLIS hypoxia. The primary objectives 
were to quantify bacterial abundances over two grow-
ing seasons (spring-winter) that encompass pre-, dur-
ing, and post-hypoxia, as well as track seasonal nutrient 

Fig. 1   Map of WLIS sampling stations (circle markers) A4 
(40.972500, − 73.734167, Execution Rocks NY), B3 (40.918333, 
− 73.642833, Rye Beach NY), C2 (40.984333, − 73.502167, Stam-
ford CT), and D3 (40.993833, − 73.411333, Eatons Neck Point 

CT). NOAA weather stations (triangles) include Port Washington 
0.8 N (forecast area: 40.838800, − 73.669722), Darien 2.4 NW 
(forecast area: 41.077222, − 73.510200), and 1.8 ENE (forecast 
area: 41.062222, − 73.448889)
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concentrations, chl a, and water quality (physical water 
quality, DO, precipitation). Results not only refine our 
understanding of biogeochemical processes and micro-
bial dynamics associated with WLIS hypoxia timing 
and spatial coverage, but they are also applicable to 
other hypoxia-prone coastal ecosystems worldwide.

Methods and materials

Sample collection

Water sampling leveraged long-term LIS water 
quality (monthly, year-round) and hypoxia 
(bimonthly, Jun-Sep) monitoring surveys con-
ducted by the Connecticut Department of Energy 
and Environmental Protection (CTDEEP). Sta-
tions, west to east across Western Long Island 
Sound (WLIS), spanned a gradient of decreasing 
bottom depth hypoxia severity and increasing dis-
tance from NYC as (depth, location) A4 (34.70 m, 
Execution Rocks), B3 (19.50  m, Rye Beach), C2 
(33.40 m, Stamford CT), and D3 (44.60 m, Eatons 
Neck Point) (Fig.  1). The western-most station 
(A4) has experienced the highest frequency of 
hypoxia events, with ~ 26% of discrete DO meas-
urements (1991–2015) from all depths < 3.00  mg 
l−1 (Ballestero et  al. 2018). Additionally, anoxia 
(< 1.00  mg l−1) has been detected as recently as 
Aug 2019 (0.88–0.89  mg l−1; CTDEEP 2019) 
at A4. Of years when hypoxia was detected 
(1994–2020), DO at station A4 was < 3.00  mg l−1 
90–100% of the time (CTDEEP 2019). By com-
parison, during this same timeframe stations C2 
and D3, which are closer to the less urbanized 
CLIS, experienced DO < 3.00  mg l−1 60–70% and 
40–50% of hypoxic years, respectively (CTDEEP 
2019). During 2020, monthly (1 survey per month) 
water samples were collected Jul–Nov, with two 
surveys conducted in Jul and Aug each. COVID-
19 prevented Mar–Jun 2020 surveys. During 2021, 
samples spanned Mar–Oct, with two surveys con-
ducted during Jul, three during Aug, and monthly 
otherwise.

At each station, water samples (n = 3) were col-
lected in 1 L Nalgene© amber wide-mouth bottles 
from surface (2  m) and bottom (−5  m from the 
benthos) depths. All sample collection bottles were 
previously soaked in 10% hydrochloric acid (HCl) 

for a minimum of 24  h then rinsed 3 times with 
reverse osmosis (RO) filtered water and 3 times 
with double distilled water (ddH2O). All water 
samples were stored in coolers then transported to 
the Advanced Science Research Center, NY, for 
processing within 2 h of shore arrival.

Physical water quality and precipitation

At each station, in  situ depth profiles were recorded 
using a YSI EXO2 Multiparameter Water Quality 
Sonde for temperature (°C), salinity (psu), pH, tur-
bidity (FNU), and DO (mg l−1). Seven-day cumu-
lative precipitation (mm) prior to each sampling 
date was calculated using the National Oceanic and 
Atmospheric Administration’s (NOAA) Climate Data 
Online Tool (https://​www.​weath​er.​gov/​wrh/​Clima​te?​
wfo=​okx). To locate weather stations, full map-view 
was employed. Weather stations were chosen based 
on proximity to survey stations as Port Washing-
ton 0.8 N (forecast area: 40.8388, −73.6700) corre-
sponded to A4 and B3, and Darien 2.4 NW (forecast 
area: 41.0772, −73.5102) and 1.8 ENE (forecast area: 
41.0619, −73.4488) corresponded to C2 and D3, 
respectively. The NOAA Climate Data Online Tool’s 
“Daily data for a month” was used to gain daily pre-
cipitation measurements per sampling timeframe.

Water chemistry

Upon return to the laboratory, all samples were gently 
rotated ~ 10 × to ensure water was well-mixed prior to 
processing. Then, using a 30 ml syringe, water from 
each replicate was filtered through a 25 mm, 0.7 μm 
pore size glass fiber filter (GF/F) (Whatman®) into 
acid-washed (as described previously) 20  ml glass 
scintillation vials (~ 17  ml final volume) for DIN: 
nitrate + nitrite (NO3

− + NO2
−; henceforth N + N, 

ammonia-N (NH3 + NH4
+; henceforth AmN), dis-

solved inorganic phosphorus (DIP): orthophosphate 
(PO4

3−), total dissolved N (TDN), and phosphorus 
(TDP). Sample vials were then frozen (−20 °C) until 
analysis. Nutrient samples were analyzed within 1 h 
of thawing using a Hach© Lachat QuikChem 8500 
Flow Injection Analysis System (Strickland and Par-
sons 1984; Grasshoff et  al. 1999). Protocol Mini-
mum Detection Limit (MDLs) were as follows: AmN 
(0.05  μM; Lachat Applications Group 2017), N + N 
(0.014  μM; Egan 2008), PO4

3− (0.0646  μM; Egan 

https://www.weather.gov/wrh/Climate?wfo=okx
https://www.weather.gov/wrh/Climate?wfo=okx
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2007), TDN and TDP (0.485 and 0.123 μM, respec-
tively; Tucker et al. 2008a, 2008b). MDLs were used 
when measured concentrations were below those val-
ues. DON and DOP concentrations were calculated 
per replicate as TDN–DIN and TDP–DIP, respec-
tively. DOC samples were collected following stand-
ard procedures (Ducklow and Dickson 1994; JGOFS 
1996), specifically by filtering water through a 30 ml 
syringe (previously soaked in 10% HCL for 24 h then 
rinsed 3 times with ddH2O, equipped with a pre-com-
busted (2  h at 450  °C) GF/F) into a pre-combusted 
(4 h at 450 °C) 20 ml glass scintillation vial. Follow-
ing addition of two to three drops of 10% HCl, vials 
containing samples were stored (4 °C) prior to analy-
sis (in duplicates), and subsequently analyzed by the 
University of Wisconsin–Milwaukee. DOM was cal-
culated as the sum of DON, DOP, and DOC.

Bacterial abundances

To quantify bacterial concentrations, water from each 
replicate was initially passed through a 20 μm Nitex 
mesh to exclude larger particles. Filtrate (27  ml) 
was dispensed into 50 ml amber glass vials contain-
ing 3  ml of 20% Phosphate-buffered saline (PBS) 
buffered formaldehyde that was added no more than 
1  h beforehand (final concentration of 1.13% PBS), 
then the fixed samples were stored at 4  °C. To pre-
pare 20% PBS-buffered formaldehyde stock solution 
(1 l), 540.5  ml of 37% formaldehyde was added to 
459.5 ml of PBS buffer. PBS buffer was pre-made by 
dissolving one Thermo Scientific™ BupH PBS pouch 
of dry-blend powder with 500 ml ddH2O to produce a 
0.1 M sodium phosphate and 0.15 M sodium chloride 
buffer solution that was subsequently passed through 
a sterile 0.2 μm pore-size polyether-sulfone (PES) fil-
ter and stored in an acid-washed (as above) 500  ml 
glass flask at 20  °C. Thermo Fisher Scientific™ 
4′,6-diamidino-2-phenylindole (DAPI) stock solution 
was prepared by diluting 1 mg of DAPI/1 ml ddH2O. 
DAPI working solution was prepared as 100 μl DAPI 
stock/1 ml ddH2O for a 10,000 μg/1 ml ddH2O final 
concentration (Porter and Feig 1980). Ten 1–2 ml ali-
quots of DAPI working solution were stored (−20 °C) 
in 2  ml capped amber Eppendorf tubes. Bacterial 
samples were stained using 30  ml glass towers pre-
rinsed with 40% ethanol followed by washing 3 times 
with ddH2O then affixed with 25  mm GF/A grade 
backing filters for ddH2O-washed Isopore™ 0.2  μm 

black polycarbonate membrane filters. Glass towers 
were clamped to the manifold, 2 ml of fixed sample 
were added to each tower followed by 20  μg DAPI 
working solution (10 μg/1 ml final sample), and then 
towers were incubated for 5 min in a darkened room 
and under aluminum foil caps to block light. After-
ward, each tower was rinsed three additional times 
with 3  ml of PBS buffered formalin for a total of 4 
filtrations. The stained Isopore™ black polycarbonate 
membrane filters were then mounted on glass slides 
with Corning© 25 mm glass coverslips and stored at 
−20 °C in the dark.

Bacterial quantification occurred within 1  week 
of DAPI staining using a Nikon ECLIPSE Ni upright 
epifluorescent microscope (DAPI excitation peak 
at 259 nm and emission peak at 457 nm; absorption 
maximum at a wavelength of 358  nm (UV)) set to 
manual specifications (Nikon 2015). Each mounted 
Isopore™ black polycarbonate membrane filter was 
viewed under a 40×/0.80W (400 × magnification) 
objective lens using NIS-Elements AR 5.21.03 soft-
ware. For each filtered sample, the 40 × DAPI and 
Sola light was used to display a randomly selected 
460 × 460  μm (211,600 μm2) view field within the 
DAPI-stained region, and that square was imaged to 
avoid over-exposure. This procedure was repeated 
14 times for a total of 15 images per filter. The NIS-
Elements software automatic “Object Count” func-
tion was then used to quantify all particles within 
the typical marine bacterial cell diameter range 
(0.20–2.00  μm), and bacterial cell concentrations 
were quantified according to Eq. 1.

where BacC = bacterial cell concentration (cells 
ml−1); N = total number of bacteria cells counted 
per 2  ml; CF = conversion factor (Ba/Bc) such that 
Ba = total area of filter exposed to the sample (μm2); 
Bc = area of the filter quantified (μm2); and V = vol-
ume of sample added to tower (ml). Since the diam-
eter of the Isopore™ filter exposed to the sample was 
2.00 cm (radius (r) of 1.00 cm), Ba = πr2, or 3.10 × 108 
μm2, Bc = 15 images × 211,600 μm2 per image, or 
3.20 × 106 μm2, thus CF = 98.979. For each replicate, 
the total number of bacterial cells (N) per 2 ml sam-
ple volume were counted per 15 images. To correct 
for sample dilution, the final volume of sample (V) 
was 1.80  ml (2  ml–10% addition of PBS buffered 

(1)BacC = N × (CF∕V)
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formalin (0.20  ml)). The final concentration of bac-
terial cells per 1.80  ml was adjusted to the concen-
tration of bacterial cells per 1 ml (Intergovernmental 
Oceanographic Commission 2010), such that Eq.  1 
became:

Chl a

To sample for phytoplankton biomass (chl a), 40  ml 
of whole (unfiltered) water from each surface repli-
cate was condensed on to GF/Fs using a vacuum pump 
at 5  mmHg. Filters containing samples were placed 
in 20  ml plastic scintillation vials and stored frozen 
(−20 °C) until extraction with 7 ml of 90% high-perfor-
mance liquid chromatography (HPLC) grade acetone 
added to each scintillation vial then freezing (−20 °C) 
for 36–48  h. Extracted samples were briefly thawed 
to room temperature (23 °C) in the dark, and pigment 
concentrations (µg chl a l−1) were measured using pre-
sonicated 5 ml borosilicate glass test tubes and a Turner 
Designs© Trilogy Laboratory Fluorometer, non-acidi-
fication module (Welschmeyer 1994; Turner Designs 
2017).

Statistical analyses

RStudio software (RStudio 2022.02.3 + 492 “Prairie 
Trillium” Release for MacOS) was used for all statis-
tical analyses. All datasets were tested for normality 
(Shapiro–Wilk) then log10 transformed prior to further 
analyses. Datasets were further grouped by seasons 
(defined by Solstices and Equinoxes), as well as by sta-
tions, both individually and pooled as typically most 
hypoxic stations (A4 and B3) distinct from the less 
hypoxic stations (C2 and D3; CTDEEP 2019). These 
pooled regions are also hydrographically separated by 
a sill between stations B3 and C2. Pearson Correlations 
were then used to test significant positive and nega-
tive relationships between bacterial abundances, AmN, 
N + N, PO4

3, chl a (surface only), DO, cumulative pre-
cipitation, DOC, DON, DOP, temperature, pH, salin-
ity, and turbidity measurements at surface and bottom 
depths. All p-values and correlation coefficients (r) are 
reported in matrix form. Two sample t-Tests assuming 
equal variances were used to assess differences in mean 
DO (to differentiate statistical differences in hypoxia 
dynamics), chl a, bacterial abundances, and nutrients 

BacC = N × (98.979∕1.80) or BacC = N × (54.99)

between stations and dates. All analyses entailed a 
standard confidence level of 95% (α = 0.05).

Results

Water quality

Throughout this study, water temperature (T), salin-
ity (S), and pH followed strong seasonal cycles and 
west–east gradients, with lowest S and pH, and high-
est T in the west across both sampling years. T ranged 
2.54–23.77 °C and 2.21–23.16 °C in surface and bot-
tom depths, respectively (Table  1). Mean T for sur-
face waters between stations were comparable within 
any given season (< 2.00  °C difference; Table  S1). 
Bottom-water T was warmest at A4 during both sum-
mers then decreased eastward, but T remained similar 
across stations during the rest of the year (Tables 1, 
S2). During 2020, the thermocline was apparent 
at all stations 7-Jul–12-Aug before dissipating by 
1-Sep. A  relatively more prominent thermocline in 
2021 developed 8-Jun and remained through 31-Aug 
(Figs. 2, 3), coincident with a halocline and persistent 
hypoxia at A4 and B3. Apart from A4 in 2020, a halo-
cline developed from 7-Jul–1-Sep 2020 to 8-Jul–31-
Aug 2021 at all stations. Turbidity (FNU) was con-
sistently higher at bottom than surface depths across 
all stations and seasons (Table 1) and was positively 
and significantly correlated with T in both surface and 
bottom depths (Pearson’s, r = 0.62, p = 0.01; r = 0.64 
p = 0.00; Tables S3a, b), respectively, throughout 
WLIS. Bottom depth pH was positively and signifi-
cantly correlated with turbidity (r = 0.79, p = 0.00), as 
well as negatively and significantly with T (r = −0.63, 
p = 0.05; Table S3b).  

Concentrations of DO generally increased east-
ward during both years and depths such that hypoxia 
severity (longest duration and lowest DO measure-
ments) was greatest at stations A4 and B3. Concen-
trations of DO were lowest during summers, highest 
during winters and springs (Tables  1, S1, S2), and 
ranged 6.63–12.84 mg l−1 at surface depths compared 
to 1.05–11.86  mg l−1 at bottom depths (Table  1). 
Throughout the study, DO was significantly and nega-
tively correlated with both T (Pearson’s, r = −0.82, 
p = 0.00; r = −0.75, p = 0.00) and turbidity (r = −0.63, 
p = 0.01; r = −0.79, p = 0.00) at surface and bot-
tom depths, respectively, as well as significantly and 



226	 Biogeochemistry (2023) 163:219–243

1 3
Vol:. (1234567890)

Table 1   Seasonal means (n = sampling dates per season) and ranges 
(parentheses) for surface (2 m) (top row per entry) and bottom depths 
(-5 m from the benthos) (bottom row per entry) for water temperature 
(T; °C), salinity (S; psu), pH, turbidity (Turbid; FNU), and dissolved 
oxygen (DO; mg l−1) measurements from CTD profiles for stations 

A4, B3, C2, and D3. Seasons were defined by Solstices and Equi-
noxes for summer (Sum), fall, winter (Win), and spring (Spr) during 
2020 and 2021, denoted 20 and 21, respectively. Since Win21 and 
Fall21 included only one sampling date, ranges were unavailable

Season Station T (°C) S (psu) pH Turbid (FNU) DO (mg l−1)

Sum20 A4 23.04 (21.26–24.54) 26.63 (26.23–26.59) 7.97 (7.67–8.15) 1.40 (1.19–1.64) 7.05 (6.29–8.27)

20.36 (17.55–23.16) 27.34 (27.07–27.68) 7.51 (7.28–7.82) 3.39 (2.67–4.81) 2.71 (1.77–3.77)

(n = 4) B3 23.77 (22.04–24.94) 26.68 (26.51–27.07) 8.20 (8.05–8.30) 1.36 (1.07–1.79) 9.10 (8.29–9.79)

19.90 (17.47–23.11) 27.61 (27.15–27.98) 7.62 (7.31–7.94) 3.40 (1.85–4.60) 3.59 (2.88–4.45)

C2 23.20 (22.11–24.29) 26.76 (25.98–27.60) 8.05 (7.96–8.18) 1.15 (0.85–1.42) 7.61 (6.45–9.10)

19.30 (16.61–22.98) 27.96 (27.49–28.39) 7.64 (7.47–7.90) 4.88 (3.48–6.53) 4.14 (3.13–5.31)

D3 22.95 (19.13–24.82) 27.36 (27.18–27.64) 8.05 (7.83–8.20) 1.30 (0.97–1.64) 7.56 (6.68–8.55)

19.41 (15.93–23.02) 28.19 (27.95–28.44) 7.68 (7.45–7.92) 5.05 (3.89–8.00) 4.05 (3.01–5.08)

Fall20 A4 15.77 (13.62–17.92) 26.90 (26.52–27.27) 8.28 (7.79–8.77) 0.96 (0.79–1.12) 7.84 (7.48–8.20)

15.98 (14.03–17.93) 27.62 (27.51–27.72) 8.09 (7.81–8.37) 1.70 (1.65–1.74) 7.48 (7.32–7.63)

(n = 2) B3 15.73 (13.35–18.10) 27.59 (27.18–28.00) 8.17 (7.87–8.47) 1.03 (0.75–1.31) 8.10 (7.57–8.62)

16.21 (14.13–18.28) 28.10 (27.86–28.33) 8.10 (7.86–8.34) 1.50 (1.16–1.83) 7.68 (7.35–8.00)

C2 16.56 (14.50–18.61) 28.30 (28.10–28.50) 8.05 (7.86–8.24) 1.17 (0.89–1.45) 7.82 (7.29–8.35)

16.74 (14.88–18.60) 28.51(28.50–28.52) 8.01 (7.85–8.17) 1.58 (1.51–1.65) 7.49 (7.24–7.73)

D3 16.54 (14.45–18.63) 28.39 (28.29–28.48) 7.91 (7.90–7.92) 1.34 (1.29–1.39) 7.99 (7.52–8.46)

16.78 (14.96–18.69) 28.54 (28.49–28.59) 7.89 (7.85–7.92) 2.29 (1.97–2.29) 7.70 (7.19–8.20)

Win21 A4 3.04 26.60 8.24 1.03 12.84

2.48 27.23 8.14 1.07 11.80

(n = 1) B3 2.98 26.80 8.22 0.88 12.67

2.39 27.43 8.12 1.17 11.86

C2 2.54 27.5 8.12 0.80 11.95

2.21 27.68 8.07 1.72 11.52

D3 3.02 27.50 8.15 0.84 11.87

2.27 27.71 8.09 1.83 11.47

Spr21 A4 11.82 (8.02–16.55) 26.11 (25.86–26.44) 8.91 (8.04–10.10) 1.00 (0.99–1.06) 10.06 (8.61–12.45)

10.03 (6.52–13.63) 26.81 (26.73–26.86) 8.52 (8.04–9.32) 1.88 (1.18–3.14) 8.61 (6.48–10.33)

(n = 3) B3 11.94 (7.77–17.73) 26.40 (26.00–26.90) 8.90 (8.09–9.44) 0.95 (0.86–1.02) 11.12 (9.47–12.84)

9.64 (5.96–13.59) 27.03 (26.88–27.15) 8.71 (8.05–9.24) 1.83 (1.13–2.76) 8.97 (7.31–10.55)

C2 11.37 (6.11–17.66) 26.90 (26.40–27.20) 9.17 (8.08–10.60) 0.87 (0.78–1.02) 10.13 (9.59–10.54)

8.87 (4.93–12.57) 27.32 (27.19–27.50) 8.65 (8.05–9.50) 2.35 (1.54–3.80) 9.17 (7.75–10.35)

D3 11.86 (7.42–17.83) 26.97 (26.79–27.20) 9.69 (8.11–10.50) 0.82 (0.75–0.90) 10.08 (9.59–10.67)

8.70 (4.83–12.37) 27.44 (27.31–27.62) 8.74 (8.07–9.37) 1.80 (1.33–2.66) 9.19 (7.86–10.34)

Sum21 A4 23.17 (21.98–24.27) 25.62 (25.14–26.20) 7.80 (7.51–8.02) 1.56 (1.20–2.15) 7.87 (5.88–9.84)

20.55 (18.03–23.16) 26.77 (26.41–27.16) 7.36 (7.23–7.44) 3.50 (1.05–3.51) 2.60 (1.05–3.51)

(n = 5) B3 23.48 (22.36–24.77) 26.12 (25.30–26.60) 7.98 (7.90–8.04) 1.40 (1.16–1.69) 9.10 (7.99–10.85)

20.28 (18.54–22.72) 26.98 (26.68–27.40) 7.42 (7.32–7.53) 3.07 (1.43–5.43) 3.37 (2.04–5.58)

C2 22.93 (21.45–24.16) 26.62 (25.90–26.80) 7.90 (7.85–7.93) 1.36 (0.80–1.99) 7.80 (7.38–8.22)

19.54 (16.38–22.50) 27.38 (27.10–27.66) 7.51 (7.45–7.58) 3.03 (1.69–4.12) 3.96 (3.23–5.25)

D3 23.38 (22.14–24.77) 26.58 (26.00–27.00) 7.96 (7.92–8.01) 1.41 (0.96–1.94) 8.58 (7.95–9.17)

19.30 (16.76–21.99) 27.64 (27.48–27.82) 7.51 (7.43–7.59) 5.85 (1.82–9.33) 3.92 (2.96–4.75)

Fall21 A4 20.92 25.75 7.87 1.02 6.90

21.21 25.91 7.81 1.77 6.29

(n = 1) B3 21.18 26.50 7.84 2.16 6.55

21.24 26.46 7.83 2.58 6.38

C2 21.40 26.90 7.84 0.98 6.63

21.46 26.89 7.84 2.08 6.34

D3 22.71 26.50 7.80 0.40 6.78

21.99 27.71 7.53 4.56 3.67
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positively correlated with pH (r = 0.63, p = 0.01; 
r = 0.78, p = 0.01; Tables S3a, b). During 2021, 
hypoxia was more severe (lower DO) and covered a 
larger area than 2020. In 2020, bottom-water hypoxia 
was recorded on 20-Jul at stations A4 (2.16  mg DO 
l−1) and B3 (2.88 mg DO l−1) and remained hypoxic 
until recovery (DO concentrations reaching > 3.00 mg 
l−1) was observed on 1-Sep. Although stations C2 and 
D3 were not categorized as hypoxic, DO was only 3.13 
and 3.01 mg l−1 at C2 and D3, respectively, on 12-Aug 
(Tables  1, S2; Fig.  2). In 2021, A4 became severely 

hypoxic (near-anoxia) on 3-Aug (1.05 mg l−1), recov-
ering by 31-Aug. B3 was hypoxic on 3-Aug (2.54 mg 
l−1), but recovered slightly later than A4 during Sep. 
Like 2020, C2 did not become hypoxic during 2021, 
though D3 did briefly on 16-Aug (2.96 mg l−1) before 
recovering by 31-Aug (Tables 1, S2; Fig. 3).

Precipitation

The year 2020 was generally drier in LIS than 2021 
(Table  2). Although there was considerable spatial 

Fig. 2   Depth profiles (m) 
for stations A4, B3, C2, 
and D3 depicting water 
column temperature (T; 
°C), salinity (S; psu), and 
dissolved oxygen (DO; mg 
l−1) during 2020. Measure-
ments span sampling dates 
7-Jul through 6-Nov to 
encompass pre-, during, 
and post-hypoxia time-
frames. Black dashed-
line boxes indicate DO 
measurements ≤ 3.0 mg l−1 
(hypoxia)
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variability in precipitation among stations for any 
given time interval, cumulative 7-day precipitation in 
2020 was highest on 7-Jul, with a mean (SD) of 47.67 
(15.54) mm and lowest on 20-Jul at 6.86 (7.48) mm. 
During 2021, cumulative 7-day precipitation was great-
est on 8-Jul with 93.39 (23.13) mm across stations. By 
comparison, 10-Mar had no measurable precipitation 
(Table 2). Hurricane Ida made landfall in the NY region 
on 1-Sep 2021 with a record breaking 82.30 mm of pre-
cipitation within 1 h (Iowa State University 2022).

Dissolved inorganic nutrients

Mean n = 3 (SE) DIN and DIP concentrations fol-
lowed a general west–east gradient with highest 
concentrations in the west at both depths. Dur-
ing 2020, mean surface AmN concentrations 
remained < 3.00  μM for most of the summer  before 
increasing during fall, with the exception of D3 on 
12-Aug, which was 3.40 (0.52) μM (Fig. S1a). In 
2021, AmN remained < 1.00 μM, apart from A4 and 
B3, which exceeded 4.00  μM on 5-May (Fig. S1d). 

Fig. 3   Depth profiles (m) 
for stations A4, B3, C2, and 
D3 depicting water column 
temperature (T; °C), salin-
ity (S; psu), and dissolved 
oxygen (DO; mg l−1) during 
2021. Measurements span 
sampling dates 5-May 
through 5-Oct to encompass 
pre-, during, and post-
hypoxia timeframes. Black 
dashed-line boxes indicate 
DO measurements ≤ 3.0 mg 
l−1 (hypoxia)
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Surface AmN was significantly and negatively cor-
related with both bacterial abundances at all stations 
(Pearson’s, r = −0.54, p = 0.05; Table  S3a) and DO 
at stations A4 and B3 pooled (r = −0.63, p = 0.01; 
Table  S3c) throughout the study. During 2020, bot-
tom AmN concentrations were highest early sum-
mer before decreasing to < 2.00 μM at all stations on 
1-Sep then increasing throughout fall. During 2021, 
AmN increased throughout spring, reaching maxima 
ranging 2.20 (0.13) at D3–6.37 (0.15) μM at A4 on 
8-Jun, before decreasing to < 2.00  μM from 19-Jul 
onwards at all stations (Figs. 4a, 5a). 

During 2020, mean surface N + N concentrations 
remained < 2.00 μM before increasing from 1-Sep and 
into fall. During 2021, mean N + N concentrations 
remained < 2.00 μM, apart from A4 on 19-Jul, which 
was 5.90 (0.12) μM before generally increasing into 
fall (Figs. S1a, d). Like AmN, surface N + N was neg-
atively and significantly correlated with DO at both 
A4 and B3 pooled (Pearson’s, r = −0.63, p = 0.01; 
Table S3c) and C2 and D3 pooled (r = −0.51, p = 0.05; 

Table  S3d) throughout the study. During 2020, bot-
tom N + N concentrations remained < 2.00 μM during 
most of the summer before increasing during hypoxia 
and post-hypoxia (1-Sep). Similarly, 2021 N + N 
concentrations remained < 2.00  μM until 8-Jul, then 
increased throughout and post-hypoxia, though N + N 
5-Oct maxima ranged 8.23 (0.06) at D3–27.69 (0.29) 
μM at A4 (Figs. 4a, 5a).

Overall, a clear switch between dominant DIN 
forms (AmN to N + N) during hypoxia occurred 
both years, particularly in bottom waters (Figs.  4a, 
5a). At bottom depths and during high AmN, N + N 
concentrations were minimal. AmN concentrations 
were highest  during Jul 2020, ranging 3.47 (0.11) 
μM at D3–5.07 (0.16) μM at B3 before declin-
ing to < 2.00  μM for the remaining hypoxia season 
(Fig.  4a). During this timeframe, N + N concentra-
tions ranged 0.89 (0.07) μM at A4–1.31 (0.07) μM 
at B3 during hypoxia onset (20-Jul) before rising to 
3.57 (0.03) at D3–5.53 (0.35) μM at B3 by the end 
of hypoxia (1-Sep) (Fig.  4a). This trend of oppos-
ing DIN concentrations was more prominent during 
2021, when AmN concentrations increased through-
out spring, reaching 2.18 (0.13) μM at D3–6.37 (0.15) 
μM at A4 on 8-Jun before decreasing to < 1.00  μM 
throughout hypoxia (Fig. 5a). During spring and early 
summer, N + N concentrations remained < 0.50  μM 
until hypoxia onset when concentrations increased 
to 1.11 (0.02) μM at A4–2.31 (0.04) μM at C2 on 
3-Aug. Levels continued to increase throughout and 
post-hypoxia, reaching 8.23 (0.06) μM at D3–27.69 
(0.29) μM at A4 on 5-Oct (Fig.  5a). At the most-
hypoxic station (A4), bacterial abundances were not 
only positively and significantly correlated to AmN 
(Pearson’s, r = 0.57, p = 0.03), they also had  similar 
concentration trends throughout the study (Figs.  4c, 
5c; Table S3k), as evidence of tight coupling.

Concentrations of PO4
3− generally increased 

during both years. During 2020, surface 
PO4

3− concentrations rose throughout summer, with 
all stations > 1.00 μM beginning 12-Aug then reach-
ing maximum concentrations in the fall. During 2021, 
PO4

3− concentrations were minimal (< 1.00  μM) 
on 19-Jul before increasing throughout the summer 
(Figs. S1b, e). Bottom depth PO4

3− concentrations 
primarily remained < 1.00  μM before increasing 
to > 1.00 μM beginning 20-Jul 2020 and 19- Jul 2021, 
then remaining > 2.00  μM during hypoxia (Figs.  4b, 
5b). Throughout the study, PO4

3− concentrations 

Table 2   Cumulative daily precipitation (mm) for 7-days prior 
to and including each sampling date. Values are grouped as 
National Oceanic and Atmospheric Administration’s (NOAA) 
weather station and their closest WLIS sampling station(s) (A4 
and B3, C2, and D3). Data are from the NOAA Climate Data 
Online Tool (https://​www.​weath​er.​gov/​wrh/​Clima​te?​wfo=​okx)

Sampling Date 7 day cumulative precipitation (mm)

A4 & B3 Port 
Washington 0.8 N

C2 Darien 
2.4 NW

D3 Darien 
1.8 ENE

7-Jul 20 29.72 56.64 56.64
20-Jul 20 12.95 9.40 9.40
12-Aug 20 15.49 2.54 2.54
1-Sep 20 14.99 8.38 8.38
14-Oct 20 34.80 30.73 30.73
6-Nov 20 23.62 16.26 16.26
10-Mar 21 0.00 0.00 0.00
7-Apr 21 12.95 11.43 11.43
5-May 21 16.51 28.96 28.19
8-Jun 21 14.48 8.89 8.64
8-Jul 21 117.09 70.87 92.20
19-Jul 21 9.91 5.59 6.60
3-Aug 21 11.43 30.99 13.21
16-Aug 21 13.21 16.76 18.80
31-Aug 21 9.91 2.54 2.29
5-Oct 21 5.08 10.92 16.51

https://www.weather.gov/wrh/Climate?wfo=okx
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Fig. 4   Mean (n = 3) (SE) 
bottom depth concentra-
tions (µM) of NH4

+  + NH3 
(AmN) and NO2

− + NO3
− 

(N + N) (a); PO4
3− (DIP) 

(b); and bacterial abun-
dances (cells ml−1) (c) at 
stations A4, B3, C2, and 
D3 during 2020. Symbols 
for all figures represent 
the same stations, with A4 
shown by circle marker, B3 
by triangle, C2 by square, 
and D3 by diamond. Black 
dashed-line boxes indicate 
DO measurements ≤ 3.0 mg 
l−1 (hypoxia)
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Fig. 5   Mean (n = 3) (SE) 
bottom depth concentra-
tions (µM) of NH4

+  + NH3 
(AmN) and NO2

− + NO3
− 

(N + N) (a); PO4
3− (DIP) 

(b); and bacterial abun-
dances (cells ml−1) (c). 
Symbols for all figures 
represent the same stations, 
with A4 shown by circle 
marker, B3 by triangle, 
C2 by square, and D3 by 
diamond. Black dashed-
line boxes indicate DO 
measurements ≤ 3.0 mg  l−1 
(hypoxia)
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were negatively and significantly correlated to 
DO at all stations (except D3) as A4 (r = −0.69, 
p = 0.01; r = −0.60, p = 0.02), B3 (r = −0.75, p = 0.00; 
r = −0.57, p = 0.03), and C2 (r = −0.56, p = 0.04; 
r = −0.59, p = 0.03) at both surface and bottom 
depths, respectively (Tables S3g-m).

Dissolved organic matter

Consistent with trends of increasing DO eastward, 
concentrations of mean n = 3 (SE) DOM were gen-
erally greatest in the western-most portion of WLIS, 
with surface DOM concentrations ranging 151.70 
(1.81) at C2–1,304.47 (105.33) μM at B3 (Fig.  6a) 
and mean bottom depth DOM concentrations rang-
ing 148.59 (0.75)–1099.71 (29.27) μM, both at A4 
(Fig.  6b). DOC comprised the largest proportion of 
the DOM pool for all samples with the exceptions of 
5-Oct at stations A4 and B3 for both depths and on 
31-Aug at stations C2 and D3, when DON was the 
dominant proportion of DOM (Fig. 6). DOP was the 
smallest DOM proportion in all samples.

Of individual DOM pools, mean n = 3 (SE) DON 
concentrations ranged 0.00 (0.00)–1,029.08 (182.00) 
and 0.00 (0.00)–747.28 × 102 (16.80) μM for surface 
(Fig.  6a) and bottom (Fig.  6b) depths, respectively, 
at all stations. For both depths, DON concentrations 
were lowest during early summer and highest during 
late summer and fall. A DON peak (> 500.00  μM) 
occurred at stations A4 and B3 on 5-Oct at both 
depths (Fig. 6). Mean n = 3 (SE) DOP concentrations 
ranged 0.00 (0.00)–8.73 (2.66) and 0.00 (0.00)–2.09 
(0.10) μM for surface (Fig. 6a) and bottom (Fig. 6b) 
depths, respectively, at all stations. For both depths, 
DOP concentrations were minimal throughout most 
of the study, with highest concentrations during sum-
mer (Fig. 6) and at station D3, followed by B3, A4, 
and C2. Both surface DON and DOP were negatively 
and significantly correlated with precipitation at sta-
tions C2 and D3 pooled (Pearson’s, DON: r = −0.53, 
p = 0.04; DOP: r = −0.62, p = 0.01; Table  S3d). 
Mean n = 2 (SD) DOC concentrations ranged 149.03 
(7.94)–417.95 (18.2) and 147.36 (0.00)–535.34 
(17.01) μM for surface (Fig. 6a) and bottom (Fig. 6b) 
depths, respectively, at all stations. Unlike DON or 
DOP, levels of DOC did not follow a defined sea-
sonal or spatial pattern. At stations A4, B3, and C2, 
bottom DOC concentrations were highest (> 200 μM) 
on 16-Aug 2021, whereas peak concentrations at 

D3 (1.67 × 102 (0.00) μM) were recorded on 31-Aug 
2021(Fig.  6b). Bottom depth DOC was negatively 
and significantly correlated with DO for A4 and B3 
pooled (Pearson’s, r = −0.53, p = 0.05; Table  S3e), 
coincident with greatest hypoxia severity westward.

Bacterial abundances

Mean n = 3 (SE) bacterial abundances were generally 
higher in surface than bottom depths. Surface bacterial 
abundances ranged 4.03 × 103 (1.53 × 103)–2.28 × 105 
(1.91 × 104) cells ml−1 at all stations both years (Figs. 
S1c, f). In 2020, surface bacterial abundances were 
generally highest on the first sampling date, 20-Jul 
then decreased to < 1.00 × 105 cells ml−1 throughout 
hypoxia, and remained low post-hypoxia. The excep-
tion was A4, which reached 4.31 × 104 (5.95 × 103) 
cells ml−1 on 1-Sep (Fig. S1c). During 2021, surface 
bacterial abundances rose throughout spring and into 
early summer at all stations, before a sharp decline 
(< 6.00 × 104 cells ml−1) on 3-Aug during hypoxia, 
before increasing again (Figs. S1c, f). Mean surface 
bacterial abundances were generally highest at station 
B3, followed by C2, A4, and D3 both years (Figs. 4c, 
5c) but were not significantly different between sta-
tions A4 and B3 pooled or stations C2 and D3 (Two 
sample t-Tests assuming equal variances between A4 
and B3 (p = 0.25), C2 (p = 0.45), and D3 (p = 0.10)). 
However, they were negatively and significantly cor-
related with AmN (Pearson’s, r = −0.54, p = 0.05; 
Table  S3a) across WLIS, particularly at A4 and 
B3 pooled (r = −0.54, p = 0.04; Table  S3c) as well 
as negatively and significantly correlated to salin-
ity as A4 (r = −0.55, p = 0.03; Table  S3g) and B3 
(r = −0.76, p = 0.00; Table S3h) throughout the study.

Bottom depth mean (n = 3) (SE) bacterial abun-
dances ranged 3.02 × 103 (6.36 × 102)–1.80 × 105 
(5.50 × 103) cells ml−1 across all stations (Figs. 4c, 5c) 
and followed a west–east gradient with highest con-
centrations in the west. In 2020, highest bottom depth 
abundances occurred on 20-Jul, ranging 5.13 × 104 
(5.47 × 103) at B3–1.53 × 105 (7.36 × 103) cells ml−1 
at C2. Bacterial abundances decreased during the 
remainder and post-hypoxia, staying < 4.00 × 104 cells 
ml−1 at all stations 2-Aug–14-Oct (Fig. 4c). In 2021, 
bacterial abundances increased throughout spring 
with maximum concentrations on 8-Jun for B3 of 
1.80 × 105 (5.50 × 103) and 8.47 × 104 (2.18 × 104), 
3.05 × 104 (2.23 × 103), and 4.27 × 104 (1.24 × 104) 
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cells ml−1 on 8-Jul at A4, C2, and D3, respectively. 
Bacterial abundances declined to < 2.50 × 104 cells 
ml−1 during hypoxia onset (3-Aug) then increased 
through post-hypoxia (Fig. 5c), but remained signifi-
cantly higher at A4  than the least-hypoxic stations 
C2 (Two sample t-Tests assuming equal variances, 
p = 0.02) and D3 (p = 0.01) throughout the study. 
Finally, during both summers, pooled bacterial abun-
dances were negatively and significantly correlated to 
DON (Pearson’s, r = −0.87, p = 0.01; Table S3p).

Chl a

Mean (n = 3) (SE) surface chl a ranged 1.38 
(0.01)–25.8 (0.27) µg l−1 at all stations during both 
years. Chl a concentrations depicted clear season-
ality, with highest concentrations during summers 
and lowest in the winter (Fig.  7). Chl a followed a 
decreasing west–east gradient, with an overall mean 
of 9.91  µg l−1 at A4, followed by B3 (9.80  µg l−1), 
C2 (5.34 µg l−1), and D3 (4.82 µg l−1). Highest chl a 
concentrations coincided with phytoplankton blooms. 
Causative bloom taxa included euglenoids in 2020 

Fig. 6   Mean (n = 3) (SE) Dissolved organic matter (DOM; 
µM) concentrations, during 2021 depicting individual pools 
of dissolved organic carbon (DOC; black), nitrogen (DON; 
grey), and phosphorus (DOP; white), for stations A4, B3, C2, 

and D3 at (a) surface (2 m) (b) and bottom (-5 m from ben-
thos) depths. Note difference in y-axis scales between depths. 
Results for 10-Mar and 7-Apr at surface depths are omitted 
because DOC samples were not collected on those dates
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as well as the diatoms Leptocylindrus in 2021 and 
Skeletonema during both summers (Roldan Ayala 
et  al. In Review). Chl a was significantly and nega-
tively correlated to both DIN forms: AmN (Pearson’s, 
r = −0.66, p = 0.01) and N + N (r = −0.73, p = 0.00) 
throughout the study (Table  S3a). Chl a at A4 and 
B3 pooled were negatively and significantly cor-
related with AmN (r = −0.62, p = 0.01; Table  S3c). 
Additionally, chl a at A4 and B3 pooled was posi-
tively and significantly correlated with DO (r = 0.83, 
p = 0.00; Table S3c) while chl a at C2 and D3 pooled 
was negatively and significantly correlated with DO 
(r = −0.60, p = 0.02; Table  S3d), coincident with a 
positive and significant correlation with bacterial 
abundances at D3 (r = 0.56, p = 0.03; Table S3j).

Discussion

This study showed that the onset of summer bottom-
water hypoxia in WLIS is characterized by both a 
significant shift in the dominant form of DIN (AmN 
to N + N) and a decline in bacterial abundances. 
Results provide novel evidence that ammonia oxida-
tion (NH3 → NO2

−) is enhanced by hypoxia in WLIS 

and therefore likely a key reaction during nitrifica-
tion (2NH3 (or NH4

+) + 3O2 → NO2
− + 2H2O + 2H+ 

→ NO3
−) within the water column, contributing to 

subsequent N + N increases. Similarly, bacterial abun-
dances were closely associated with DO levels, as 
they declined from pre- to the onset of hypoxia, then 
rose post-hypoxia, perhaps indicating that nitrifica-
tion rates increased as oxic conditions were restored. 
The significant negative correlation between DO and 
bottom water DOC at the most severely hypoxic sta-
tions (A4 and B3) was consistent with increased 
BOD in response to greater bioavailability of organic 
C-rich OM, a major driver of hypoxia onset in WLIS.

Most biogeochemical (N and P) and ecological (chl 
a and bottom bacterial abundances) metrics followed 
a declining west–east gradient throughout the study, 
except for DOC and surface bacterial abundances. 
Western-most stations A4 and B3, which were closest 
to NYC, exhibited greater hypoxia severity (lowest 
DO levels) and coverage (longest duration and largest 
area) than stations C2 and D3, consistent with histori-
cal trends of increasing DO levels eastward (Parker 
and O’Reilly 1991; Lee and Lwiza 2008; CTDEEP 
2019, 2020). Anoxia was not detected during the 
study. Physical water quality followed similar patterns 
with relatively higher temperatures, and lower salinity 

Fig. 7   Boxes represent median (n = 3) (SE) chl a (µg  l−1) 
measurements for each sampling date pooled, correspond-
ing to solar seasons (2020–2021) for stations A4, B3, C2, and 

D3. X-axes labels depict seasons as summer 2020 (Sum20), 
fall 2020 (Fall20), winter 2021 (Win21), spring 2021 (Spr21), 
summer 2021 (Sum21), and fall 2021 (Fall21)
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and pH at both depths in the west. These findings 
support previous observations of the western, urban 
locations having higher N levels, chl a, temperatures, 
and lower salinities than either CLIS or ELIS (Taylor 
et al. 2003; Lee and Lwiza 2005; Gobler et al. 2006; 
CTDEEP 2019; Vlahos et al. 2020).

Water column stratification coincided with hypoxia 
in WLIS both summers, evidenced by the develop-
ment of Jul 2020 and Jun 2021 thermoclines and a 
Jul halocline both years. The water column remained 
stratified at all stations until Sep. Since water column 
stratification has been associated with LIS oxygen 
minima (Jensen et  al. 1990; Lee and Lwiza 2008), 
this study confirms that physical processes directly 
influenced hypoxia severity and coverage. Physical 
processes have intensified hypoxia along other coasts, 
such as by constraining DOM-rich waters nearshore 
that increase heterotrophic oxygen demand in Myrtle 
Beach, SC (Sanger et al. 2012) and by strong currents 
of subarctic water into the California Current System 
reducing DO levels in OR (Grantham et al. 2004).

The transition between bottom water DIN forms 
(AmN to N + N) from pre-hypoxia to hypoxia, 
respectively, indicates that low DO conditions favor 
ammonia oxidation in WLIS. Ammonia oxidation 
and potentially enhanced rates of nitrification likely 
affected N-cycling within WLIS, since ammonia 
oxidation is often the first and rate-limiting step of 
nitrification (Lehtovirta-Morley 2018). Supporting 
evidence comes from 16S sequence analyses (San-
toferrara et  al. 2022), which showed that propor-
tions of ammonia-oxidizing archaea (AOA) were 
elevated during maximum WLIS hypoxia in 2019 
(DO 0.90–3.10  mg l−1; CTDEEP 2019). While  the 
present study did not entail parallel 16S sequencing, 
combining field metrics with genomic analyses would 
be highly valuable for future hypoxia research. AOA 
have also been significantly correlated to abundances 
of ammonia-oxidizing bacteria (AOB), with potential 
nitrification rates accelerating as AOA abundances 
increase (Caffrey et  al. 2007). Both AOA and AOB 
have physiological mechanisms that enable  them to 
tolerate hypoxic conditions (Stein 2019). Since nitri-
fication can occur in minimally oxic conditions and 
anoxia was not detected during this study, increased 
nitrification likely occurred during and through 
post-hypoxia, when bottom water DO recovered 
(> 3.00 mg l−1). The resultant N + N products in bot-
tom waters could then be lost by anaerobic ammonia 

oxidation in sediments (anammox; NH4
+  + NO2

− → 
N2 + 2H2O) or by denitrification (NO3

− → NO2
− → 

NO + N2O → N2O + N2), which is often the domi-
nant loss pathway for fixed N in estuaries (Mosier 
and Francis 2010; Lehtovirta-Morley 2018). Similar 
patterns in DIN forms spanning hypoxia, particularly 
increased NO2

− concentrations, occur in other U.S. 
estuaries, with mid-summer peaks in AOA correlat-
ing with NO2

− accumulation, increased temperatures 
(Hollibaugh et  al. 2014; Schaefer and Hollibaugh  
2017), and decreases in NH4

+ concentrations  
(Hollibaugh et  al. 2014). Enrichment of ammonia-
oxidizing genes and transcripts have also been found 
in deeper, more oxygen-depleted layers. For exam-
ple, in the Louisiana Shelf, NO2

− accumulation com-
monly occurs under low oxygen conditions (Bristow 
et  al. 2015). Combined, these studies suggest that 
hypoxia substantially impacts N-cycling pathways in 
estuarine bottom waters.

Another explanation for the switch in dominant 
DIN form during hypoxia could be lower N-minerali-
zation (organic N → NH3 → NH4

+) by heterotrophic 
bacteria. As DO concentrations decrease, sedimen-
tary N mineralization may be reduced (Neubacher 
et  al. 2011), resulting in a decline in NH4

+ concen-
trations. In this study, while AmN levels decreased 
during hypoxia, they were never depleted, indicating 
a reduction of DOM decomposition rates due to feed-
backs from low DO conditions. A low DO environ-
ment could also slow nitrification rates (Henriksen 
and Kemp 1986; Caffrey et al. 2007), but if N miner-
alization is more suppressed than nitrification, then a 
decrease in AmN concentrations would occur during 
N + N production. This underscores the necessity to 
measure nitrification rates in WLIS in the future.

PO4
3− concentrations increased during hypoxia 

both study years, indicating that DIP was not lim-
ited in surface waters. Available P can intensify 
phytoplankton or bacterial uptake of dissolved 
PO4

3− (and DOP) from the water column, increasing chl  
a (Dyhrman and Ruttenberg 2006; Paytan and 
McLaughlin 2007). In bottom-waters, organic P can be 
mineralized (DOP → PO4

3−) via degradation of OM  
(Lin et  al. 2016), which could have enhanced 
PO4

3− concentrations in the late summers. Another 
source of PO4

3− could be the biological accumulation 
of P in sludge (sewage byproduct), which is primar-
ily conducted by P accumulating organisms in envi-
ronments that cycle between aerobic and anaerobic 
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states (Tarayre et  al. 2016) and release PO4
3− under 

anaerobic conditions. The significant negative corre-
lation between DO and PO4

3− has been observed in 
LIS previously (Ballestero et al. 2018). In this study, 
it coincided with the significant and positive correla-
tion between DO and pH, suggesting that the more 
acidic environment influenced conversions between 
other inorganic P forms to PO4

3−.
At bottom depths, DOM was linked to microbial 

processes across WLIS as highest DOM levels were 
at the most hypoxic stations, indicating that DOM 
was a primary driver of hypoxia. Within the DOM 
pool, DOC levels were generally within range of 
previous DOC measurements (Jul–Oct 1992–1993) 
of 223–378 and 168–309  µM C (no error terms 
reported) in surface and bottom depths, respectively, 
with maximum concentrations towards the end of the 
observational period (Anderson and Taylor 2001) 
as well as lower mean (SD) DOC concentrations of 
175 (16) μM l−1 and 158 (25) μM l−1 at A4 surface 
and  bottom depths, respectively,  beginning 2008 
(Whitney and Vlahos 2017), with higher concentra-
tions typically in summers. In this study, the highest 
DOM levels closest to NYC and at the most hypoxic 
stations was consistent with urbanized regions con-
tributing greater amounts of labile DOM that enhance 
microbial degradation rates (Supino 2020). The nega-
tive and significant correlation between DON and 
bacterial abundances during the summer indicated 
microbial  uptake  of DON. Finally, the peak DOM 
and DON levels at both depths for the western-most 
stations on 5-Oct of 2021 coincided with abnormally 
high Enterococcus (565 count 100  ml−1) levels that 
led to a beach advisory (Riverkeeper 2022), evidence 
of a mass combined sewage overflow (CSO) event.

Considering that phytoplankton provide DOC to 
bacteria post-carbon fixation (Bertilsson and Jones 
2003; Goñi et  al. 2003; Azam and Malfatti 2007; 
Findlay and Parr 2017), and chl a and DOM were 
typically highest further west, it is possible that phy-
toplankton contributed DOC that enriched bottom 
depth DOM concentrations. In Long Island’s Great 
South Bay, where both DOM and chl a can be signifi-
cantly elevated, chl a has been positively (temporally 
and spatially) associated with both DON and DOC 
such that chl a and DOC concentrations were highly 
and significantly correlated (Lonsdale et  al. 2006). 
While DOC was not significantly correlated to chl a 

in this study, DON levels decreased eastward in tan-
dem with chl a.

Trends in bacterial abundances (maxima pre-
hypoxia followed by decreases during hypoxia) were 
similar to previous LIS studies, when bottom depth 
bacterial biomass peaked late Jul/early Aug before 
decreasing (Anderson and Taylor 2001; Liu et  al. 
2015). Reductions in bacterial abundances during 
DO minima occur in other northeastern U.S. hypoxic 
waterbodies (Weinke and Biddanda 2018), suggesting 
processes observed in LIS may be more common than 
previously thought. This pattern could be attributed 
to succession in dominant microbes. For example, in 
WLIS during 2019, proportions of the AOA Nitros-
opumilus maritimus were greater during hypoxia than 
pre-hypoxia (Santoferrara et al. 2022). This species is 
typically 0.17–0.22 μm in diameter and 0.50–0.90 μm 
in length (Könneke et al. 2005), which is smaller than 
the 0.20–2.00  μm size range of bacteria quantified 
during this study. N. maritimus cells < 0.20 μm would 
have been excluded from analysis, leading to an 
under-estimate of microbial abundances. Conversely, 
since nitrifying bacteria are prone to dense aggrega-
tion (Gieseke et al. 2001), and bottom-water turbidity 
increased during summers, particles > 2.00  μm con-
taining AOB would have been excluded. Since ammo-
nia oxidation followed by nitrite oxidation (NO2

− → 
NO3

−) is primarily catalyzed by nitrite-oxidizing bac-
teria (NOB), the slow autumnal recovery of bacterial 
abundances towards the end of hypoxia along with 
increasing N + N concentrations could have been due 
to the extended growth rates and generation times of 
aerobic autotrophic microbes during NO2

− oxidation 
(Wijffels et  al. 1996; Dworkin and Gutnick 2012), 
with some close relatives of NOB completing nitri-
fication (Jun and Wenfeng 2009; Daims et al. 2016). 
The spike in N + N on 5-Oct 2021 was likely excess 
NO3

− released during the CSO event and/or a gen-
eral trapping of N in the western-most portion of the 
estuary.

Chl a concentrations portrayed both  seasonal-
ity (highest measurements in the summer) and  a 
declining west–east gradient. Similarly,  chl a dur-
ing Jan–Aug 2019, depicted similar maximum (2  m 
depth) measurements with concentrations of 23.1 µg 
l−1 at A4, ~ 16.0  µg l−1 at B3, and ~ 11.0  µg l−1 at 
D3 (CTDEEP 2019). The significant negative cor-
relation between chl a and DIN forms in surface 
depths both study years indicated DIN uptake by 
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phytoplankton, aligning with phytoplankton biomass 
enhanced by DIN availability/concentrations (Gobler 
et al. 2006; Glibert et al. 2018; Sitta et al. 2018 and 
others). Additionally, the significant negative corre-
lations between surface DOP and chl a during sum-
mers indicated DOP uptake by phytoplankton. Flagel-
lates (euglenoids and Prorocentrum sp.) and diatom 
(2021) blooms were detected both summers in WLIS 
(Roldan Ayala et al. In Review), coincident with ele-
vated chl a. The negative and significant correlations 
between surface chl a and DO at A4 and B3, where 
chl a was highest, suggests that photosynthesis paral-
leled BOD oscillations (Anderson and Taylor 2001). 
The positive and significant correlations between 
chl a and bacterial abundances at D3 may be due to 
microbial-phytoplankton synergies or another fac-
tor, such as temperature inducing microbial growth. 
Future studies should explore the extent and nature 
of phytoplankton-bacterial biogeochemical relation-
ships within LIS, particularly related to N-cycling 
and DOM production. Surface-bottom coupling may 
occur, with DIN fueling phytoplankton that subse-
quently enhances DOM, though the extent to which 
this occurs and/or influences hypoxia relative to urban 
DOM and N sources needs to be explored thoroughly.

Warming of waterbodies via climate change is 
predicted to decrease oxygen solubility and increase 
respiration both in WLIS (Whitney and Vlahos 2021) 
and globally (Altieri and Gedan 2014; Breitburg 
et al. 2018), consistent with a worldwide increase in 
hypoxia severity (Carstensen et  al. 2014; Rabalais 
et al. 2015; Breitburg et al. 2018; Chan et al. 2019). In 
LIS broadly, warming-induced reductions in oxygen 
solubility may erode 35% of oxygen gains by 2099, as 
temperatures are increasing at a rate of 0.08 ± 0.03 °C 
per year, which is faster than the global average 
(0.10 °C per decade) (Staniec and Vlahos 2017). Cli-
mate change is predicted to impact similarly eutrophic 
hypoxic estuaries, such as Chesapeake Bay, where 
lower oxygen solubility could account for ~ 50% of 
the reduction in bottom-water oxygen and 10–30% of 
the expansion in hypoxic/anoxic volumes by the mid-
twenty-first century (Ni et  al. 2019). Moreover, sea 
level rise and heightened winter-spring runoff may 
strengthen stratification/weaken vertical exchange, 
also contributing to hypoxia (Jensen et al. 1990; Alt-
ieri and Gedan 2014; Rabalais et al. 2010; Du et al. 
2018; Ni et  al. 2019). While potentially inducing 
water-column mixing, greater storm precipitation 

may accelerate riverine nutrient (N) loading that fuels 
microbial activity and intensifies hypoxia (Rabalais 
et  al. 2010; Sinha et  al. 2017; Whitney and Vlahos 
2021). N budgets in WLIS are sensitive to the timing 
of wastewater discharge through the East River tidal 
straight, though NH4

+ has a net import to LIS broadly 
(Vlahos et  al. 2020). The extent to which the many 
rivers feeding LIS contribute specific DIN forms to 
LIS is not well-known. This is a substantial manage-
ment concern because N load reductions beyond the 
current TMDL may need to be considered to offset 
future oxygen solubility declines.

Results from this study indicate that the biogeo-
chemical feedbacks between WLIS water column 
and benthic processes are tightly linked to hypoxia. 
Benthic nitrification and denitrification are pri-
mary drivers of sediment nitrous oxide (N2O) pro-
duction (Meyer et  al. 2008; Barnes and Upstill-
Goddard 2018; Foster and Fulweiler 2019; Yang 
et  al. 2022), but sediment releases of the potent 
greenhouse gases N2O and methane (CH4) are con-
trolled by OM availability (Mazur et  al. 2021), 
specifically anoxic sediments during high OM 
loading that accelerate C remineralization via metha-
nogenesis (Gelesh et  al. 2016). LIS sediments are a 
source of N2O (8.63 + 3.18  nmol  m−2  h−1) and CH4 
(23.80 + 18.05  nmol  m−2  h−1; Mazur et  al. 2021). 
Continued hypoxia risks catalyzing biogeochemi-
cal processes that release both N2O and CH4 while 
diminishing sediment consumption of N2O (Naqvi 
et  al. 2010; Voss et  al. 2013; Foster and Fulweiler 
2019; Stein 2019). Thus, the combination of ammo-
nia oxidation followed by coupled nitrification–deni-
trification may accelerate both greenhouse gas pro-
duction and N loss to the atmosphere via N2 (Rich 
et  al. 2008; Nicholls and Timmer 2009; Mosier and 
Francis 2010; Lehtovirta-Morley 2018). Further stud-
ies are needed to quantify these processes within LIS.

This study provides novel insights to feedbacks 
between major biogeochemical (N and C) cycles, 
bacterial populations, and hypoxia in WLIS. DON 
and DOC were linked with bottom water micro-
bial abundances and summer hypoxia. Addition-
ally, the switch in DIN from AmN to N + N during 
hypoxia coincident with bacterial abundance trends 
in bottom-waters spanning hypoxia both study 
years suggest that ammonia oxidation, or alterna-
tively imbalanced N-mineralization and nitrifica-
tion rates, generates NO2

− and NO3
− during and 
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post-hypoxia. Elevated bottom N + N may regulate 
the subsequent loss of N via denitrification from 
LIS, though additional studies that quantify deni-
trification, nitrification, and N-mineralization rates 
are needed. With climate change induced warming 
of waters predicted to exacerbate hypoxia, these 
biogeochemical processes may be accelerated, 
underscoring the need to reassess N management 
strategies within WLIS as well as urbanized estuar-
ies broadly.
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