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Abstract

It is widely assumed that phytoplankton abundance and productivity decline during temperate winters because of low irradi-
ance and temperatures. However, winter phytoplankton blooms commonly occur in temperate estuaries, but they are often
undocumented because of reduced water quality monitoring in winter. The small body of in situ work that has been done on
winter blooms suggests they can be of enormous consequence to ecosystems. However, because monitoring is often reduced
or stopped altogether during winter, it is unclear how widespread these blooms are or how long they can last. We analyzed
an over 30-year record of monthly phytoplankton monitoring samples along with ad hoc sampling throughout Chesapeake
Bay to assess the distributions of two common winter bloom species, Heterocapsa rotundata and Heterocapsa steinii, and the
environmental conditions associated with these blooms. The long-term monitoring data revealed that H. rotundata blooms
occur within a narrow salinity range (7-12) and potentially have different triggers depending upon the nutrient status of
waters affected. The ad hoc sampling confirmed the occurrence of H. steinii blooms in the lower Chesapeake Bay, despite
the lack of evidence for them from monthly monitoring data. Together, our findings demonstrate that winter blooms routinely
occur in numerous locations throughout Chesapeake Bay and can last up to a month. Our findings suggest that while winter
blooms are a staple of the Bay’s annual phytoplankton community, there are major data gaps reporting their occurrence
highlighting the need for more frequent monitoring to understand factors promoting these blooms and their consequences
on ecosystem productivity.

Keywords Heterocapsa - Winter blooms - Chesapeake Bay - Dinoflagellates

Introduction

Phytoplankton form the base of most aquatic food webs and
produce the majority of autochthonous carbon in aquatic
ecosystems. Long-term datasets suggest that in temperate
coastal and estuarine regions, such as the Chesapeake Bay,
phytoplankton biomass and productivity tend to be highest
in the spring and summer, respectively (Adolf et al. 2006;

Communicated by Hongbin Liu

< Nicole C. Millette
nmillette @ vims.edu

William & Mary, Virginia Institute of Marine Science,
Gloucester Point, VA, USA

Department of Ocean and Earth Sciences, Old Dominion
University, Norfolk, VA, USA

Department of Biological Sciences, Old Dominion
University, Norfolk, VA, USA

@ Springer

Marshall et al. 2009; Nesius et al. 2007). Because winter
phytoplankton biomass and productivity are often low com-
pared to the remainder of the year (Nesius et al. 2007), it is
common for monitoring and research aimed at phytoplankton
to be suspended during this period (December to February).
However, although winter phytoplankton blooms are known
to occur in temperate estuaries, they are under sampled due
to the reduction in field sampling during winter. Heterocapsa
rotundata and H. steinii (cf. Heterocapsa triquetra, Tillmann
et al. 2017) are two dinoflagellate species that commonly
bloom in winter (Cohen 1985; Sellner et al. 1991; Litaker
et al. 2002a, b; Millette et al. 2015, 2017; Mulholland et al.
2018). Previous research suggests that winter blooms of these
species can account for ~50% of the annual phytoplankton
carbon production in the areas they occur, highlighting their
potential to be an important contribution to annual productiv-
ity in estuarine systems (Sellner et al. 1991). Unfortunately,
due to limited monitoring and phytoplankton research during
winter, the coverage and duration of these blooms remain
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largely unknown. As a result, it is difficult to estimate how
important winter blooms are to community production in
estuarine ecosystems. If these blooms are highly localized
and short-lived, then their ecosystem impact is likely to be
minimal. However, if these blooms are a common occurrence
throughout a substantial part of a system, then their ecosys-
tem impact needs to be quantified.

If Heterocapsa blooms account for ~50% of the annual
production, as suggested by Sellner et al. (1991), that means
we currently have a limited understanding of the controls on
total primary productivity and its cascading effects on eco-
systems where winter blooms occur. For example, modeling
work by Testa et al. (2018) suggests that winter blooms in
the Chesapeake Bay are associated with the earlier onset of
hypoxic conditions in summer. Alternatively, there is some
evidence that winter H. rotundata blooms increase spring
copepod populations, which are important prey for fish
larvae (Millette et al. 2016, 2020). All this research points
to potentially major ecosystem impacts of winter blooms,
assuming they are widespread and long lasting in a system.

The majority of the work examining winter phytoplank-
ton blooms to date has been conducted in Chesapeake Bay,
USA. These studies have focused on understanding factors
promoting blooms of H. rotundata in tributaries that flow
into the mainstem of the Bay, e.g., the Potomac (Cohen
1985), Patuxent (Sellner et al. 1991), Choptank (Millette
et al. 2015, 2017), and James Rivers (Mulholland et al.
2018), or quantifying the occurrence of H. rotundata and
H. steinii in the lower Chesapeake Bay tributaries (Marshall
and Egerton 2009; Mulholland et al. 2018). Based on stud-
ies in Maryland tributaries, it has been hypothesized that H.
rotundata are more likely to form blooms in wet and cold
winters (Cohen 1985; Millette et al. 2015). Winters with
above average rain and snowfall result in increased freshwa-
ter fluxes into the Bay which likely increase the concentra-
tion of available nutrients during winter and spring and cre-
ate a more stratified water column, both factors that favor H.
rotundata over diatoms (Cohen 1985). It has been suggested
that grazing by the copepod Eurytemora carolleeae provides
a top-down control on H. rotundata blooms (Sellner et al.
1991). Winters with water temperatures below 1-2 °C also
appear to release H. rotundata from zooplankton grazing
pressure (Millette et al. 2015). While few studies have exam-
ined winter-time blooms of H. steinii, there are data suggest-
ing that they can dominate the phytoplankton community
in the lower Chesapeake Bay during winter (Marshall et al.
2005; Mulholland et al. 2018) and reports of winter H. stei-
nii blooms in North Carolina estuaries during wet winters
(Litaker et al. 2002a, b).

While these studies have provided insights into biotic and
abiotic factors that may control winter blooms, they do not
address how widespread these blooms are, nor do they describe
the environmental niche occupied by either Heterocapsa spp.

because sampling was limited to periods when there were
active blooms and lacked spatial coverage. Here, we examined
the Bay-wide distribution and variability of winter populations
of H. rotundata and H. steinii with respect to environmental
conditions in the Chesapeake Bay. We used Chesapeake Bay
Monitoring Program data (1985-2020) and ad hoc data col-
lected as part of specific projects to examine (1) the monthly
mean abundances of H. rotundata and H. steinii across sea-
sons throughout Chesapeake Bay, and (2) identify conditions
that might favor high abundances of both species in the win-
ter season. To grasp the extent of Heterocapsa spp. winter
blooms and their impacts on estuarine ecosystems, we need to
first assess where and why these blooms occur, the magnitude
and duration of these blooms, and which Heterocapsa species
dominate the blooms.

Methods

Chesapeake Bay Program Monitoring Data: Existing
Data

In Maryland, phytoplankton samples were collected once per
month from a subset of the Chesapeake Bay Program Moni-
toring (CBPM) stations, three mainstem and five tributary
stations, between 1985 and 2009 (Fig. 1). Similarly, phyto-
plankton samples were collected monthly from a subset of
the CBPM stations in Virginia, seven mainstem and seven
tributary stations, since 1985 (Fig. 2). At the mainstem sta-
tions, two 15-L composite samples were collected, one from
above the pycnocline and the other from below the pycno-
cline. At the tributary stations, only a single 15-L composite
sample was collected at each station. A portion of each com-
posite sample (500 mL) was fixed with Lugol’s solution and
preserved with buffered formalin for phytoplankton analysis.
Phytoplankton samples were settled in Utermohl chambers
and enumerated using an inverted microscope. Samples were
analyzed to the lowest practical taxonomic level, which, in
connection to this study, was species level. In the Maryland
and most of the Virginia dataset, H. rotundata is identified
by its old name, Katodinium rotundatum. However, starting
in 2014, the Virginia dataset transitioned to using the current
name for H. rotundata.

At the same CBPM stations where samples were collected
for phytoplankton enumeration, samples were also collected
from above and below the pycnocline to measure dissolved
inorganic nutrient concentrations and chlorophyll a. Nutri-
ent, chlorophyll, and total suspended solids (TSS) samples
were collected 1 m below the surface and above the bottom.
Vertical profiles of hydrographic properties (temperature,
salinity, etc.) were collected using a SeaBird CTD mounted
to a rosette equipped with 10 Niskin bottles. Nutrient samples
(nitrate + nitrite [NO,], ammonium, and phosphate) were
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Fig.1 Average seasonal abun-
dances of H. rotundata (green)
and H. steinii (blue) at eight
different CBPM monitoring
stations collected between 1986
and 2009 in the Maryland half of
Chesapeake Bay. W = January—
March, Sp = April-June, Sm =
July-September, F = October—
December. Error bars represent

standard error TF2.3

10000— o
2000 — -I leterocapsa rotundata
i - Heterocapsa steinii
= 6000—
8 4000 —
2000 —
0 ; -
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filtered onboard, frozen, and then analyzed in the laboratory
on a Lachat nutrient analyzer using standard colorimetric
methods (USEPA 1993) according to the manufacturer’s
specifications. Chlorophyll a concentrations were measured
spectrophotometrically (Strickland and Parsons 1972; APHA
1995). TSS were measured after drying (APHA 1989).

Ad Hoc Data: New Data

Weekly Grab Samples—Choptank River, MD Samples were
collected at least once a week from 2012 to 2016 at the Bill
Burton fishing pier on the Choptank River in Cambridge, MD,
USA (38°34"24" N 76°4'6" W), a tributary that feeds into the
mesohaline section of the Chesapeake Bay (Fig. 1). H. rotun-
data abundance was recorded once a week in 2012 (January,
23 2012-March, 13 2012), 2013 (December 23, 2012-March
10, 2013), 2014 (December 30, 2013—April 14, 2014), and
2015 (December 29, 2014—March 9, 2015) and three times

@ Springer

a week in 2016 (December 30, 2015-March 18, 2016). For
some years, abundance data for additional phytoplankton spe-
cies were collected (Millette et al. 2015), but only H. rotun-
data abundance is presented. The fishing pier is located near
the CBPM station ET5.2 (<0.5 km away), which was included
in our analysis of CBPM data.

Water from the surface was collected using a bucket and 15
mL was preserved in scintillation vials with 5% acid Lugol’s.
Triplicate samples were preserved and counted for each sam-
pling date. Heterocapsa rotundata were identified and enu-
merated with a Nikon Eclipse ES800 microscope at 20X mag-
nification on a Sedgewick rafter slide (Sherr and Sherr 1993).
A minimum of 300 cells were counted per sample.

Imaging FlowCytoBot Data-Elizabeth River, VA Samples were
collected 4-5 times per week from mid-January to late March
2020 at the Old Dominion University (ODU) Sailing Center
floating dock on the Elizabeth River in Norfolk, VA, USA
(36°52"10" N, 76°19'4" W), a sub-tributary of the polyhaline
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Fig.2 Average seasonal abun-
dances of H. rotundata (green)
and H. steinii (blue) at fourteen
different CBPM monitoring
stations collected between 1986
and 2019 in the Virginia half of
Chesapeake Bay. W = January—
March, Sp = April-June, Sm =
July—September, F = October—
December. Error bars represent
standard error
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section of the Chesapeake Bay. Whole water was collected
from the surface with a 500-mL amber polycarbonate sample
bottle and taken directly back to the laboratory at ODU (~10
min walk) to be processed using an Imaging Flow CytoBot
imaging flow cytometer (IFCB; Olson and Sosik 2007). Sam-
ples were run in triplicate for each time point. The resulting
images were processed using the MATLAB ifcb-analysis
toolbox (https://github.com/hsosik/ifcb-analysis) and then
uploaded to the EcoTaxa web application (https://ecotaxa.
obs-vlfr.fr/; Picheral et al. 2020) for taxonomic identifica-
tion, annotation, and automated classification of images. The
classified images were used in combination with the data
on the volume imaged by the IFCB to derive taxa-specific
abundances for each sample.

CBPM Data Synthesis and Analysis

We averaged the abundances of H. rotundata and H. steinii
at each station for each season; winter (Jan.—Mar.), spring

(Apr.—Jun.), summer (Jul.-Sept.), and fall (Oct.—Dec.), in
order to look at temporal and spatial variability in Hetero-
capsa spp. within the large CBPM program dataset. Next,
we analyzed environmental conditions associated with the
upper (25%) versus lower quartile (75%) abundance of Het-
erocapsa spp. in winter (Jan.—Mar.) at stations where H.
rotundata or H. steinii had higher abundances during the
winter compared to other seasons (see Figs. 1 and 2). We
compared the average values for all environmental factors
associated with stations in the upper quartile for Hetero-
capsa spp. abundance and compared these to observations
made for the lower quartile using a r-test with equal variance.
We chose to use upper and lower quartiles of abundances for
our analysis because assigning a specific concentration at
which Heterocapsa spp. has formed a bloom is arbitrary
and likely varies spatially for both species. If there was a
significant difference between chlorophyll a concentrations
for the upper and lower quartiles associated with the increase
in Heterocapsa spp. abundance, then it is more likely that

@ Springer
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Fig. 3 Mean abundances of
Heterocapsa rotundata (cells
mL~"; left panel) and Hetero-
capsa steinii (cells mL~; right
panel) in the MD half of the
Chesapeake Bay for the full
range of temperature and salin-
ity conditions observed over the
course of the time series. The
shaded gray area denotes parts
of the variable space where no
data was present

Fig.4 Mean abundances of
Heterocapsa rotundata (cells
mL~; left panel) and Hetero-
capsa steinii (cells mL7; right
panel) in the VA half of the
Chesapeake Bay for the full
range of temperature and salin-
ity conditions observed over the
course of the time series. The
shaded gray area denotes parts
of the variable space where no
data was present
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the shift in abundance was the result of a bloom and not a
shift in phytoplankton community composition.

Results

Analysis of CBPM Data

Spatial Variability in Heterocapsa Blooms Based on the
CBPM data, average abundances of Heterocapsa spp. were
an order of magnitude higher in the Maryland portion of
the Bay compared to Virginia (Figs. 1 and 2). In the Mary-
land CBPM data, it is clear that H. rotundata abundances
are highest during the winter season at certain stations but
H. steinii abundances do not appear to vary across seasons
(Fig. 1). The average winter abundance of H. rotundata was
highest at stations in the upper regions of the mainstem
(CB3.3C) and three upper Bay tributaries (ET5.2, LE1.1,
and WT5.1). In the Virginia portion of the Bay, H. rotundata
or H. steinii abundances rarely differed between seasons;
however, evidence suggests that blooms occur there with

@ Springer
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some frequency. This evidence includes (1) high average
abundances of H. rotundata at station RET3.1 in winter and
H. steinii at station RET4.3 in winter and spring (Fig. 2),
and (2) ad hoc bloom sampling (Marshall et al. 2005, 2009;
Mulholland et al. 2018). When looking at the Chesapeake
Bay as a whole, Heterocapsa spp. are rare at tidal fresh (TF)
stations and H. rotundata abundance appears to follow a
gradient along the Bay’s mainstem, with higher abundances
in the less saline upper Bay and lower abundances in the
lower Bay (Figs. 1 and 2).

Realized Temperature and Salinity Niche Space The realized
niches of H. rotundata and H. steinii in temperature and
salinity space were inferred separately for the MD (Fig. 3)
and VA (Fig. 4) datasets. In MD, the highest mean abun-
dances of H. rotundata were associated with water tempera-
tures ranging from O to 10 °C, and salinities between 7 to
12. In contrast, the highest abundances of H. steinii were
observed in warmer waters, with the highest abundances
observed when water temperatures were 13—-19 °C. H. steinii
also occurred over a wider salinity range, salinities ranging
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from 5 to 21, suggesting a less restricted salinity niche space
than that of H. rotundata.

In Virginia, H. rotundata appeared to occupy somewhat
different temperature and salinity niches than in Maryland.
High mean abundances of H. rotundata were found over a
wider and warmer range of water temperature (10 to 27 °C)
and salinity (5-30) in Virginia, although their mean abun-
dance tended to decrease at higher salinities. While both
are eurythermal and euryhaline, H. steinii appears to have
a narrower temperature and salinity range than H. rotun-
data. The highest mean abundances of H. steinii were found
when water temperatures were between 10 and 18 °C, and
although present at high salinities, most of the samples with
mean cell abundances over 100 cells mL! were collected
from waters where salinities were between 7 and 20.

Bloom Conditions We analyzed the relationship between
environmental conditions and H. rotundata abundance
(upper and lower quartiles of abundance) at 4 stations in
Maryland where high winter abundances were routinely
observed in Maryland (CB3.3C, ET5.2, LE1.1, and WT5.1).
High concentrations of H. steinii and Heterocapsa spp.
were not observed in the CBPM data from Maryland and
Virginia, respectively (Figs. 1 and 2). Average H. rotun-
data abundances associated with the upper quartile at all
4 stations were an order of magnitude higher than average
H. rotundata abundances associated with the lower quar-
tile (Table 1). Furthermore, chlorophyll a concentrations
were also significantly higher for the upper quartile of H.
rotundata abundance compared to the lower quartile at
all but one of the stations (WT5.1). At station CB3.3C,
oxygen concentrations were significantly lower and total
suspended solids were significantly higher for samples in
the upper quartile of H. rotundata abundance than those in
the lower quartile (Table 1). At station ETS5.2, ammonium
and Secchi depth were significantly lower for samples in
the upper quartile of H. rotundata abundance than those
in the lower quartile (Table 1). At station LE1.1, salinity
was significantly lower and NO, concentrations and total
suspended solids were significantly higher for samples in
the upper quartile of H. rotundata abundances than those
in the lower quartile (Table 1). At station WT5.1, dissolved
oxygen was significantly lower for samples in the upper
quartile of H. rotundata abundance than those in the lower
quartile (Table 1).

Analysis of Ad Hoc Data

Data collected in the Choptank River, near station ETS5.2,
between 2012 and 2016 and data collected in the Lafayette
River in 2020 provided a more detailed look at inter- and
intra-annual variability (Fig. 5).

Choptank River, MD Winter blooms in the Choptank River
were always dominated by H. rotundata; H. steinii typically
accounted for less than 5% of the total abundance (Millette
et al. 2015). The average abundance for H. rotundata was
typically between 100 and 1000 cells mL™" (Fig. 5a). Cell
abundances reached at least 10,000 cells mL~! in three of
the winters (2014, 2015, and 2016), with abundances up to
32,000 cells mL~" in 2014. Conversely, there was one year
(2012) when cell abundances were substantially below aver-
age. In years when H. rotundata abundance reached at least
10,000 cells mL ™', cell abundances increased over a 4—5-
week period before reaching their maximum abundances.
Once maximum cell abundances were attained, usually
around the end of February, blooms could persist for over a
month (Fig. 5a).

Elizabeth River, VA There was a winter bloom of H. stei-
nii in the Elizabeth River in 2020. For most of the winter,
H. steinii abundances were below 100 cells mL~! but their
abundances increased by up to two orders of magnitude
during most of February. Unlike H. rotundata blooms in
the Choptank River, this bloom appeared to initiate rapidly
and then persisted for about 3 weeks (Fig. 5b). While abun-
dances of H. rotundata also increased during this bloom (>
1000 cells mL™"), populations were dominated by H. steinii
until early March when sampling was suspended.

Discussion

Using monthly samples collected as part of the CBPM over
three decades along with more localized ad hoc sampling,
we have established that winter Heterocapsa spp. blooms
are a recurring feature within specific regions of Chesapeake
Bay. Specifically, our analyses indicate that H. rotundata
blooms are constrained to a tight salinity range (7—12) and
predominate in the Maryland portion of the Bay. More
importantly, despite the spatial constraint of these blooms
due to salinity, the blooms can last for at least 1 month. Sig-
nificantly higher abundances of H. rotundata in CBPM sam-
ples were associated with significantly higher chlorophyll a
concentration (Table 1), increasing the likelihood that these
abundances are associated with a bloom rather than a shift
in phytoplankton community composition. While CBPM
data provides no indication that H. steinii blooms occur in
Chesapeake Bay, previous studies (Mulholland et al. 2018)
and non-CBPM samples collected in Virginia indicate that
H. steinii is the species that likely dominates winter blooms
in the Virginia half of Chesapeake Bay. However, winter
blooms in Virginia are undersampled, which limits our abil-
ity to say anything conclusive about these blooms.
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Table 1 Average (+SE) values for biological and environmental data associated with the upper quartile (upper 25) of H. rotundata abundance versus the lower 75% of abundances (lower 75) at

four stations in the Maryland half of Chesapeake Bay during winter (Jan—Mar)

Station Cells Chla Temp Salinity NO, NH,* PO~ DO TSS Secchi
mL™! pg L7 o) uM M M mg L™! m

CB3.3C Upper 25 14068 + 2102 283 +5.0 47+05 120+ 0.6 83+0.8 20+0.5 0.05 + 0.004 10.4 +£0.5 132 +£2.8 1.03 +£0.12
(n=10)
Lower 75 2313 + 306* 8.6 + 0.8% 41+04 10.6 + 0.7 105+ 1.4 35+04 0.05 +0.003 11.8 +0.3% 8.8 +0.9% 1.35+0.09
(n=33)

ET5.2 Upper 25 18102 + 3414 319+7.7 49 +0.8 9.0+0.8 10.5+ 1.8 12+0.6 0.07 £0.013 119 +0.6 16.5 +2.7 0.66 + 0.07
(n=17)
Lower 75 1570 + 403* 8.0 + 1.4* 6.5+0.5 10.3+0.6 9.6+12 3.7+£0.7* 0.11 £ 0.019 11.1+£0.2 152+23 1.15 £ 0.10*
(n=20)

LEl.1 Upper 25 16755 + 2694 29.0+5.1 51+04 99+0.5 43+0.5 1.5+04 0.06 + 0.003 120+ 0.3 14.8 + 2.1 1.0 £ 0.08
(n=15)
Lower 75 2443 + 443%* 17.8 £ 1.9* 53+04 12.7 £ 0.5* 2.6 +0.5% 1.5+04 0.07 £ 0.007 11.8 £0.2 10.6 + 0.8* 1.1 +£0.05
(n=42)

WT5.1 Upper 25 20694 + 2456 248 +2.1 57+0.5 8.7+0.5 11.5+09 74+ 1.1 0.07 £ 0.010 9.3+0.5 128 + 1.4 0.8+0.13
(n=17)
Lower 75 5024 + 1047* 184 +2.4 55+0.5 10.0 +0.5 127+ 1.4 14.7 + 3.5% 0.09 +0.011 11.0 + 0.5% 127+ 13 1.0 +0.08
(n=124)

Chl a chlorophyll a concentration, Temp temperature, NH," ammonium concentration, NO, nitrate + nitrite concentration, PO,’~ phosphate concentration, DO dissolved oxygen, TSS total sus-

pended solids

“Refers to average values that are significantly different between the two groups of H. rotundata abundances (two-sample equal variance, two tailed r-test, P < 0.05)

66

£66—986:9% (£207) S1520D pue salen)sy
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Environmental Conditions Associated with H.
rotundata Blooms

Taken as a whole, H. rotundata blooms in Maryland, and
potentially all of the Bay, are tightly constrained by salin-
ity (Fig. 4a). Our dataset-wide analysis of MD H. rotun-
data abundance demonstrated that the highest abundances
occurred between salinities of 7 and 12. Furthermore, when
comparing the average environmental conditions between
all the Maryland stations, the only common factor between
the four stations where H. rotundata blooms appeared to
occur (CB3.3C, ET5.2, LE1.1, and WTS5.1) was their salinity
range (Table S1), which averaged between 9.6 and 12. Salin-
ity was either significantly higher or lower than this range
at the non-bloom stations. Previous research has suggested
that H. rotundata blooms rarely occur above a salinity of 14
(Cohen 1985; Sellner et al. 1991). Our analysis supports this
and further suggests that blooms rarely occur below a salin-
ity of 7. This tight salinity range where MD H. rotundata
blooms are found provides a clear expectation of where in
Chesapeake Bay these blooms are likely to occur. However,

Jan 22—Jan

01—Feb 08—Feb 15—Feb 22—Feb 01—Mar08—Mar15—Mar
Date

it does not provide any information on other environmental
conditions associated with these blooms.

Analysis of the four individual stations with H. rotun-
data blooms provided a more in-depth look at spatial vari-
ability in environmental conditions associated with these
blooms and potential insight into conditions that favor the
occurrence of winter blooms. Station ET5.2 (Choptank
River) is located near where a series of studies were
conducted on H. rotundata blooms from 2012 to 2016
(Millette et al. 2015, 2017; Millette 2016). Between 1985 and
2009, at the ET5.2 CBPM station, conditions associated
with the upper quartile of H. rotundata abundance could
be explained by conclusions from this previous research;
specifically, there were lower ammonium concentrations,
Secchi depths, and possibly temperature (Table 1). H.
rotundata’s preferential consumption of ammonium (Millette
2016) could be the reason why ammonium concentra-
tions were depleted during blooms. H. rotundata uses
mixotrophy to compensate for light limitation of photosyn-
thesis with heterotrophy (Millette et al. 2017), which can
give them an advantage when irradiance levels are lower
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(low Secchi depths). However, neither of these factors pro-
vide any indication of how a bloom forms at ETS5.2. In the
CBPM monitoring dataset, differences in water temperature
were not significant at station ET5.2, although the averages
were still noticeably lower for the upper quartile H. rotun-
data abundances. Given more recent evidence that lower
water temperatures provide a mechanism for relieving H.
rotundata from top-down control in the Choptank River
(Millette et al. 2015), it is likely that blooms at this station
could have been associated with a decrease in temperature,
which in turn decreased grazing pressure, rather than an
increase in nutrients.

Alternatively, H. rotundata blooms at LE1.1 (Patuxent
River) seem to be caused by an increase in freshwater flow,
likely caused by rainfall. Station LE1.1 had lower average
NO, and ammonium concentrations compared to most other
stations, suggesting that the phytoplankton could be nutrient
limited there (Table S1). The upper quartile of H. rotundata
abundances at this station were associated with low salin-
ity, high NO, concentrations, and no difference in ammo-
nium concentrations (Table 1). This would suggest that H.
rotundata at this station form blooms when an increase of
freshwater input delivers new nutrients into the system, as
evidenced by the decrease in salinity and increase in NO,
concentrations. This is supported by research done on H.
rotundata blooms in the Potomac River that came to simi-
lar conclusions showing that in years with higher rainfall,
blooms formed (Cohen 1985). We propose that the lack of
a difference in ammonium concentrations due to rainfall
resulted from preferential uptake by H. rotundata.

Station CB3.3 (Upper Chesapeake Bay) lacked any clear
indication to what environmental conditions might be asso-
ciated with blooms at this location. The only significant dif-
ference between the upper quartile abundances of H. rotun-
data and lower abundances were lower dissolved oxygen
concentrations and higher total suspended solids (Table 1).
Oxygen concentrations are generally expected to be higher
as a result of higher primary productivity and the high total
suspended solids indicate that these blooms might have been
light limited. H. rotundata can overcome light limitation of
photosynthetic carbon fixation through mixotrophy (Millette
et al. 2017). Lower dissolved oxygen concentrations could
indicate that the blooms were dying off and starting to be
respired. It is worth noting that while the difference was not
significant, ammonium concentrations were noticeably lower
when H. rotundata abundances were higher adding further
support to observations that H. rotundata are preferentially
removing ammonium from the water column.

Like station CB3.3C, upper quartile abundances of H.
rotundata at station WT5.1 (Patapsco River) were associated
with lower dissolved oxygen concentrations (Table 1). While
ammonium concentrations were also noticeably lower when
H. rotundata abundances were higher, the difference was
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not significant due to the high variability in concentrations
(Table 1). This again suggests that H. rotundata is preferen-
tially consuming ammonium over nitrate. Baltimore Harbor
is located on the Patapsco River, and this large urban area is
thought to contribute to the high nutrient concentrations and
low water clarity observed there (Table S1). This would sug-
gest that H. rotundata is not nutrient limited at this station;
however, it could be light limited. There was no indication
that water temperature had an influence on the blooms at this
station as water temperatures were uniformly low whether H.
rotundata was abundant or not. Although mean chl a concen-
trations were higher when H. rotundata was more abundant
at WT5.1, unlike the other stations, the difference was not
significant. Chl a concentrations were higher even when H.
rotundata abundances were in the lower quartile suggesting
that other species were abundant during the winter as well.

Based on our analysis of CBPM data and previous find-
ings, it appears that there are at least two different conditions
favoring the formation of winter H. rotundata blooms in the
Maryland half of Chesapeake Bay. At a station like LE1.1,
where nutrient concentrations are generally lower, an increase
in freshwater input could trigger a winter H. rotundata bloom.
When winter precipitation is high, new inorganic nitrogen
is introduced into the system and a bloom forms (Cohen
1985). High precipitation would also result in low salinity
and increased stratification, conditions that would favor dino-
flagellates over diatoms (Cohen 1985). At a station like ET5.2,
where nutrient concentrations are generally higher, but water
clarity is low, blooms are more likely to be limited by light.
Since H. rotundata blooms are able to overcome light limi-
tation by employing mixotrophy (Millette et al. 2017), top-
down control by microzooplankton and copepod grazers could
be controlling the formation of blooms. When temperatures
get low enough to limit grazing activity, phytoplankton are
released from grazing pressure and can bloom (Millette et al.
2015). However, H. rotundata blooms will only occur under
either of these conditions if they occur within the appropriate,
narrow salinity range.

Despite the lack of data on H. steinii blooms in CBPM
data, our ad hoc data suggests that H. steinii dominates win-
ter blooms in the southern half of Chesapeake, and H. rotun-
data dominates in the northern half. We propose that the
differences in the distributions of H. rotundata and H. steinii
are primarily due to temperature. While our analysis of H.
rotundata using CBPM data demonstrated a clear salinity
preference, these salinities can be found in the southern half
of the Bay (Tables S1 and S2), albeit at only a few stations,
suggesting another factor influences this niche separation.
Chesapeake Bay is elongated in the north—south direc-
tion and the more northern regions of the Bay experience
colder average temperatures during the winter compared to
the more southern regions (Tables S1 and S2). This makes
temperature the most likely factor differentiating where
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H. rotundata and H. steinii dominate. Furthermore, win-
ter blooms of H. steinii often occur in systems with winter
temperatures above 5 °C (Litaker et al. 2002a; Montero et al.
2017). However, there is at least one recorded instance of
H. steinii blooms under ice (Baek et al. 2011) and a lack of
observed H. rotundata blooms at temperatures below 5 °C,
other than in Chesapeake Bay. Temperature as the factor
controlling niche separation of the two Heterocapsa spp. in
Chesapeake Bay needs to be further explored, likely using a
combination of laboratory and field measurements.

Undersampling of Heterocapsa Blooms-the
Importance of High Frequency Monitoring

In Maryland, high frequency sampling was undertaken in a
tidal tributary over 5 years (Millette 2016). These data pro-
vide insights regarding the timing and duration of H. rotun-
data blooms. While there was 1 year with high H. rotundata
abundance during January, most blooms form throughout
February and could last for at least a month once they reach
their peak. The CBPM reliably collected one sample per
year in mid- or late March, which means they were likely
often sampling during the end of winter blooms. The higher
frequency sampling makes it clear that H. rotundata blooms
really do form in this system, and that these blooms can
persist for a long time, likely contributing significantly to
new production in the system. Previous research suggests
that production from these blooms is likely consumed by
zooplankton, benefiting higher trophic levels (Sellner et al.
1991; Millette et al. 2015, 2016, 2020). Unfortunately,
because CBPM sampling in MD routinely stopped sampling
during winter, there is almost no data on H. rotundata dur-
ing the formation of their blooms which likely occurs before
March.

While CBPM monitoring stations in Virginia had almost
no indication that average Heterocapsa spp. abundance was
higher in winter compared to other seasons (Fig. 2), previ-
ously published data (Marshall et al. 2005; Mulholland et al.
2018) and high frequency sampling in winter 2020 (Fig. 5)
suggest blooms of this genera routinely occur in Virginia but
are not being captured in the CBPM dataset. This may be
due to temporal or spatial mismatches between Bay Program
sampling and blooms, and highlights the need for better sur-
veillance of phytoplankton populations in winter in Virginia
as well as Maryland.

The Chesapeake Bay Program Monitoring provides valu-
able data for long-term analyses of phytoplankton commu-
nity structure, diversity, and its change over time from fixed
station monitoring. However, it was designed to monitor the
long-term health of the Bay and does not have the resources
to capture ephemeral or spatially confined blooms. Phyto-
plankton blooms are undersampled by the CBPM monitoring

program in general, but during winter, undersampling is par-
ticularly acute as weather often curtails sampling. In Vir-
ginia, CBPM data suggests there are no winter blooms of
Heterocapsa spp. in the southern half of Chesapeake Bay,
despite additional data collected at other stations and with
higher frequency suggesting otherwise (Fig. 5; Mulholland
et al. 2018). In Maryland, CBPM data captured some of the
H. rotundata blooms prior to 2009 but Maryland discontin-
ued its phytoplankton monitoring program after 2009 and so
even the most basic trend analysis, such as those employed
here, is impossible because there is no data outside of ad hoc
projects which are few and far between. Based on emerging
issues and seasonal undersampling, the CBPM program data
needs to be augmented with higher frequency time series
sampling. Such higher frequency, winter sampling could
be achieved with the deployment of one, or several, IFCBs
at a small number of stations within the Bay. IFCBs can
be deployed in the field for several months at a time and
can transmit data back to shore in near real time. As such,
deployments would allow for continuous remote monitoring
over the winter and could also be used as a guide to trigger
more targeted traditional sampling efforts if a bloom were
observed to be initiating. The deployment of newer technolo-
gies such as IFCBs, in conjunction with more traditional
sampling methods, would allow us to better understand the
controls on winter bloom formation and decline, and aid in
predicting how the occurrence of these blooms might change
in the future.

Conclusions

Our analysis definitively demonstrates that (1) winter Het-
erocapsa spp. blooms are a common occurrence across
Chesapeake Bay and its tributaries and (2) these blooms
have been, and continue to be, chronically unsampled across
large portions of the Bay. These blooms are a clear staple of
the annual cycle within the Bay but outside of a few targeted
studies, much about these blooms still remains unknown.
Using long-term CBPM data, we were able to demonstrate
that H. rotundata blooms occur in a tight salinity range
(7-12) and propose that winter H. rotundata blooms form
under at least two different conditions depending upon
whether the blooms occur in a nutrient replete or nutrient
limited environment. However, there is a lot more to study
about these blooms, especially with their connection to
higher trophic levels and influence on ecological processes
during other seasons. For example, it has been hypothesized
that E. carolleeae, a predator of H. rotundata, hatched in
winter feed striped bass larvae hatched in spring (Millette
et al. 2020) and high phytoplankton biomass earlier in the
year will cause higher volumes of hypoxic waters to occur
earlier in the summer (Testa et al. 2018).
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While the research presented here has focused on these
winter blooms in Chesapeake Bay, this is not the only sys-
tem where Heterocapsa spp. occur. Heterocapsa spp. have
been reported in a range of environments all over the world
including Masan Bay, South Korea (Seong et al. 2006),
Manori Creek and Manim Bay, India (Shahi et al. 2015), Bal-
tic Sea, Germany (Jaschinski et al. 2015), Puyuhuapi Fjord,
Chile (Montero et al. 2017), Sundays Estuary, South Africa
(Lemley et al. 2018), Newport River, North Carolina (Litaker
et al. 2002a,b), Johor Strait, Malaysia (Razali et al. 2022), and
Kangaroo Island, Australia (Balzano et al. 2015). Wherever
it is found, Heterocapsa spp. tend to either dominate or be a
prominent part of the phytoplankton community, although not
always prevalent when water temperatures are at their lowest
(Seong et al. 2006; Balzano et al. 2015; Shahi et al. 2015).
Given the widespread occurrence of Heterocapsa spp. in
estuarine and coastal systems, their ability to be a prominent
phytoplankton species, and their ability to form blooms during
winter months, more research needs to focus on this genus.
Future research targeted at observing winter Heterocapsa spp.
blooms will expand our understanding of the full impact of
these blooms on regional productivity, estuarine food webs
and commercially important fisheries.
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