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The interactive effects of temperature (15–30◦C), salinity (5–30) and light (low-100 and high-300 μmol photons
m−2 s−1) on growth, thermal niche properties and cellular carbon (C) and nitrogen (N) of the toxic dinoflagellate,
Karlodinium veneficum, were studied to understand its potential for change under future climate conditions in the
eutrophic Chesapeake Bay. Cell growth was highest under conditions of 25–28◦C, salinity 10–20 and high light,
which represented the preferred physical niche for bloom formation in the present day. In the Chesapeake Bay,
blooms generally occur at 25–29◦C and salinity 10–14, while low-biomass occurrences have been found at salinities
15–29, consistent with the laboratory findings. High light increased the thermal sensitivity of K. veneficum and
lowered the thermal optima for growth. Under conditions of low light, and salinity 10–20, cells exhibited the
highest thermal optima for growth. The highest upper thermal maxima were observed at salinity 30, suggesting
that cells in the lower estuary would be more thermally resistant than those in upper and mid-estuarine regions,
and therefore these higher salinity regions may provide over-summering habitats for K. veneficum. Cellular C and N
were highly varied at the preferred salinity and temperature niche and C:N ratios showed decreasing trends with
temperature.
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INTRODUCTION

The Chesapeake Bay, the largest estuary in the USA,
is predicted to experience significant non-linear changes
in climate forcing. These changes include increases in
water temperature and changes in salinity and carbonate
chemistry by the end of the 21st century (Najjar et al.,

2010; Hong and Shen, 2012; Muhling et al., 2018; Shen
et al., 2020; Li et al., 2020a). Mean temperatures may
rise by as much as 2–5.5◦C. Salinity changes are more
complex. While increased precipitation may reduce the
salinity in the upper bay regions, sea level rise will increase
saltwater intrusion and salinity in the lower bay regions
(Hong and Shen, 2012; Ni et al., 2020) producing strong
salinity gradients across the bay and a salinity squeeze
for those organisms with a narrow salinity tolerance. Due
to altered precipitation patterns, springs in the Bay are
expected to become wetter which will lead to increases
in nutrient loads (Howarth, 2008; Wagena et al., 2018).
Changes in the streamflow and associated suspended solid
loadings may also change the light penetration directly
affecting the phytoplankton growth and physiology, in
turn causing feedback effects on light penetration in the
water column (Testa et al., 2019). Carbonate chemistry
in the Bay is also spatially and temporally complex. The
upper Bay is showing trends of alkalinification due to
changing freshwater input and increased alkalinity from
rivers, while the lower Bay is experiencing acidification
due to ocean acidification (Kaushal et al., 2013; Li et al.,

2020a). Among major outcomes of the potential climate-
change impacts in the Chesapeake Bay is an increase of
harmful algal bloom (HAB) occurrence and changes in
their seasonal and spatial distribution (Najjar et al., 2010;
Li et al., 2020b; Glibert et al., 2022).

The harmful dinoflagellate, Karlodinium veneficum, is
among the common HAB species that have historically
been present and are increasing in abundance and extent
in the Chesapeake Bay (Li et al., 2000a, 2015; Marshall
et al., 2005; Lin et al., 2018a). Blooms of K. veneficum

have also been documented worldwide from Namibia
(Braarud, 1957) to Europe (Bjørnland and Tangen,
1979), China (Dai et al., 2014) and Australia (Adolf et al.,

2015). This species produces a suite of toxic compounds
called karlotoxins (KmTx) with cytotoxic, ichthyotoxic,
hemolytic and grazer deterrent properties (Deeds et al.,

2002; Adolf et al., 2007; Waggett et al., 2008; Fu et al.,

2010; Place et al., 2012). Blooms often cause massive
fish kills and may be toxic to oyster embryos, larvae
and juveniles (Adolf et al., 2007; Glibert et al., 2007;
Brownlee et al., 2008; Stoecker et al., 2008; Waggett et al.,

2008). Detailed spatial surveys and long-term monitoring
data from the Bay show that K. veneficum occurrence is
more prevalent across mid and upper regions of the

Chesapeake Bay, where salinity is in the range of 7–17
and during late summer when the temperature is typically
over 25◦C (Li et al., 2000a, 2015; Lin et al., 2018a).

Based on the long-term trends and the inter-annual
variabilities of K. veneficum occurrence, and physio-
chemical parameters and hydrology of the Chesapeake
Bay, a recent habitat suitability model (Li et al., 2020b)
provided important insights with respect to temporal
and spatial distribution of K. veneficum blooms in a
future climate. According to this model, temporal
changes in a future climate for K. veneficum are largely
a function of temperature, while spatial changes are a
function of salinity (Li et al., 2020b). This habitat model
further predicts that higher summer temperatures due to
warming may exceed the preferred growth temperature
of K. veneficum, the result of which may be to reduce
bloom occurrence in the summer and prolong the
potential bloom season in the spring and autumn (Li
et al., 2020b). Furthermore, K. veneficum shifts downstream
during wetter years and upstream during the dry years.
In this model, the physical niche was constrained to a
range of temperature of 21–30◦C and salinity of 5–12,
based on literature from the Bay and elsewhere (reviewed
in Li et al., 2020b). However, K. veneficum can grow over
a broader range of temperatures, 7–30◦C, and salinities,
5–30 than defined by the habitat model (Nielsen, 1996;
Adolf et al., 2009; Place et al., 2012; Li et al., 2015;
Vidyarathna et al., 2020).

Most laboratory studies that have reported growth
responses of K. veneficum across a range of temperatures
(e.g. Lin et al., 2018b; Vidyarathna et al., 2020) have been
conducted at a single salinity and light condition. How-
ever, temperature responses are altered by the resource
availability (e.g. light and nutrients). For example, under
light limitation, phytoplankton growth, including K. venefi-

cum, may be less sensitive to temperature than under light-
saturated conditions (Raven and Geider, 1988; Edwards
et al., 2016; Coyne et al., 2021). The thermal response
of an individual species is characterized as a thermal
niche, with its lower and upper thermal boundaries and
optimum temperature at which growth (or other trait
values) is maximized.

This study investigated the response of thermal niche
of K. veneficum and its cellular C and N quotas across a
range of salinities under low (LL) and high light (HL)
conditions. Thermal reaction norms were used to quan-
tify the responses of K. veneficum growth to temperature
and to extract parameters of their thermal niche at each
combination of salinity and light in order to test the
hypothesis that growth at the preferred salinity niche
(i.e. 5–12, Li et al., 2020b) will display higher thermal
optima than growth outside of the preferred niche, and
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that under light-limited conditions, growth will have lower
thermal optima than growth at light-saturated conditions.
Results were compared to recent in situ data from the
Chesapeake Bay.

MATERIALS AND METHODS

Algal cultures and experimental design

Karlodinium veneficum (CCMP 1975; National Center for
Marine Algae and Microbiota, Bigelow, USA), originally
isolated from the Chesapeake Bay, Maryland, USA, was
first grown in non-axenic batch cultures in f/2 media
(882 μM NO3

− and 36 μM PO4
3−, Guillard and Ryther,

1962) at 20◦C under a light intensity of 100 μmol pho-
tons m−2 s−1 (provided by LED bulbs) on a 12:12-hour
light:dark cycle. The seawater used for media preparation
was collected from Wachapreague, VA, and diluted to
the respective salinity levels with laboratory-grade fresh
water (18 MΩ ) followed by filtration (Whatman 0.7 μm
nominal pore size) and autoclaved.

The growth experiments were conducted across a gra-
dient of temperature and salinity at two light intensities
using a 5 × 5 × 2 factorial design. Five temperature levels
(15, 20, 25, 28 and 30◦C) and five salinity levels (5, 10,
15, 20 and 30) were chosen to span the temporal and
spatial range at which most K. veneficum blooms occur in
the Chesapeake Bay (Li et al., 2015; Lin et al., 2018a).
Light intensities were 100 μmol photons m−2 s−1 (LL)
and 300 μmol photons m−2 s−1 (HL). All treatments
were conducted in quadruplicate 50 mL tubes with initial
culture volumes of 40 mL. Experiments were started
with exponentially growing cultures under optically thin
conditions with cell densities ranging from 2000 to 5000
cells mL−1.

The cultures that were originally grown in the salinity
15 media were slowly (over three generations) transferred
to the next higher or lower salinity. The newly acclimated
cultures were subsequently transferred to the next salinity
following the same procedure. Once they reached the
target salinity level, they were slowly adjusted to target
temperature(s), by initially shifting them from 20◦C to
either 15 or 25◦C by changing the temperature at a rate
of 0.5◦C day−1 in walk-in temperature-controlled incu-
bators. Cultures were then re-inoculated into the fresh
media and were further acclimated for at least four gener-
ations before measurements after 4–7 days of subsequent
growth at the exponential phase.

Before conducting the experiments at the HL condi-
tion, salinity- and temperature-acclimated cultures were
shifted to higher light at a daily rate of 50 μmol photons
m−2 s−1 until 300 μmol photons m−2 s−1, followed by at
least two generations of acclimation at HL.

Algal growth was followed by measuring in vivo chloro-
phyll a (chl a) fluorescence (TD 700; Turner Designs,
USA) of the whole cultures daily until they reach the late
exponential phase (4–7 days). Specific growth rates (μ,
day−1) were calculated based on the fluorescence during
the exponential growth phase using the following formula:

μ = (ln N2 − ln N1)

(t2 − t1)
(1)

where N 1 and N 2 are in vivo chl a fluorescence at time
t1 and t2. Experiments were terminated when cultures
reached late exponential phase growth, and the sam-
ples were collected for analyses of final cell density, and
cellular carbon (C) and nitrogen (N).

Subsamples (1 mL) of each replicate were preserved
with acid Lugol’s solution (final concentration 2%
v/v) and were counted using a 0.1-mm Neubauer
hemocytometer using a light microscope at ×100
magnification.

Cellular carbon and nitrogen

Samples (15 mL) for cellular organic C and N were
filtered onto 25 mm pre-combusted glass-fiber filters (2 h
at 450◦C, GF/F, Whatman), dried at 60◦C for 24 h and
then stored in a desiccator prior to analyses. Cellular C
and N were then quantified with a CHN elemental ana-
lyzer (ECS 4010 Elemental combustion system; Costech
Instruments, USA), with phenylalanine and EDTA used
as standards.

Chesapeake Bay monitoring data

The relationship of in situ bloom occurrence with tem-
perature and salinity across the Chesapeake Bay for the
period of 2016–2017 was analyzed using K. veneficum

cell density and water quality data obtained from the
Chesapeake Bay program (https://www.chesapeakebay.
net/what/data). Temperature and salinity for each bloom
record were extracted from the water quality data. The
severity of blooms was defined based on algal biomass
according to Li et al. (2015). Briefly, blooms were grouped
into three types: Type I (>5 × 105 cells L−1), Type II
(5 × 105–1 × 105 cells L−1) and Type III (1 × 105–1 × 103

cells L−1). The records of each bloom type were binned
into six different temperature ranges (<10, 10–14, 15–
19, 20–24, 25–29 and >30◦C respectively) and salinity
ranges (<5, 5–9, 10–14, 15–19, 20–29 and > 30 respec-
tively) and the percent frequency of bloom (Types I, II and
III) occurrence at each temperature and salinity range
was calculated.
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Data analyses

Statistical analyses were performed using R statistical
software (v 32021.09.0; R Core Team, 2021). The data
were checked for normality with the Shapiro–Wilk test,
while homogeneity of the variances was assessed with the
Bartlett test.

Karlodinium veneficum growth vs temperature curves at
each salinity and light combinations were analyzed using
the double-exponential model (Thomas et al., 2017),

μ(T ) = b1. . exp (b2.T ) − (d0 + d1 . exp (d2 . T ) (2)

where μ(T )is the growth rate (day−1), b1. is the birth
rate at 0◦C, b2 is the exponential increase in birth rate
(i.e. gross growth rate) with increasing temperature, d0 is
the temperature-independent mortality term and d1 and
d2 jointly describe the exponential increase in mortality
rate with temperature. Thus, the first half of equation (2)
describes the effect of temperature on birth rates, while
the second half describes the mortality rates.

The data were fit to equation (2) using non-linear
least square regression using the R packages, “rTPC”
and “nls.multstart” (Padfield et al., 2021). Model confidence
intervals were calculated by non-parametric bootstrap-
ping, “case” (999 replicates) by using the “Boot” function
in the “car” package in R (Fox and Weisberg, 2011). The
key parameters of the model fits were extracted using
the helper function in “rTPC” package. The parameters
Topt, the optimum temperature for growth, and CTmax,
the upper thermal niche limit for the growth of K. venefi-

cum under each salinity-light combination, were extracted
for further downstream analyses. 95% confidence inter-
vals for Topt and CTmax were also calculated by the
non-parametric bootstrapping, “case” (200 replicates) as
described above.

Maximum growth rates and molar C:N ratios of K.

veneficum across the temperature and salinity gradients at
LL and HL were statistically compared using one-way
and two-way analysis of variance (ANOVA) followed by
Tukey HSD post hoc tests in R.

RESULTS

Growth rates and thermal niche properties

Growth of K. veneficum as a function of temperature dis-
played a left-skewed unimodal growth pattern under all
salinity and light conditions (Fig. 1, Table SI). Highest
growth rates were found for cells grown at the mid-salinity
(10–20) range and at 20–28◦C (Fig. 1, Table SI). Growth
was significantly higher under HL than under LL for
the cells grown at 20◦C (Tukey’s HSD, P = 0.002, 0.04

and 0.01 for salinity 5, 10 and 15 respectively), at 25◦C
(Tukey’s HSD, P = 0.007 and <0.001 for salinity 5 and
30 respectively) and at 28◦C (Tukey’s HSD, P = 0.002
and 0.006 for salinity 10 and 30). Growth rates ranged
from 0.11 to 0.44 day−1 under LL, and from 0.10 to
0.68 day−1 under HL. The cells did not grow at salinity 5
and temperature 30◦C at LL, and at both salinity 5 and 10
at 30◦C at HL. When growth rates under each light level
were evaluated separately, significant interaction effects
between temperature and salinity were found for both LL
and HL (two-way ANOVA, P < 0.001).

Calculated Topt for K. veneficum across the salinities from
5–30 ranged from 25.0 to 27.5◦C under LL, while it
ranged from 23.7 to 26.6◦C under HL (Fig. 2, Table SII).
The highest Topts were found at salinity 10 and 15
(27.5◦C) under LL and at salinity 10 (26.6◦C) under HL.
Although growth rates were generally higher at HL at
salinities below 30, the Topt for each salinity was generally
higher at LL than at HL. The upper thermal niche limit
(CTmax), on the other hand, showed little variance across
the salinity range of 5–30 and ranged from 30.0 to
31.8◦C under LL and from 30.0 to 31.6◦C under HL.
At the highest salinity level (salinity 30), the cells were
more resilient to temperature increases when they were
at the LL condition as indicated by the relatively higher
CTmax for salinity 30 under LL (Fig. 2, Table SII). At the
mid-salinity range (15–20), cells were more resilient to
temperature increases under HL conditions as indicated
by slightly higher CTmax found for HL grown cells
compared to those grown at LL.

Cellular carbon and nitrogen

Growth temperature, salinity and light also affected the
stoichiometry of cellular C and N (Fig. 3, Table SIII).
Molar C:N ratios were invariant across the temperature
range, 15–30◦C and both light levels at the two extreme
salinity levels (5 and 30), being well below the Redfield
ratio of 6.6 (Fig. 3). At salinity 10, cells grown at LL and
below 30◦C had significantly higher C:N ratios than those
at HL (two-way ANOVA, P = 0.003), while temperature
had minimal effect. However, at salinity 15, both temper-
ature and light had significant effects on C:N ratios (two-
way ANOVA, P < 0.001 for both temperature and light).
Also, a significant interaction effect between temperature
and light on C:N ratios were found at salinity 15 (two-way
ANOVA, P < 0.001). Under LL, the highest C:N ratios
were found for 15 and 20◦C (Tukey’s HSD, P < 0.05
compared to 25 and 30◦C), while under HL, C:N ratios
were invariant across temperature. Furthermore, except
at 25 and 30◦C, C:N ratios at LL were significantly higher
than those at HL (Tukey’s HSD, P = 0.001, <0.001 and
0.008 for 15, 20 and 28◦C respectively). At salinity 20,
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Fig. 1. Maximum growth rates (μmax, day−1) of K. veneficum across the temperature range of 15–30◦C at salinity 5 (A, F), 10 (B, G), 15 (C, H), 20 (D,
I) and 30 (E, J) at LL (upper panel, A–E) and at HL (lower panel, F–J) conditions. Each curve represents a thermal performance curve (TPC) fit to the
double-exponential model (Thomas et al., 2017, equation (2)). The points represent μmax of independent replicates at each experimental condition
(n = 4 for each condition). The solid line represents the mean predictions, and the shaded bands represent the 95% confidence interval of model fits.

Fig. 2. Optimum temperature (Growth Topt, ◦C—Fig. 1A) and the
upper thermal niche limit (growth CTmax, ◦C—Fig. 1B) for the growth
of K. veneficum at the salinity range of 5–30 at LL (blue symbols) and HL
(red symbols). The points represent the estimates from the model fits
and the lines represent the 95% confidence intervals of the estimated
parameters. The dashed lines in A and B are arbitrary levels of 25 and
31◦C, respectively.

significantly higher C:N ratios were found for 15◦C and
at LL (Tukey’s HSD, P < 0.01 compared to all other treat-
ments at salinity 20), while no variation was found across
the other treatments. Overall, higher C:N ratios were
found for cells grown at the mid-salinity range (salinity
10–20), and lower temperatures (15–20◦C) at LL, and
this trend was caused by the significant variation of N cell
quota, rather than C cell quota (Table SIII). Furthermore,
all C:N ratios found for HL were well below the Redfield
ratio (Fig. 3).

Fig. 3. Atomic ratios of C:N of K. veneficum, across 15–30◦C at the
salinities 5, 10, 15, 20 and 30 at LL (blue bars) and HL (red bars). Errors
denote the standard deviations of two replicates (n = 2). The dashed line
represents the Redfield atomic ratio for C:N.

Relationship of in situ bloom occurrence
with temperature and salinity

A total of 140 K. veneficum records were found for the
period of 2016–2017 across the Chesapeake Bay. Of
the total records, 18 were Type I, 51 were Type II and
71 were Type III blooms. The high biomass Type I
blooms occurred at the temperatures <10–29◦C and
the percent bloom occurrence increased with increasing
temperature, peaked at 25–29◦C (33% of blooms), and
no bloom records were found at >30◦C (Fig. 4A). Type II
blooms showed the same relationship with temperature
with peak bloom occurrence at 25–29◦C (32%), and a
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Fig. 4. Percent frequency of K. veneficum bloom occurrence with water
temperature (A) and salinity (B) collected during 2016–2017 in the
Chesapeake Bay. Data were obtained from the Bay program (https://
www.chesapeakebay.net/what/data).

sharp decrease to 2% at >30◦C. In contrast, the low
biomass Type III blooms occurred at <10–29◦C but did
not show a clear relationship with temperature (Fig. 4A).
The three different bloom types also showed a distinct
relationship with salinity (Fig. 4B). Type I blooms only
occurred at the 5–14 salinity range, while Type II and III
blooms occurred at a broader range of salinity from <5
to 29. All the bloom types peaked at the salinity range of
10–14 (59% of Type I, 58% of Type II and 47% of Type
III). Furthermore, 40% of Type III blooms occurred at
the salinity range of 15–19 in contrast to Type I and Type
II. At salinity >30, only two bloom records were reported.

The temperature preference clearly varied with the
salinity in the Chesapeake Bay data (Fig. 5). At salinity
<5, bloom occurrence was more common at 20–24◦C,
while at salinities of 5–14, bloom occurrence was higher
at 25–29◦C. Furthermore, the temperature tolerance of
K. veneficum at salinity 10–14 was higher (i.e. <10–>30◦C)
than at other salinity ranges. However, the percent fre-
quency of bloom occurrence at salinity 10–14 decreased
sharply from 32% at 25–29◦C to 1.4% at >30◦C. At the
salinities above 15, the thermal preference did not show
a clear trend and the highest bloom frequency was found
at temperatures <10◦C.

DISCUSSION

The variation of fundamental physical niche properties
(temperature, salinity and light) experimentally imposed
herein had a broad range of effects on growth and cell
stoichiometry (C and N quota and ratios) of K. veneficum

Fig. 5. Thermal preference of K. veneficum blooms occurred at different
salinity ranges (<5, 5–9, 10–14, 15–19) in the Chesapeake Bay during
2016–2017. Not reported here are two bloom records found for salinity
20–29. Data were obtained from the Bay program (https://www.chesa
peakebay.net/what/data).

as well as on their thermal niche properties. Resource
availability (e.g. HL in this case) can have contrasting
effects on the actual trait value (e.g. growth) and on
the thermal niche properties as evident from the higher
growth rates but lower thermal optima for growth at the
HL compared to the LL condition.

Growth-thermal response of K. veneficum

The growth of K. veneficum showed typical left-skewed uni-
modal thermal performance curves (TPCs) under all the
conditions tested, as found previously for this species and
other phytoplankton (e.g. Baker et al., 2009; Thomas et al.,

2017; Barton and Yvon-Durocher, 2019; Vidyarathna
et al., 2020). Trait values and the TPC parameters greatly
varied across different conditions, however.

Previous laboratory studies that reported similar
temperature (Lin et al., 2018b; Vidyarathna et al., 2020)
and salinity (Adolf et al., 2009) preferences for K. veneficum

strains originating from the mid-Atlantic regions agree
with results here. The early work by Nielsen and Tønseth
(1991) and Nielsen (1996) on K. veneficum (as Gymnodinium

galatheanum) and a similar dinoflagellate species, Gyrodinium

aureolum, reported that both temperature and salinity
significantly affected their growth and thermal optima.
While both species were able to grow at temperatures
as low as 7–12◦C, the thermal optima for growth
were 21–24◦C, which was slightly lower than the levels
found herein, largely due to the differences in the
species/strains and their history of thermal acclimation
at different waters. The salinity optima for growth (23–
29 salinity) reported in Nielsen and Tønseth (1991) and
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Nielsen (1996), on the other hand, were higher than the
levels reported herein. These studies, however, did not
investigate the growth at temperatures above their Topt,
and therefore, the upper thermal niche boundaries for
the growth of these species were not reported.

Trends in growth are likely a result of interactive effects
of light with temperature and salinity rather than isolated
effects. Here, HL either had no or minimal effects at
temperatures below 20◦C and negative effects at tem-
peratures above 28◦C at all salinity levels except 15 and
did not offset the negative effects of temperature and
salinity extremes on growth. Similar light temperature
interactions have been reported for Chaetoceros wighamii,
wherein a temperature increase from 7 to 11◦C increased
the cell growth more at a moderate light than at HL
(Spilling et al., 2015). A recent study, on the other hand,
reported that the light availability increased the growth
of K. veneficum at 30◦C at a greater magnitude than those
at 25◦C (Coyne et al., 2021), which was likely due to
the long adaptation period of that study rather than a
plasticity response found in our study. Evolved lineages
of phytoplankton often exhibit higher growth responses
to temperature increase as a result of adaptation com-
pared to short-term acclimated cultures (Baker et al., 2018;
Strock and Menden-Deuer, 2021; Lepori-Bui et al., 2022).

The TPC parameters derived from the double-
exponential model estimates, however, revealed distinct
trends both between the parameters (i.e. thermal optima
(Topt) and upper thermal boundary (CTmax)) and across
environmental gradients. First, within the preferred
salinity range, the cultures grown at LL, but not those
at HL, seemed to benefit from a temperature increase. As
such, the hypothesis that K. veneficum at HL will likely be
more resistant to temperature increase was not supported.
A simultaneous increase of photosynthetic rates and
autotrophic growth rates in response to temperature
increase from 25 to 30◦C at LL, but not at HL, have
been reported for other phytoplankton species (e.g.
Ochromonas sp.) as well (Lepori-Bui et al., 2022). Second,
the highest CTmax was found for salinity 30, well above
their preferred range for growth. Furthermore, at LL
CTmax showed a linear increasing trend from low to high
salinity, which indicated that the cells grown at higher
salinity probably were more resilient to temperature
increase. Third, unlike the patterns found for Topt, values
of CTmax within the preferred salinity range were higher
at HL than at LL. This may indicate that although light-
saturated growth did not increase the resilience to higher
temperature in terms of bloom formation, it may help
cells to survive better at higher temperature.

The fact that most high biomass blooms (i.e. Types I
and II) occurred at a narrow temperature window of 25–
29◦C and a salinity window of 10–14 in the Chesapeake

Bay were consistent with the laboratory findings herein.
Furthermore, the preferred salinity range for K. veneficum

bloom formation in situ seemed to be extended further
toward the lower salinity range (i.e. 5–9) as opposed to
the upper range (15–20) that would have been predicted
based on our laboratory data. Interestingly, a higher per-
centage of low biomass Type III blooms and a small
percentage of Type II occurred at salinity 15–29, which
indicates that they can survive, but not form blooms, in
the higher salinity, in keeping with the results herein with
respect to the higher CTmax at salinity 30.

Temperature and light effects on C:N ratios
and cell quotas

The C and N cell quotas and ratios of K. veneficum were
largely a function of temperature and light rather than
salinity. The experiments herein were conducted with
nutrient replete media and the data were collected during
the exponential phase; hence, it can be assumed that
the C and N variations are solely due to the effects of
experimental conditions and not due to any nutrient
limitation. Within the preferred salinity range for growth,
the C:N ratio showed a general decreasing trend with
temperature at LL as a result of higher N cell quota.
Increasing temperature often reduces phytoplankton cell
sizes (Morán et al., 2010; Yvon-Durocher et al., 2011;
Strock and Menden-Deuer, 2021), and it is not known
if this N cell quota increase was an indirect effect of
reduced cell sizes. However, a similar increase in C cell
quota was not observed, indicating that N assimilation
was upregulated when temperature increased at LL. On
the other hand, different trends of cellular C, N and C:N
ratios with temperature have been reported in previous
studies on K. veneficum, including decreasing C:N ratios
(Spilling et al., 2015; Vidyarathna et al., 2020) as well as
increases in both C and N cell quotas and invariant C:N
ratios with increasing temperatures (Coyne et al., 2021).
These discrepancies may be caused by the differences
in acclimation time, nutrient sources and concentration
between different studies. Within the same salinity range
(10–20), the C:N ratios for cells grown at HL were sig-
nificantly lower than those grown at LL likely due to the
higher resource allocation to cell division at the expense
of biomass under HL condition.

Implications for HAB formation in the
Chesapeake Bay in a warming scenario

Estuarine systems such as the Chesapeake Bay experience
daily temperature perturbations. Yet K. veneficum was able
to adjust its physiology across a wide range of temperature
and salinity, possibly through the phenotypic plasticity.
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Based on these results of K. veneficum growth and the
TPC model estimates for thermal optima, it is suggested
that bloom formation will likely be reduced during the
warmest period of the summer due to their thermal sensi-
tivity, specially under HL conditions. This is in agreement
with the model results of Li et al. (2020b). However, K.

veneficum can inhabit the water column from the surface
to several meters deep and may find habitats where light
is optimum, and therefore where temperature shifts are
less stressful. In that case, bloom formation may prevail
through the summer season as well.

These findings on higher CTmax at salinity beyond
the preferred range are ecologically important, especially
under future scenarios of sea level rise in the Chesa-
peake Bay. Most studies conducted on K. veneficum in the
Chesapeake Bay so far have given only a little atten-
tion on the high salinity effect due to the fact that they
usually form blooms in the upper and mid bay regions.
However, at higher salinities, when the light is limited,
K. veneficum was more resistant to temperature increase.
The high salinity, lower bay regions, therefore, possibly
provide “over-summering” habitats for K. veneficum seed
populations.

Neither the habitat model of Li et al. (2020b), nor the
current experiments account for mixotrophic feeding
by K. veneficum. In the natural environment where prey
is abundant, mixotrophy can play a significant role in
its bloom formation (Li et al., 2000b, 2015; Place et al.,

2012). A separate mechanistic model of K. veneficum in
the Chesapeake Bay incorporating mixotrophy has been
developed by Li et al. (2022). Not only are ingestion and
digestion a function of temperature, but the growth of
the prey cryptophytes is also a function of temperature
and salinity. Li et al. (2001) estimated the rate at which
K. veneficum digested cryptophyte prey by conducting in

silico temperature-controlled experiments over a range of
10–29.7◦C while holding other environmental conditions
constant. They found that the digestion rate was strongly
dependent on temperature. Model output showed that
mixotrophic feeding increased in response to prey
availability and to phosphorus deficiency which began
late in the spring/early summer. During the warmer
months of the years, growth dependence on phagotrophy
was enhanced as the digestion rate increased. The
factors studied here alone and in combination can have
significant effects on mixotrophy and further modify their
responses in a future climate change scenario and are
worth investigating in future experimental and in silico

studies. Such additional information will allow us to better
link the metabolic plasticity of individual HAB species
to ecosystem level and produce more robust predictions
on prevalence of HABs in a future climate change
scenario.

CONCLUSIONS

Under the current climate condition, combined effects of
10–20 salinity, 25–28◦C and HL represent the preferred
niche for bloom formation in the Chesapeake Bay, while
in a warming scenario the same salinity and temperature
niche with LL may be more favorable for bloom forma-
tion. Temperature increases above 28◦C may suppress
K. veneficum bloom formation in the Chesapeake Bay.
The high-salinity lower bay regions may provide over-
summering habitats for K. veneficum during warm summer
months. In a warming scenario, cells with mixotrophic
feeding may also be able to overcome the negative direct
effects of warm waters.
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