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Abstract

Observations of harmful algal blooms (HABs) of the dinoflagellate Alexandrium fundyense in an estuary over
multiple years were used to assess drivers of their spatial and temporal variability. Nauset Estuary on Cape Cod,
Massachusetts has a recurrent, self-seeding A. fundyense population that produces paralytic shellfish poisoning
toxins and leads to nearly annual closure to shellfishing. Weekly surveys of the entire estuary were made in 3 of 4
consecutive years, with surveys of a subembayment during the intervening year. Major A. fundyense blooms were
observed all 4 yr, with maximum concentrations . 106 cells L21. Concentrations were greatest in three salt ponds
at the distal edges of the estuary. The bloom timing varied among the salt ponds and among years, although the
blooms had similar durations and maximum cell concentrations. Nutrient concentrations did not correlate with
the growth of the bloom, but differences in water temperature among years and ponds were significant. Net
growth rates inferred from the surveys were similar to those from laboratory experiments, and increased linearly
with temperature. A growing degree-day calculation was used to account for effects of interannual variability and
spatial gradients in water temperature on population development. The approach collapsed variability in the
timing of bloom onset, development, and termination across years and among ponds, suggesting that this
relatively simple metric could be used as an early-warning indicator for HABs in Nauset and similar areas with
localized, self-seeding blooms.

Harmful algal blooms (HABs) cause significant eco-
nomic, public health, and ecological effects in coastal and
estuarine settings around the world (Anderson 1989;
Hallegraeff 1993; Anderson et al. 2012). Future effects will
depend on the response of marine ecosystems to changing
climate conditions, and prediction of those responses first
requires a better understanding of the response of
organisms and ecosystems to shorter timescale environ-
mental variability (Hallegraeff 2010). In the United States,
one of the most significant HAB problems occurs in the
Northeast where paralytic shellfish poisoning (PSP) toxins
are produced by the dinoflagellate Alexandrium fundyense
(synonymous with A. tamarense group I, a provisional
species name [Lilly et al. 2007]). In coastal New England, A.
fundyense blooms occur regularly both in the open waters
of the Gulf of Maine and in smaller coastal embayments
(Anderson 1997). The blooms contaminate shellfish re-
sources, and a monitoring network is maintained through-
out the region to safeguard human health. The large-scale
Gulf of Maine bloom has been studied extensively and a
complex set of factors including cyst distributions, coastal
circulation, and freshwater input have been shown to
control bloom development (Franks and Anderson 1992;
Anderson et al. 2005b, in press). These efforts have led to
the development of mechanistic numerical models for
hindcast (McGillicuddy et al. 2005; He et al. 2008; Li et
al. 2009) and forecast (McGillicuddy et al. 2011) assess-
ments of bloom development in the Gulf of Maine.

Independent of the large-scale Gulf of Maine bloom,
HABs also occur in numerous estuaries and embayments
along the Northeast coast, with similar effects on commercial

and recreational shellfisheries. One example is Nauset
Estuary on Cape Cod, Massachusetts, where A. fundyense
blooms occur annually (Anderson et al. 1983; Crespo et al.
2011). The blooms in Nauset caused shellfishing closures due
to PSP toxin in 20 of 21 yr from 1992 to 2012. The blooms
most likely originate within the estuary rather than coming
from the Gulf of Maine because Nauset blooms occur earlier
in the year and are concentrated in the upper reaches of the
estuary rather than near the inlet (Anderson 1997; Crespo et
al. 2011). The potential for cells to be exported from Nauset
and transported downcoast to seed HABs in other nearby
embayments remains uncertain.

A. fundyense blooms were first investigated in Nauset
and a similar Cape Cod estuary over 30 yr ago (Anderson
et al. 1983; Crespo et al. 2011), and after a long interval
with little study, detailed examination of the bloom
dynamics resumed recently (Crespo et al. 2011). A.
fundyense has the ability to migrate vertically, and
observations in Salt Pond, a subembayment in the
northwest of the Nauset Estuary, found that retention of
cells within the pond was enhanced by a combination of the
cells’ vertical migration and tidally asymmetric flows
(Anderson and Stolzenbach 1985). A. fundyense cells swim
higher in the water column during the day and lower at
night, but the shallowest point within this ambit is 2–3 m
deep rather than at the surface. Surface avoidance during
the day and downward migration at night reduces cell
concentrations in the near-surface layer and limits the rate
of tidal flushing from the salt ponds. This selective
retention enhances cell accumulation in the ponds and cyst
deposition in the estuary at the end of blooms, perpetuating
self-seeding A. fundyense populations (Anderson et al.
1983; Crespo et al. 2011). In this way, A. fundyense life* Corresponding author: dralston@whoi.edu
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history and behavior seem well matched to the estuary,
consistent with the recurrence of localized blooms in the
ponds of the Nauset system.

The presence of recurrent, self-seeding blooms concen-
trated in the upper reaches of the estuary and distinct from
influences from the coastal ocean makes Nauset a natural
laboratory for study of A. fundyense. Extensive field
observations have been made in the past several years to
characterize the spatial and temporal evolution of the
bloom and water properties. Multiple realizations of the
bloom documented natural variability in the factors driving
cell growth, including water temperature, salinity, nutrient
concentrations, and the grazing community. Previous work
in Nauset found that a temperature-dependent exponential
growth model represented well the growth phase of the
bloom in the ponds (Watras et al. 1982). Another coastal
pond in that study, Perch Pond, had a bloom that occurred
about 35 d earlier than in Nauset, and the difference in
bloom timing was attributed to a combination of higher
temperatures (, 3uC) and lower salinities (, 26 vs. 32).
Here we present observations from multiple years and
multiple ponds to assess of the response of the A. fundyense
population to temperature variability, resulting in a simple
model for prediction of bloom development based on
growing degree days (DDs) that is consistent with the
observed interannual and spatial variability. The results
have relevance for other estuaries and coastal embayments
that currently have, or in the future may develop, HAB
problems, and also help inform development of models of
A. fundyense blooms occurring in the coastal ocean.

Methods

Study location—Studies were conducted in Nauset
Estuary, a complex of marshes and submerged kettle ponds
(or salt ponds) on Cape Cod, Massachusetts connected by
an inlet through a dynamic barrier beach to the Atlantic
Ocean (Fig. 1). The central part of the estuary is a network
of tidal channels through a vegetated marsh platform.
Three salt ponds are connected to the central marsh
through tidal channels: Salt Pond, Town Cove, and Mill
Pond (north to south). The maximum depths of the salt
ponds are 6 to 11 m, significantly deeper than the marsh
tidal channels that range from 1 to 3 m in depth.

The tides at the mouth of the estuary are semidiurnal
and typically range from 1 to 2 m. Tidal propagation
through the shallow central marsh produces frictional
nonlinearities that make the tidal cycle in the estuary highly
asymmetric, with a brief flood period (, 3–4 h) and a
longer ebb (, 8–9 h; Aubrey and Speer 1985). Nauset
Estuary has no river input, so the primary sources of
freshwater to the system are groundwater and direct
precipitation. Groundwater discharge from the Nauset
and Monomoy lenses also provides a major source of
nutrient loading to the estuary from a predominantly
residential watershed (Giblin and Gaines 1990; Portnoy
et al. 1998; Colman and Masterson 2008). The freshwater
input is sufficient to create stratification in the salt ponds
due to both salinity and temperature gradients. Surface-to-
bottom salinity gradients in the ponds were typically , 1–2,

and thermal stratification ranged from about 1uC at the
beginning of the bloom to greater than 10uC toward the
end.

Large-scale weekly surveys—Approximately weekly dur-
ing the spring months of 2009, 2011, and 2012, large-scale
surveys were made of Nauset Estuary to measure physical
and biological conditions. The 2009 survey data and details
on the survey methodology are described in Crespo et al.
(2011), but here we recap the methods and extend the
observations to additional years. Surveys were conducted
around high-water slack using two vessels with cross-
calibrated instruments to sample approximately 30 stations
during a 2 h period (Fig. 1). At each station, continuous
vertical profiles of salinity and temperature were measured
with a conductivity–temperature–depth (CTD) sensor.
Water samples for A. fundyense abundance and nutrient
measurements were collected at each station with 2.5 liter
Niskin bottles at multiple depths: the surface and, where
possible, at 3, 5, 7, and 10 m depths.

A. fundyense abundance was quantified using a whole-
cell oligonucleotide probe hybridization method as de-
scribed by Anderson et al. (2005a). The hybridization assay
labels A. fundyense with Cy3-conjugated NA1 ribosomal
probe (59-AGT GCA ACA CTC CCA CCA-39) so that the
cells are easily distinguished from other, similarly sized
dinoflagellate species. Staining was performed on subsam-
ples from . 20 mm fraction concentrates of 2 liter samples
from the field. Subsample volumes were adjusted such that
at least 400 A. fundyense were filtered onto 25 mm 5.0 mm
Cyclopore filters (Whatman) for NA1 staining. Filters were
mounted on microscope slides using an 80% glycerol
solution to preserve fluorochrome brightness and stored
at 4uC until their A. fundyense cells could be counted using
a Zeiss Axioskop epifluorescence microscope outfitted with
a Cy3 filter set (Chroma No. 41032). Control samples of
cultured cells of A. fundyense were processed simultaneous-
ly to confirm the consistency of the staining procedure. Cell
counts were typically completed within 2 d of probe
treatment.

Nutrient samples were collected in acid-washed, sample-
rinsed bottles, transported to the lab on ice, and
immediately frozen at 220uC. In the laboratory, each
sample was analyzed within 2 months from collection for
inorganic nitrate plus nitrite (hereafter termed ‘‘nitrate’’),
ammonium, and phosphate using a Lachat Instruments
QuickChem 800 four-channel continuous flow injection
system. This method is U.S. Environmental Protection
Agency approved for nutrient analysis ranging from
groundwater to the open ocean.

In 2009, 2011, and 2012, the surveys were conducted
approximately weekly, with the sampling period each year
dependent on the status of the A. fundyense bloom. In 2009,
12 surveys were conducted from 24 March to 17 June; in
2011, 13 surveys were conducted from 23 March to 16 June;
and in 2012, 11 surveys were conducted from 15 February
to 08 May. Each survey included stations throughout the
estuary, with a few exceptions when weather conditions
limited small-boat operations and the sampling was
restricted to stations in the ponds. Surveys occurred around
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daytime high tides to maximize navigability of the central
marsh for the sampling vessels.

In addition to the full-estuary surveys in 2009, 2011, and
2012, a similar set of surveys using CTD profiles and
Niskin water samples occurred in Salt Pond in the spring of
2010. Sampling was conducted weekly at the deepest
station in Salt Pond from 25 March to 20 May. Water
samples were processed for A. fundyense abundance as
described above, but nutrient concentrations were not
analyzed. Navigational constraints did not require the Salt
Pond sampling to occur around high tide, so surveys
typically occurred mid-morning regardless of the tide.

Moored instruments—Moored, internally recording in-
struments were deployed in Nauset during the survey
periods to provide continuous records of water properties
during the blooms. The configuration of the moored
sensors varied among the years, but generally included

water level and near-surface and near-bottom sensors for
temperature and salinity in each of the ponds (Mill Pond,
Salt Pond, and Town Cove) and the central marsh
(Hemenway; Fig. 1). In 2009, moorings that recorded
water level and water temperature were deployed at these
four locations. In 2010 and 2011, moorings in the deep
parts of Salt Pond and Mill Pond had near-surface and
near-bottom sensors for temperature and salinity, whereas
moorings in Town Cove and at Hemenway were deployed
in shallower water with a near-bottom temperature sensor;
all stations also recorded water level. In 2012, near-surface
and near-bottom temperature and salinity sensors were
deployed in Town Cove, Salt Pond, and Mill Pond, and
again temperature was recorded in the central marsh at
Hemenway. The moored time series were compared with
the weekly survey data at adjacent stations to identify when
fouling affected the data quality, and those data were
removed.

Fig. 1. Location map and bathymetry of Nauset Estuary. (a) The box outlines Nauset on Cape Cod; the star marks the location of
Waquoit Bay. (b) Station locations for the weekly surveys are shown on the bathymetry, highlighting selected stations at the deepest
points in Salt Pond, Town Cove, and Mill Pond, and the Hemenway station in the central marsh.
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As a proxy for conditions during periods when
instruments were not deployed in Nauset, additional data
were retrieved from sensors maintained at the nearby
Waquoit Bay National Estuarine Research Reserve (http://
cdmo.baruch.sc.edu/). Waquoit Bay is also a tidal embay-
ment on Cape Cod, connecting several small rivers to
Nantucket Sound (Fig. 1). The Waquoit Bay temperature
time series were used to extend the temperature analyses,
so the stations that most closely tracked the observed
temperatures in Nauset were selected as representative
proxies: Menauhant, which was typically slightly cooler
than stations in Nauset, and Metoxit Point, which tended
to be slightly warmer. The average temperature from these
two stations was used to represent water temperatures
during periods when instruments were not deployed in
Nauset.

DD calculation—To link the population growth with the
water temperatures in the ponds, a growing DD approach
was utilized. Growing DDs have been used extensively to
predict development phases of terrestrial plants and insects,
and more recently have been applied to zooplankton and
fisheries (Mackas et al. 1998; Gillooly 2000; Neuheimer and
Taggart 2007). DDs are calculated as the integral over time
(t) of temperature above a threshold value:

DD tð Þ~
Xt

i~t0

Ti{Tbaseð ÞDt ð1Þ

where T is the water temperature, Tbase is a lower
physiological limit below which growth does not occur,
and t0 is the starting time for the growth phase.

To calculate growing DDs, water-temperature time
series from the moored sensors in each pond and in the
central marsh were used. The moored sensors recorded
temperature variability at tidal and diurnal timescales,
which the weekly survey data did not resolve. The moored
sensors had sampling intervals (Dt) of 1 to 10 min and were
deployed during the weekly surveys, typically beginning in
late February or early March. To represent growing
conditions before instrument deployment, temperature
time series from the Waquoit Bay sensors were used
instead (Dt 5 30 min).

The DD (or heat unit) scaling of population growth is
consistent with a linear dependence of growth rate on
temperature (Wang 1960; McMaster and Wilhelm 1997). A.
fundyense growth rates in lab experiments from several
sources increase approximately linearly to about 16uC, level
off at 16–20uC, and decline for temperatures greater than
20uC (Watras et al. 1982; Etheridge and Roesler 2005; D.
M. Anderson unpubl.). Previous studies used A. fundyense
cultures from Mill Pond grown at two salinities (25.5 and
35.5) over a range of temperatures (Watras et al. 1982) and
isolates from the Gulf of Maine grown at salinity of 30 over
a range of temperatures (Etheridge and Roesler 2005).
More highly resolved data come from temperature bar
growth-rate experiments for an A. fundyense isolate from
the Gulf of Maine (D. M. Anderson unpubl.). Considering
only the typical range of water temperatures during the
growth phase of the Nauset bloom (2–12uC), linear fits of

the growth rates to temperature were highly correlated and
significant (r2 5 0.98, p , 0.001). Observations spanning
multiple phytoplankton species over wider temperature
ranges have found that an exponential dependence of
growth on temperature can be more appropriate than a
linear dependence, particularly to represent growth at
higher temperatures (Eppley 1972; Rose and Caron 2007).
However, over the temperature range observed in Nauset
an exponential fit to the A. fundyense lab growth rates
yielded a slightly lower correlation (r2 5 0.95, p , 0.001)
than the linear fit.

The DD calculation requires definition of a threshold
temperature above which growth occurs and a starting date
for the growing season. The field and laboratory data for
A. fundyense growth are too coarse at present to exhibit a
clear threshold below which there is no growth. Laboratory
results found growth rates of to 0.1 to 0.2 d21 at 5uC
(Watras et al. 1982; Etheridge and Roesler 2005; D. M.
Anderson unpubl.), whereas other lab studies report cell
survival, but no growth, at 2.5uC and 5uC (Anderson et al.
1984). In the calculations presented here we assume Tbase 5
0uC. Alternatively, assuming Tbase 5 2uC yields qualita-
tively similar results for the dependence of the population
on DD, just with different DD values. The starting date for
calculation was set arbitrarily to 01 January of each year,
but a lack of precision in this start of the growing season is
unlikely to be a significant source of error given the cold (,
2uC) temperatures during the prebloom winter months
(December–February).

Net growth rates in each of the ponds were calculated
from the rates of change of the populations in the large-scale
surveys. Net growth rates (mnet) were calculated by fitting an
exponential growth curve to subsets of the survey data using
a moving window of three consecutive surveys: log(C/C0) 5
mnett, where C is cell concentration, C0 is the concentration at
the start of the three-survey window, and t is elapsed time.
This net growth rate combines both growth and loss factors
including cyst germination, cell division, encystment, graz-
ing, and advective losses. The moving window approach
was necessary because discrete, weekly samples make the
calculation noisy, as they do not resolve processes like tidal
advection and spatial patchiness that can affect the observed
cell populations. The linear dependence of net growth on
temperature was assessed directly from Nauset survey data
and compared with A. fundyense growth rates observed in
prior laboratory experiments (‘‘Results’’ section).

Results

Spatial and temporal evolution of the bloom—Full-
estuary surveys extensively documented the A. fundyense
bloom in Nauset in 3 of 4 consecutive years (2009, 2011,
2012), and observations in Salt Pond provided similar data
in the intervening year (2010). From these surveys, several
clear trends in the spatial and temporal distribution of the
A. fundyense population emerged. The 2011 large-scale
survey data are used as an example to describe physical and
biological conditions in the estuary during one of the
blooms, and subsequently data from multiple years are
compared to evaluate interannual variability.
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In 2011, A. fundyense cell concentrations began to
increase in Mill Pond before the rest of the estuary, with
greater than 103 cells L21 found in the first survey,
compared with less than 102 cells L21 in Town Cove and
Salt Pond and concentrations below detection in most of
the central marsh (Fig. 2). Cell concentrations subsequent-
ly began to increase in Town Cove, and then Salt Pond, but
the bloom in Mill Pond continued to lead the other ponds.
The maximum concentrations in the ponds ranged from 3
3 105 to 1 3 106 cells L21 and occurred 30 to 60 d after the
start of sampling. In the central marsh, the maximum
concentrations were generally around 5 3 103 cells L21.

In most surveys, maximum cell concentrations were
found in the ponds rather than in the central marsh. A lone
exception was the 01 June survey, when the peak
concentrations occurred in the central estuary near the
inlet. In this case, the cells were most likely imported from
the Gulf of Maine bloom rather than from within Nauset,
consistent with higher salinity and lower temperature in the
central marsh (Fig. 3). A similar influx from the Gulf of
Maine population was noted in 2009 (Crespo et al. 2011),

and in both years, the elevated cell concentrations in the
central marsh occurred about a month after the peaks of
the blooms in the ponds and had cell concentrations that
were several orders of magnitude lower.

Water temperatures during the 2011 bloom reflected the
seasonal warming through the spring, but also featured
strong gradients between the ponds and the central marsh
(Fig. 3). Throughout the bloom, surface waters in the
ponds were typically 1–3uC warmer than the central marsh,
and the differences were , 5uC by the end of the survey
period. The temperature gradients were dramatic in part
because the large-scale surveys occurred around high tide,
when the intrusion of coastal ocean water into the estuary
was maximal. Conditions in the ponds at the edges of the
estuary were less influenced by the tidal influx than the
central marsh, and thus retained higher temperatures in
near-surface water. The extent of intrusion of cooler ocean
water depended on the tidal forcing, with a greater influx
during spring tides than neaps. Increase in tidal exchange
and mixing during spring tides made the surface temper-
ature trends from the weekly surveys nonmonotonic. Data

Fig. 2. Contours of maximum Alexandrium fundyense cell concentrations during 2011 weekly surveys (log scale); station locations
are marked.
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from the moored instruments showed that surface temper-
atures increased during neap tides and decreased during
springs, on top of the overall seasonal warming.

Surface salinities in Nauset decreased through the
bloom period and the salinity distribution corresponded
with an estuarine gradient from the ponds to the ocean
(not shown). Freshwater input to Nauset from ground-
water and direct precipitation was modest compared with
many estuaries with river inputs, but it was sufficient to
create stratification in the deep regions of the ponds. The
relative contribution of salinity and temperature to the
stratification in the ponds changed through the bloom
period—salinity was the dominant source of stratification
until mid-April, but warming of the surface layer
ultimately made temperature an equal, and eventually
greater, driver of density structure. The freshwater input
to the ponds provides an initial stratification and
reduction in vertical mixing that accelerates the warming
of the surface layer by solar heating, and thus contributes
to the temperature gradient between the ponds and the
central marsh.

Groundwater fluxes also provide a major source of
nutrients to the estuary. In general, nitrate concentrations
were elevated in the estuary, but without clear spatial
patterns (Fig. 4). At times, the maximum nitrate concen-
trations occurred in the ponds as would be expected from a
groundwater source (e.g., 23 March and 18 May surveys),
but in other surveys nitrate concentrations were greater in
the central marsh and near the inlet (e.g., 18 April and 25
May). The variable nitrate in the central marsh depended
on changes in the coastal ocean, for example due to
upwelling events. Groundwater influx may have a more
direct effect on the ammonium distributions (not shown).
In many surveys, ammonium concentrations were extreme-
ly high in the deep parts of Mill Pond and Salt Pond, often
exceeding 10 mmol L21 below the pycnocline and reaching
as high as 150 mmol L21; surface layer concentrations in
these ponds were much lower (, 10 mmol L21). Town Cove
is shallower and more weakly stratified, and the maximum
concentrations there were , 4 mmol L21, whereas in the
central marsh ammonium concentrations were typically 1–
2 mmol L21. For both nitrate and ammonium, clear

Fig. 3. Contours of near-surface temperature during 2011 weekly surveys; station locations are marked.
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temporal trends were not apparent corresponding either
with seasonal changes in forcing or with cell concentrations.

Comparison among years: 2009–2012—Data from large-
scale surveys in 2009, 2011, and 2012 were used to assess
variability in the spatial and temporal structure of the A.
fundyense bloom in Nauset, and to examine how interan-
nual variability in the estuarine conditions may have
contributed to the observed patterns. Cell concentration
distributions from large-scale surveys in 2009 and 2012
were largely consistent with the 2011 observations (Fig. 5).
In surveys from around the peak of the bloom each year,
cell concentrations were orders of magnitude greater in the
ponds than in the central estuary. The succession of bloom
peaks within the ponds was also consistent among years,
with concentrations increasing first in Mill Pond, then
Town Cove, and then Salt Pond. Maximum concentrations
varied moderately among the years, ranging for example
from 7 3 105 to 2 3 106 cells L21 in Mill Pond and 1 3 105

to 1 3 106 cells L21 in Town Cove, but in all 3 yr A.
fundyense concentrations were much greater than typically
observed during blooms in the Gulf of Maine (Townsend et

al. 2001) and were sufficiently high to instigate shellfishing
closures in Nauset. More notably, the timing of the bloom
varied from year to year, with, for example, similar cell
concentrations during the 2012 bloom occurring more than
a month earlier than in 2009.

Time series from stations in the center of each of the
ponds, plus one station representative of conditions in the
central marsh, were compared directly to evaluate the
temporal shifts in the bloom development among the ponds
and years (Fig. 6). Interannually, the timing of the
maximum cell concentrations in a given pond varied by
up to 40 d, with the earliest bloom occurring in 2012 and
the latest in 2009. Bloom development in Mill Pond tended
to lead the bloom in Salt Pond by 2 to 3 weeks.
Concentrations at the central marsh station were substan-
tially lower than in the ponds, with the maximum
concentrations typically occurring between the Town Cove
and Salt Pond peaks, consistent with a mixing of exported
cells from these two populations.

A. fundyense growth rates depend on numerous factors,
including temperature, salinity, nutrients, and irradiance
(Watras et al. 1982; Flynn et al. 1996; Etheridge and

Fig. 4. Contours of maximum nitrate plus nitrite concentrations during 2011 weekly surveys; station locations are marked.
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Roesler 2005), so considering variance in these factors
among years and ponds may help explain the differences in
bloom development. Temperature data from the weekly
surveys of the ponds and central marsh are plotted along
with continuous temperature time series from Waquoit Bay
(Fig. 7). Water temperatures during the early phases of
bloom development in 2012 were 2–3uC higher than in
previous years, but this difference disappeared by mid-
April. Temperatures were slightly warmer in the ponds in
2011 than in 2009, but the differences were smaller and
more variable. Generally, the interannual temperature
differences found in the weekly Nauset surveys also were
observed in Waquoit Bay.

The temperature differences between ponds were more
subtle than the interannual variability in a given pond.
Upper Mill Pond had the warmest temperatures on the
basis of the CTD profiles during the weekly, full-estuary
survey. On average, temperatures of near-surface water (,
4 m) in Upper Mill Pond were about 1.0uC higher than in
central Mill Pond and Town Cove, and about 2.0uC higher
than in Salt Pond. All of the ponds were significantly

warmer than the central marsh, which was on average about
1.0uC cooler than Salt Pond because of the greater influence
of water from the coastal ocean. The spatial patterns were
consistent during the 3 yr that had full estuary surveys, and
were statistically significant (p , 0.001) considering either
the full bloom period or just the growth phase.

As noted in the full-estuary concentration maps from
2011, spatial and temporal variability in nutrient concen-
trations did not have any clear correlation with bloom
development. Nitrate concentrations were moderately
elevated but highly variable among the ponds, and were
generally lower in the central marsh (Fig. 8). Ammonium
concentrations were much greater, particularly in Salt and
Mill ponds, but also were highly variable and did not
correspond with cell concentrations. Variability in surface
salinity among ponds and among years was small (, 1),
and thus did not have a clear relationship with the A.
fundyense population.

Growth and temperature—Net growth rates calculated
from differences in cell abundance between weekly surveys

Fig. 5. Contours of maximum A. fundyense cell concentrations around the peaks of blooms in 2009 and 2012 from weekly surveys
(log scale); station locations are marked.

Estuarine harmful algal bloom dynamics 1119



varied with temperature (the average for the 3-week moving
window), increasing approximately linearly up to about 10–
13uC, depending on the year (Fig. 9). For comparison,
results from previous lab studies of A. fundyense growth
rates are also plotted, including isolates from Mill Pond
(Watras et al. 1982) and the Gulf of Maine (Etheridge and
Roesler 2005; D. M. Anderson unpubl. data). A stepwise
linear regression of net growth rates combining the 4 yr of
data was calculated for the growth phase of the bloom
(before the maximum cell concentrations). Potential
predictor variables that were tested included temperature,
salinity, nitrate, ammonium, phosphate, and day of year, as
a proxy for irradiance. Of the variables tested, only
temperature had a significant relationship (p , 0.05) with

net growth rate. The correlation of net growth with
temperature using all 4 yr of data had r2 5 0.30 (p ,
0.001). Alternatively, the net growth rates in individual years
also had significant linear dependence on temperature, with
r2 5 0.38 in 2009 (p 5 0.02), 0.46 in 2011 (p 5 0.006), and
0.46 in 2012 (p , 0.001). In 2010, the sample size was smaller,
with data only from Salt Pond, and the correlation with
temperature was not significant. The inferred growth rates
from the field surveys then are largely consistent with the
linear dependence of growth rate in the lab experiments over
the range of temperatures in Nauset, indicating that other
factors affecting growth such as nutrients, light intensity, or
loss due to mortality or advection are small compared with
the temperature dependence, or are similar from year to year.

Fig. 6. Maximum (max) A. fundyense concentration from weekly surveys at stations in Salt Pond, Town Cove, Mill Pond, and the
central marsh (Hemenway) in 2009 through 2012; only Salt Pond had observations in 2010.
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Key similarities and differences among the years were
evident in the relationship between temperature and net
growth rate. At lower temperatures, the years were
essentially indistinguishable, with net growth rates increas-
ing with temperature. The growth rates were notably high,
in the range of 0.2 to 0.4 d21 and similar to the maximum
growth rates derived from laboratory studies under ideal
conditions that did not include losses due to advection,
grazing, or other mortality. Variability among the years
was more apparent in the decline of the population, or
when mnet was negative, as the timing of the crash did not
depend directly on temperature. In 2012 when early-season

temperatures were warmer and the bloom developed
earlier, the transition to negative net growth occurred
around 10uC, whereas the cooler conditions and later
bloom during the spring of 2009 had net positive
population growth until about 14uC. The temperatures at
which net growth became negative in the other 2 yr fell in
between these cases.

Using the DD approach, much of the interannual
variability in the timing of the A. fundyense bloom in each
pond disappears (Fig. 10). DDs account for the change in
the population due both to the duration of the bloom and
rate of growth, as a direct comparison of cell concentration

Fig. 7. Near-surface water temperature from stations in Salt Pond, Town Cove, Mill Pond, and the central marsh (Hemenway) from
weekly surveys in 2009 through 2012 (s); only Salt Pond had observations in 2010. Also shown are continuous time series from moored
temperature sensors near each location (m). In the top panel, dashed lines are moored temperature time series from Waquoit Bay in the
same years. Vertical lines denote when maximum cell concentrations were observed at each location.
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vs. temperature alone does not explain the interannual
variation. For example, a relatively warm January and
February 2012 produced earlier blooms, but the water
temperatures at the peaks of the blooms that year were
much lower than in previous years (Figs. 5, 6). The , 30-d
variation in the timing of the bloom peaks contrasts with
similar DD development times. Considering data from the
ponds from all 4 yr, DDs in Nauset are linearly correlated
with the log of cell concentrations up to the bloom peaks,
with r2 5 0.40 (p , 0.001). Alternatively, DDs calculated
using only temperatures measured in Waquoit Bay also
have a linear correlation with the log of cell concentrations

in Nauset, with slightly lower r2 5 0.36 (p , 0.001). A
correlation between cell abundance and year day would be
expected if the growth rate were constant, rather than linearly
dependent on temperature, but in Nauset the correlation with
year day (r2 5 0.07, p 5 0.049) was much weaker than with
DD. Environmental factors such as nutrients and salinity
were not significantly correlated with cell abundance over
multiple years individually or in a stepwise linear regression.
The DD metric did not correlate well with A. fundyense
abundance in the central marsh because concentrations there
depend on advection from the ponds and the coastal ocean
rather than local retention and division.

Fig. 8. Maximum nitrate plus nitrite concentrations (left panels) and ammonium concentrations (right) at stations in Salt Pond,
Town Cove, Mill Pond, and the central marsh (Hemenway) from weekly surveys in 2009, 2011, and 2012. Note the scale is different for
ammonium in Mill Pond. Minimum ammonium concentrations are also shown with black lines. Vertical lines denote when maximum cell
concentrations were observed at each location.
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Plotting cell concentration as a function of DD
substantially reduces the differences in phasing of the
bloom among the ponds. Concentrations increased first in
Mill Pond each year, as temperatures were warmer there
than in the other ponds. In particular, the restricted tidal
exchange to the Upper Mill Pond subembayment made it
typically the warmest and freshest part of the entire estuary
(Figs. 1, 3). Upper Mill Pond also had extremely high
concentrations of A. fundyense (up to 5 3 106 cells L21), at
times higher than other stations in Mill Pond. In contrast,
Salt Pond warmed more slowly and the bloom occurred
later than in the other ponds, typically by a couple of
weeks. Placing the cell concentrations in DD space makes
the phasing of the blooms similar among the three ponds,
albeit with some remaining variability that can be
attributed to low sampling frequency and consequently
coarse resolution of the blooms’ development phases.

Discussion

Observations from 4 consecutive years indicate that the
salt ponds within the Nauset Estuary provide excellent
incubators for A. fundyense populations. The bathymetry
of deep salt ponds connected through shallow tidal

channels and marsh permits limited tidal exchange with
the coastal ocean and with each other. Groundwater
creates stratification in the ponds and delivers abundant
nutrients for growth. Solar heating of the stratified surface
layer warms the ponds before the central marsh or coastal
ocean, resulting in faster growth rates, and the limited tidal
exchange reduces advective losses from the ponds, with
population retention further enhanced by the vertical
swimming behavior of the cells. Consequently, net growth
rates based on the rate of change of the populations in the
ponds were high, comparable with growth rates derived
from laboratory studies (Fig. 9). Net growth rates in-
creased with temperature as in lab studies, but only up to a
point, and most years the population crashed before
temperatures reached the levels at which cells began to
grow poorly in laboratory studies (typically in excess of
20uC). Furthermore, bloom termination commenced at
different temperatures each year.

During the growth phase of the bloom, the temperature
dependence of net growth rate was similar among years and
among ponds. Consequently, a time series of growing DDs
was used to explore the effects of interannual variability
and spatial gradients in water temperature on population
development (Fig. 10). The results suggest that in the

Fig. 9. Net growth rates from observed A. fundyense concentrations vs. temperature in Salt Pond, Town Cove, and Mill Pond from
weekly surveys, on the basis of a 3 week moving window. Trend lines are shown from linear regressions for data before the bloom peaks
when grazing and encystment losses are expected to be minor. For comparison, A. fundyense growth rates from laboratory studies are
also shown (Watras et al. 1982; Etheridge and Roesler 2005; D. M. Anderson unpubl.).
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Nauset system, other factors such as nutrients, salinity, and
various loss terms are not major sources of interannual
variability in the growth of the bloom. This approach
collapses the high level of variability in the timing of bloom
onset, development, and termination observed within
individual ponds across years, and between ponds in the
same year (Fig. 10), suggesting that this relatively simple
metric for integrated growth could be used as an early-
warning indicator or predictor for A. fundyense blooms and
shellfish toxicity in Nauset and similar estuaries.

For example, the bloom began in Nauset about 1 month
earlier in 2012 than in previous years, so the monitoring
program for shellfish toxicity had not begun that year. A
rapid response by state officials to sample and subsequently
close parts of the estuary to shellfishing occurred on the
basis of cell concentrations found in our first large-scale
survey that year, but without that population sampling, the
early onset might have been missed by routine monitoring.
The bloom might have been anticipated more readily with
continuous monitoring of water temperature, which is easy,

Fig. 10. A. fundyense concentrations in Salt Pond, Town Cove, and Mill Pond vs. DD, assuming Tbase 5 0uC and starting the
integration 01 January each year. DD was calculated from moored instruments in each pond, plus using temperature data from Waquoit
Bay before instrument deployment in Nauset. Cell concentrations were from weekly surveys in 2009 through 2012; only Salt Pond had
observations in 2010. Vertical bars at the bottom of each plot indicate DD on the date that toxicity sampling at each location exceeded the
regulatory threshold of 80 mg of toxin per 100 g of mussel tissue (Massachusetts Division of Marine Fisheries).
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inexpensive, and can readily be automated and communi-
cated to shore.

In the weekly monitoring, shellfish toxicity typically
crossed the regulatory threshold of 80 mg of saxitoxin per
100 g of mussel tissue at a similar number of DDs—around
500 DDs at the Salt Pond and Town Cove monitoring
stations, and around 350 DDs in Mill Pond (Fig. 10).
Difference between the stations may be due to the exposure
of the sampling locations to the spatially heterogeneous cell
populations in the ponds. The utility of DDs for shellfish
monitoring depends on a correlation between cell abun-
dance and toxicity, which may not always be as direct as
in Nauset, so multiple years of physical and biological
observations in similarly affected estuaries would be
necessary to evaluate whether this approach could be
generally applicable. Bloom development in other estuaries
may depend on additional environmental factors, as in a
lagoon in the western Mediterranean where both water
temperature and wind patterns had to be favorable for A.
catenella blooms to occur (Laanaia et al. 2013). The DD
approach is most likely to be applicable to blooms where
the organism net growth rate increases linearly with
temperature, where nutrients and light are sufficiently
abundant as to not constrain growth, and where the loss
rates due to advective or biological processes are small.

Another noteworthy observation from the net growth
rate calculations is that the declining phase of the bloom
was even more rapid than the growth phase (Fig. 9). The
explanation for the magnitude and timing of the crash
remains unclear. Using the DD calculation described
above, the peak of the blooms occurred around DD 500
each year, and populations declined rapidly thereafter.
Numerical models of A. fundyense in the Gulf of Maine
have used a temperature-dependent mortality to represent
the end of the widespread coastal bloom that occurs there
(He et al. 2008). In these Nauset observations, however,
temperature does not appear to be the primary controlling
variable for mortality (Fig. 9). The DD approach does
reasonably scale both the growth and decline phases of the
bloom across multiple years (Fig. 10), but these results are
not yet linked directly to specific processes. Possible factors
for the loss of vegetative cells include predation, parasitism,
or encystment. Nutrient limitation does not appear to be a
significant factor on the basis of the lack of correlations
between nutrient concentrations and cell abundance. The
timing of the decline may depend on cell concentrations,
which could control rates of parasitism or encystment, or
it may be a function of the duration of the bloom.
Understanding the processes controlling bloom termina-
tion is critical to developing robust predictive models for
A. fundyense both in estuaries and in the coastal ocean.

Climate change is anticipated to lead to warmer
temperatures during the spring bloom period, such that
future A. fundyense blooms in Nauset may look more like
2012 than the previous years. A. fundyense growth began
significantly earlier in 2012, but the duration of the bloom
and maximum cell concentrations were similar to the other
years. Similarly, an analysis of records from 1993 to 2007 in
Puget Sound found no increase in the frequency, magni-
tude, duration, or extent of paralytic shellfish toxin events,

but that events were occurring significantly earlier in the
year over that period (Moore et al. 2009). The Nauset
observations were consistent with these results, in that
warmer water earlier in the year did not extend the growing
period for the bloom, but rather shifted the point at which
the bloom crashed to lower temperatures. Climate change
may also alter freshwater inputs to the estuary, which could
affect stratification and the retention of cells in the salt
ponds. An additional anthropogenic effect on growth rates
in Nauset is the introduction of excess nitrogen from the
watershed (Giblin and Gaines 1990; Colman and Master-
son 2008). Nutrient loading to the estuary has increased in
the past few decades with development, and this in
combination with bathymetry that efficiently incubates
growing cells may be key factors behind the increased
occurrence of toxic blooms in Nauset. The results here
suggest that monitoring temperature may be a useful means
of predicting when in the year those blooms occur.
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