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ABSTRACT

Phytoplankton populations in the natural environment interact with each other. Despite rising global concern
with Pseudo-nitzschia blooms, which can produce the potent neurotoxin domoic acid, we still do not fully un-
derstand how other phytoplankton genera respond to the presence of Pseudo-nitzschia. Here, we used a 4-year
high-resolution imaging dataset for 9 commonly found phytoplankton genera in Narragansett Bay, alongside
environmental data, to identify potential interactions between phytoplankton genera and their response to
elevated Pseudo-nitzschia abundance. Our results indicate that Pseudo-nitzschia tends to bloom either concurrently
with or right after other phytoplankton genera. Such bloom periods coincide with higher water temperatures and
lower salinity. Pseudo-nitzschia image abundance tends to increase the most from March-May and peaks during
May-Jun, whereas the image-derived biovolume and width of Pseudo-nitzschia chains increase the most during
Jan-Feb. For most phytoplankton genera, their relationship with Pseudo-nitzschia abundance is noticeably
different from their relationship with Pseudo-nitzschia image features. Despite the complexity in the phyto-
plankton community, our analysis suggests several ecological indicators that may be used to determine the risk of

harmful algal blooms.

1. Introduction

Individual phytoplankton species are influenced by ecological com-
munities and the natural environment. Interactions between different
species can take many forms — such as competition for light and nutrient
resources (Huisman et al., 1999, 2004; Burson et al. 2018), mixotrophic
feeding (Hansen 2011; Stoecker et al. 2017), mutualism by metabolic
exchange (Kazamia et al. 2016), growth inhibition due to allelopathy
(Legrand et al. 2003) and combined responses to elevated carbon di-
oxide concentrations (Trimborn et al., 2013; Sampaio et al., 2017).
Despite the prevalence of various interactions among co-occurring
phytoplankton species, it is often difficult to quantify the strength and
effect of ecological interactions from co-occurrence data alone (Cazelles
et al., 2016; Freilich et al., 2018; Blanchet et al., 2020). One approach is
the creation of a metric, or a family of related indices, that can suffi-
ciently describe the connections between individual taxa (Berlow et al.,
1999). Meanwhile, others have proposed using multivariate autore-
gressive models (Ives et al. 2003) or empirical dynamic models (Deyle

et al. 2016) to infer species interactions from reconstructions of system
dynamics. The effective characterization of ecological interactions may
allow us to develop species-level models for ecological management and
enhance the prediction of harmful algal blooms (HABs).
Pseudo-nitzschia can cause HABs under certain conditions, primarily
due to the production of the biotoxin domoic acid. Although Pseudo-
nitzschia is a dominant competitor in various ecosystems, little is known
about its relationship with other co-occurring phytoplankton genera.
The reasons for its production of domoic acid are also unclear, with
competing theories that suggest a role in micronutrient acquisition (Rue
and Bruland 2001; Wells et al. 2005; Prince et al. 2013), or as a defense
against predation (Lundholm et al., 2018; Olesen et al., 2022). Our
understanding of Pseudo-nitzschia toxin production is currently limited
to laboratory exploration and field sampling. Although culture mea-
surements can allow for the control of confounding variables, they do
not sufficiently characterize the inter-specific effects of other phyto-
plankton taxa on toxin production. Similarly, even though field mea-
surements provide valuable data on extant toxin concentrations, they
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rely exclusively on the availability of funding and can often fail to
capture the short-term dynamics of Pseudo-nitzschia populations.

One approach to circumvent these limitations is by developing
descriptive relationships between domoic acid production and potential
environmental triggers. To this end, one recent study has attempted to
describe the environmental covariates of domoic acid production
(Sterling et al., 2022). Unfortunately, as domoic acid production can be
strain-specific and intermittent (Bates et al. 2018; Dong et al. 2020;
Sandoval-Belmar et al. 2023), changes in the abundance of Pseudo--
nitzschia, at the genus level, do not act as a reliable predictor of domoic
acid production. A possible solution to this problem is the development
of indicators that leverage other ecological data present within the same
environment — such as the abundance of other phytoplankton genera.

In this study, we use a high-resolution, daily-scale dataset of Imaging
FlowCytobot (IFCB) images deployed in Narragansett Bay from Jun-
2017 to Oct-2021. We first generate a multivariate time series of the
proxy planktonic abundance for nine phytoplankton genera. We then
utilize a simple mathematical approach to quantify the “interactions”
between Pseudo-nitzschia and eight other planktonic groups, which
relate to the timing of blooms and any relative changes in abundance.
We answer the following questions: [1] How does the phytoplankton
community change in response to Pseudo-nitzschia blooms? and [2] Are
there image indicators of harmful algal bloom risk in Pseudo-nitzschia?

2. Materials and methods
2.1. Imaging flowcytobot

All the phytoplankton time series used in this study were collected by
deploying an Imaging FlowCytobot (IFCB) in Narragansett Bay, Rhode
Island, at the end of a pier (41.492°N, 71.419°W). We used daily
aggregated IFCB data from 14 June 2017 to 20 October 2021. Image
concentration (# images mL~') was calculated by dividing the average
daily number of images by the average sampling volume. All missing
data points were approximated using 30-day exponential moving aver-
ages (EMA) computed by the R package “imputeTS” (Moritz and
Bartz-Beielstein, 2017). Discussion on the limits of the IFCB, data pre-
processing, and the use of image concentration as a proxy for abun-
dance, can be found in prior studies on the morphology and
predictability of phytoplankton populations in Narragansett Bay (Sonnet
et al., 2022; Agarwal et al., 2023).

We selected nine phytoplankton genera from the IFCB dataset that
are commonly found in Narragansett Bay and could be identified via a
random forest classifier (Sosik and Olson 2007) that was developed
in-house from a library of manually annotated images from our dataset
(refer to Sonnet et. al. 2022 for classifier development and application).
Table 1 reports the sensitivity and precision scores of the random forest
classifier for each of the nine phytoplankton genera that were included.
For classes included in the classifier, both scores were calculated on all
images that were manually classified. This excludes the training set of
images used to create the classifier and all images that were unclassified
(i.e. the probability of an image belonging to any specific class was too

Table 1
Sensitivity and precision of the automatic classifier for each of the phyto-
plankton classes

Sensitivity Precision
Pseudo-nitzschia (N=344) 0.86 0.91
Dinophysis (N=177) 0.95 0.91
Chaetoceros (N=2260) 0.80 0.95
Skeletonema (N=1257) 0.91 0.87
Ditylum (N=1163) 0.98 0.98
Eucampia (N=2450) 0.93 0.98
Leptocylindrus (N=362) 0.91 0.63
Rhizosolenia (N=522) 0.87 0.77
Pyramimonas (N=210) 1.00 0.73
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low). Fig. 1 illustrates some IFCB images for the phytoplankton genera.

- TP
Senslﬂvlty = m (l)
TP
Precision = ——— 2
recision TP+ FP 2)

where TP, FP and FN are the number of true positive, false positive, and
false negative images respectively.

To evaluate seasonal changes in phytoplankton population abun-
dance, we created a time series of daily change for each of the nine
phytoplankton genera. First, each time series was standardized (z-
scored) by subtracting the mean and dividing by the standard deviation
of the time series. Second, change was calculated for each day between
14™ June 2017 to 20™ October 2021 by subtracting the abundance of
the genus on the previous day (Ax; = x; — x;_1). Lastly, the time series
of daily change was averaged to monthly time scales to provide an es-
timate of mean monthly change in abundance across the entire time
period. The mean monthly change in abundance was visualized using
two different techniques. First, we plotted the change in each month as a
bar plot to highlight the relative differences in the magnitude of change.
Second, we used the same data to create dynamical barcodes (Agarwal
and Mouw, 2022). In brief, this method assigns a color scheme to the
direction, not the magnitude, of change from month to month. Simi-
larities in the barcode indicate that the phytoplankton genera were in
sync with each other over the length of the time series, regardless of the
magnitude of the relative changes.

2.2. Image features

236 image features can be derived from every IFCB image (Sosik and
Olson, 2007, https://github.com/hsosik/ifcb-analysis/wiki). ~We
created a time series for a limited set of image features for Pseudo-nitz-
schia, based on their potential relevance to phytoplankton ecology, as
described in Agarwal et. al. 2023 with no modifications. The time series
were created by calculating the average daily values for the image fea-
tures and scaled by the average sampling volume for each day. As
Pseudo-nitzschia is a chain-forming species, image concentration may not
reveal the true abundance of the genus in the environment. To support
our investigation into the relationships between phytoplankton genera,
we used the image features ‘minor axis’ and ‘biovolume’ to provide
additional context on Pseudo-nitzschia presence at the sampling location.
‘Minor axis’ approximates the cell width of observed Pseudo-nitzschia
chains whereas ‘biovolume’ approximates their overall size. For each
analysis conducted with the time series of Pseudo-nitzschia abundance,
we repeated the analysis with the time series of Pseudo-nitzschia ‘bio-
volume’ and ‘minor axis’.

2.3. Environmental data

Daily averages of water temperature (“C), chlorophyll concentration
(ug L™1), salinity (ppt), and pH were requested from the Narragansett
Bay Fixed Site Monitoring Network (NBFSMN, personal communication:
Heather Stoffel). These measurements were co-located with the Imaging
FlowCytobot. Daily averages of wind speed (ms~!) and tidal height
(Mean Sea Level; m) were calculated from measurements at the NOAA
Quonset Point Buoy (41° 35.2 N, 71° 24.6 W; #8454049; https://tidesan
dcurrents.noaa.gov/).

The environmental data were analyzed in relation to changes in
Pseudo-nitzschia proxy abundance. Each environmental time series was
divided into ‘bloom’ periods and ‘non-bloom’ periods. Daily changes
that exceeded three times the median of the Pseudo-nitzschia time series
were considered ‘bloom periods’. We then compared the mean, standard
deviation, and standard error of the environmental parameters for both
these periods. For the second part of the analysis, we used an interaction
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Fig. 1. Illustrative images taken by the imaging flowcytobot deployed in Narragansett Bay, Rhode Island (41.492°N, 71.419°W). a5 pseudo-nitzschia, ¢ Eucampia, %'
Chaetoceros, ™% Ditylum, ™P Dinophysis, ™ Pyramimonas, ™° Leptocylindrus, %* Rhizosolenia, ™" Skeletonema.
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metric (described below) to check for relevant differences between the
abundance of Pseudo-nitzschia and its image features. Lastly, the time
series of temperature was also used to understand the seasonal patterns
of Pseudo-nitzschia abundance and image features, where the dataset was
divided into three periods — below 8°C, 8-16°C and greater than 16°C.

2.4. Interaction metric

To help understand differences in bloom phenology, we defined an
interaction metric based on the average abundance of one species when
another species increases or decreases in abundance:

Harmful Algae 138 (2024) 102702

bution (min = 0,max = 20). Figure S1 highlights some examples of the
interaction metric for the 2 model species. The interaction metric is
typically O in both directions (x—y and y—x) when there is either
complete overlap or no overlap between 2 species regardless of relative
magnitude and duration. In all other cases, the metric can take different
values depending on relative magnitude and any differences in bloom
duration. As real time series likely have multiple peaks over many years
with varying bloom durations, the interaction metric provides only an
average estimate of how abundant one species typically is when another
species is increasing or decreasing in abundance. Even though the metric
can theoretically take any value, real time series typically show re-
lationships between -1 and 1.

mean of species x (for points where abundance for species y went up in the next time step)

Interaction Strength (x—y) =

For this metric, one is subtracted to center the metric around zero.
Negative interactions indicate that the mean abundance of species x was
greater when species y was decreasing in abundance. Conversely, pos-
itive interactions indicate that the mean abundance of species x was
greater when species y was increasing in abundance. Although this
metric is focused on identifying trends in population growth patterns
and does not imply causality, it may be used to infer relationships be-
tween species x and y. For example, a negative interaction may occur
when species x causes, either directly or indirectly, the decrease in
abundance in species y. Greater the value of the metric (whether posi-
tive or negative), greater is the potential interaction between species x
and species y.

We tested this metric on simulated blooms of two phytoplankton
species, defined as Gaussian distributions of abundance with varying
magnitude and standard deviation (bloom duration). We also simulated
some error within the distributions by adding random noise to 10 % of
the distribution. Values for noise were selected from a uniform distri-

mean of species x (for points where abundance for species y went down in the next time step)

2.5. Software

All the analyses were conducted in R Core Team (2021). For plotting
and data visualization, we used the R packages “ggplot2” (Wickham
2016) and “cowplot” (Wilke, 2020). Features of IFCB images were
analyzed and extracted using the MATLAB-based IFCB Analysis custom
toolbox (Sosik, https://github.com/hsosik/ifcb-analysis). IFCB images
were classified with a random-forest algorithm developed and applied in
MATLAB utilizing the Statistic and Machine Learning Toolbox.

3. Results

The time series of each phytoplankton genus showed intermittent
periods of rapid increase and decrease in image concentration from Jun-
2017 to Oct-2021 (Fig. 2). There were marked differences in the scale of
proxy abundance. Some taxa (e.g. Chaetoceros or Skeletonema) were an
order of magnitude higher than other taxa (e.g. Dinophysis or Ditylum).
On average, there were no negative correlations between the time series,

(@)  Dinophysis (b) Skeletonema (c) Pseudo-nitzschia
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Fig. 2. Time series of nine phytoplankton genera in Narragansett Bay, Rhode Island. Abundance is estimated from the number of unique images taken by the IFCB
and classified as (a) Dinophysis, (b) Skeletonema, (c) Pseudo-nitzschia, (d) Chaetoceros, (e) Ditylum, (f) Eucampia, (g) Leptocylindrus, (h) Pyramimonas, and (i) Rhizo-
solenia. Note: As some of these genera are chain-forming, image concentration is only a proxy for their true abundance.
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Fig. 3. Mean monthly change in standardized image concentration (A images mL~!) for nine phytoplankton genera in Narragansett Bay, Rhode Island. Each time
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negative values. Each bar represents a monthly average of daily changes starting from January (left) to December (right). Note: The y-axis scale for Eucampia is
different from the others. As some of these genera are chain-forming, image concentration is only a proxy for their true abundance.

with most genera exhibiting weak-but-positive correlation coefficients greatest increase during Spring (March-May) and rapidly decreases in
(Fig. S2). relative abundance during June (Fig. 3c). Similarly, Eucampia is a strong

When we aggregated daily-scale changes to seasonal cycles (Fig. 3), summer-blooming species as relative change is highest for the month of
it was apparent that the success of many phytoplankton genera was tied July, which is immediately followed by a strong drop in abundance
to specific months of the year. For example, Pseudo-nitzschia has its during August (Fig. 3f). Other genera, such as Dinophysis, Skeletonema,
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Fig. 4. Estimating the relationships between different phytoplankton genera in Narragansett Bay using an interaction metric (see Methods). Rows indicate the
reference species and columns indicate the target species. Negative values (red and hatching) show that the reference species typically bloomed after the target. Note:
The diagonal of the matrix is positively biased due to the asymmetric nature of most phytoplankton blooms (slow increases followed by rapid decreases). Note: As
some of these genera are chain-forming, image concentration is only a proxy for their true abundance.
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and Pyramimonas, show switching between periods of increase and
decrease every 1-2 months (Fig. 3a, b, h). Ditylum and Rhizosolenia
seemed to be relatively consistent in daily change across the year, with
lower increases and decreases when compared to other genera (Fig. 3e,
i). When evaluated for directional similarities in seasonal change (i.e.
focusing on direction rather than magnitude of change), dynamical
barcodes revealed extensive similarities between phytoplankton genera,
such as Pseudo-nitzschia and Pyramimonas during the months of June to
December (Figure S3; Agarwal and Mouw, 2022).

We developed an interaction metric that broadly described the re-
lationships in phytoplankton bloom phenology, daily changes in
phytoplankton abundance, and the relative rates of increase and
decrease across different taxa. For our nine genera in Narragansett Bay,
the metric ranged from -1 — 1 (Fig. 4). Pseudo-nitzschia had a unique
signature when compared to other genera, with a greater number of
negative interactions (Fig. 4; row 3). The mean of Pseudo-nitzschia was
higher when Dinophysis, Skeletonema, Ditylum, Eucampia, and Pyr-
amimonas, were decreasing in abundance rather than when these genera
were increasing in abundance. In contrast, most phytoplankton genera
had a positive interaction metric in response to Pseudo-nitzschia (Fig. 4;
column 3), suggesting that their mean abundance was higher when
Pseudo-nitzschia was increasing in abundance rather than when Pseudo-
nitzschia was decreasing in abundance. Interestingly, all the phyto-
plankton genera had blooms that were asymmetric. The positive values
on the diagonal in Fig. 4 suggest that periods where abundance is
increasing have higher mean values than the periods where abundance
is decreasing.

Our analysis of relevant environmental parameters revealed that
external conditions were mostly consistent during Pseudo-nitzschia
bloom and non-bloom periods (Fig. 5). A notable exception was water
temperature, which tends to be higher than average (p < 0.01 on a
Welch Two-Sample t-test) and lower in variability during periods of
Pseudo-nitzschia blooms. Salinity is slightly lower than average (p < 0.01
on a Welch Two-Sample t-test) during Pseudo-nitzschia blooms.

When we looked at the seasonality of features as derived from the
IFCB images (Fig. 6), we found that Pseudo-nitzschia species tend to be
thinner than average during periods of rapid increase in Mar-May
(Fig. 6¢), and thicker than average during February and June. Both
the width (minor axis) and biovolume are greatest when temperatures

Pseudo-nitzschia

Harmful Algae 138 (2024) 102702

are 16-25°C, whereas total abundance is typically higher when tem-
peratures are 8-16°C (Fig. 7, p < 0.01 on a Welch Two-Sample t-test).

Image features, such as the width and biovolume, also varied
differently in relation to other phytoplankton genera as compared to
Pseudo-nitzschia abundance (Fig. 8). Even though Pseudo-nitzschia
abundance is greater when Skeletonema, Ditylum, Eucampia and Pyr-
amimonas are decreasing in abundance (Fig. 4), both Pseudo-nitzschia
width and biovolume are marginally greater when those genera are
increasing in abundance. Pseudo-nitzschia abundance is also much
higher when Leptocylindrus abundance is increasing, but the relationship
between the image features and Leptocylindrus is much weaker (i.e. the
interaction metric is much lower). In contrast, the results for Dinophysis
point to the opposite trend. Pseudo-nitzschia abundance is higher when
Dinophysis is decreasing in abundance, but the relationship is weaker
between the image features and abundance of Dinophysis. The estimated
differences with environmental variables were relatively weak across all
cases.

4. Discussion

4.1. How do other phytoplankton genera respond to Pseudo-nitzschia
blooms?

Phytoplankton populations in the natural environment are subject to
environmental and ecological influence. Although previous studies in
Narragansett Bay have studied individual genera in detail, such as
Thalassiosira (Rynearson et al. 2020) and Pseudo-nitzschia (Roche et al.
2022), little has been known about changes in community composition
at a daily-scale resolution. The time series of each phytoplankton genus
exemplifies a highly dynamic environment where there may often be
interactions between different genera. The difference in abundance scale
between the nine phytoplankton genera, particularly at the peak of a
bloom, suggests that some genera are more competitive during rapid
growth periods and can achieve greater genus-level biomass under
favorable conditions.

When we attempted to understand the relationship between different
genera based on an interaction metric, we found that Pseudo-nitzschia is
somewhat unique. On average, greater abundance of Pseudo-nitzschia
was coincident with a decrease in abundance in many other taxa. In
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Fig. 5. Environmental factors and how they relate to Pseudo-nitzschia bloom periods. The top panel shows the time series of Pseudo-nitzschia image concentration
with the red points indicating the events where the daily change exceeded 154.5 images mL ™' (defined as “bloom periods”; 3 times the median of the time series).
The bottom panels show the mean (left) and standard deviation (right) of wind speed (m s1), tide height (m), water temperature ("C), salinity (ppt), pH and
chlorophyll (ug L~!) in Narragansett Bay that coincided with the bloom periods (red), non-bloom periods (gold) and the entire time series (blue). Error bars around
the mean represent 95 % confidence intervals (1.96 x S.E.). * indicates p < 0.01 on a Welch Two-Sample t-test.
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/ifcb-analysis/wiki).

contrast, other genera were greater in abundance when Pseudo-nitzschia
was increasing rather than when it was decreasing. The direction of this
interaction likely points towards a succession-based bloom structure
where Pseudo-nitzschia abundance maxima follow those of other genera.
Other studies conducted in different regions have found a similar
structure in Pseudo-nitzschia blooms, i.e. the genus tends to appear
concurrently or immediately after the decrease of other phytoplankton
species (Delegrange et al., 2018; Houliez et al., 2023).

Given that most phytoplankton blooms were also asymmetric (i.e.
there are longer periods of increasing abundance and shorter periods of
decreasing abundance), our results signal the existence of a physiolog-
ical, ecological, or environmental mechanism that allows Pseudo-nitz-
schia to outperform its competitors. One possibility could be changing
environmental conditions, which likely confer a competitive advantage
to Pseudo-nitzschia during certain time periods of the year. Although we
noticed only minor differences in environmental variables during
Pseudo-nitzschia blooms and non-blooms, it is probable that the effects of
the environment are strongest on the niches of different species and less
so on the niche of the genus, as seen in the differences among image
features. Studies on other phytoplankton genera suggest that niche op-
timums for temperature can differ greatly among and within different
species, strains and ecotypes within the same genus (Anderson and
Rynearson, 2020; Smith et al., 2021; Bishop et al., 2022; Roche et al.,
2022). Another possibility could be the presence of a mechanism that
either promotes growth in Pseudo-nitzschia or subdues the growth of
other genera. This could occur directly through some form of cell-to-cell
signaling with infochemicals between phytoplankton and other mi-
crobes (Amin et al. 2015; Koester et al. 2022) or the allelopathic inhi-
bition of competitor growth (Xu et al., 2015). Alternatively, indirect
mechanisms of interaction between Pseudo-nitzschia and other genera
include changing predator behavior (Lundholm et al. 2018; Olesen et al.
2022) and effective competition under iron or copper limitations (Rue
and Bruland, 2001; Wells et al., 2005; Prince et al., 2013).

4.2. Are there image indicators of harmful algal bloom risk in Pseudo-
nitzschia?

Domoic acid is a potent biotoxin that is produced by some Pseudo-
nitzschia species, including those found in Narragansett Bay (Sterling
et al., 2022). Part of the global concern with Pseudo-nitzschia blooms are
the general effects of domoic acid on birds and mammals (Fritz et al.
1992; Fire et al. 2011), and its potential to cause amnesic shellfish
poisoning in humans (Bates et al. 1989). Consequently, multiple recent
studies across the world have focused on mapping the distribution of
toxin-producing species (Dong et al. 2020; Cembella et al. 2023),
studying the environmental factors that might be associated with
domoic acid production (Likumahua et al., 2019; Kelly et al. 2023;
Sandoval-Belmar et al. 2023), understanding relevant physiological
mechanisms (Sauvey et al. 2023; Xu et al. 2023), and the potential role
of marine pollutants (Bretherton et al., 2019). The natural responses of
phytoplankton communities to domoic acid production; however, are
less explored, even though experimental evidence suggests that there
exist both direct and indirect effects on other phytoplankton (Prince
et al., 2013; Xu et al., 2015). The identification of repeatable specific
community responses could be an asset for ecological monitoring in
areas where Pseudo-nitzschia is known to exist, but frequent domoic acid
measurements are neither feasible nor economical. For such areas, the
risk of harmful algal blooms could be modulated by consistently moni-
toring changes in the phytoplankton communities themselves for any
tell-tale signs of domoic acid presence.

Despite the lack of domoic acid data, we attempted to indirectly infer
the risk of domoic acid presence by studying the relationship between
the image features of Pseudo-nitzschia and other phytoplankton genera.
As different Pseudo-nitzschia species have different morphological
characteristics (Stonik et al. 2001; Ljubesic et al. 2011; Louw et al.
2018), the use of image features such as width and biovolume can offer
some insight into the species-level dynamics in the absence of
species-specific information. IFCB images do not provide enough detail
to discriminate between different Pseudo-nitzschia species, but previous
studies have associated variability in image features to dynamic shifts on
a species level (Hubbard et al., 2023). Domoic acid concentrations in
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0.01 on a Welch Two-Sample t-test.

Narragansett Bay are typically greatest in the Summer and Fall seasons
(Sterling et al., 2022). Interestingly, both the width and biovolume of
Pseudo-nitzschia chains show similar patterns over this time period. The
months of May-July were marked by increases in biovolume and width,
followed by a decrease in August and a subsequent increase in

September. Coincidentally, August is the month in Narragansett Bay
when temperatures are the highest. Many of these differences are likely
driven by some species-specific properties of Pseudo-nitzschia and
highlight the potential role of some toxigenic species (Roche et al.,
2022). For example, the sharpest increase in width was during the
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associated environmental factor) was increasing. Negative values (red and hatching) indicate that the abundance, width or biovolume of Pseudo-nitzschia was greater
when the abundance of the target species (or the associated environmental factor) was decreasing.

month of February, which is coincident with the presence of Pseudo--
nitzschia australis (Roche et al. 2022), a domoic acid producing species
that can be ‘wider’ than others (Sterling et al., 2022). It should be noted,
however, that there can be several exceptions to the association between
width and domoic acid risk. Determining true risk will likely require
instrumentation that can combine high-resolution imaging with auto-
mated species or strain-level identification.

The proxy abundance of Pseudo-nitzschia was much higher when
Leptocylindrus was increasing, but the width and biovolume of Pseudo-
nitzschia were relatively the same. For most other genera we tested, the
difference in results between the image features and proxy abundance
was in the positive direction, i.e., the width and biovolume of Pseudo-
nitzschia were higher when the abundance of other genera was
increasing. These inverse relationships reveal a general pattern — Pseudo-
nitzschia species with lower width and biovolume account for a larger
proportion of total Pseudo-nitzschia abundance. Large increases or de-
creases in proxy abundance mostly reflects the behavior of the ‘thinner’
species. This also suggests that the ‘thicker’ Pseudo-nitzschia species may
have differential effects on other phytoplankton genera. In the case of
Leptocylindrus, the ‘thinner’ species is associated with increasing Lep-
tocylindrus abundance whereas the ‘thicker’ species is not. In contrast,
the ‘thinner’ species of Pseudo-nitzschia is associated with decreasing
Dinophysis abundance (or, is succeeding Dinophysis blooms), but the
‘thicker’ species has less of an effect. Future studies may need to care-
fully evaluate the physiological or ecological mechanisms for this rela-
tionship, as Dinophysis and Pseudo-nitzschia co-exist in a number of
global marine ecosystems (Velo-Sudrez et al., 2008; Seeyave et al., 2009;
Ajani et al., 2013; Wohlrab et al., 2020; Lima et al., 2022; Diaz et al.,
2023).

4.3. Study limitations and future directions

There are several methodological choices within this study that merit
further consideration. First, even though we utilize an interaction
metric, our implementation was largely aimed at describing a very large
imaging dataset for nine phytoplankton genera. Each value was derived
from four years of a daily-scale time series and does not necessarily
imply a mechanistic explanation between any two phytoplankton
genera. As such, interaction coefficients are only meant to provide
summarized information on any general trends. Second, each time series
likely contains some sources of error (measurement, identification,
processing etc.). Monitoring programs may need to systematically
evaluate such sources of error for the development of harmful algal
bloom indicators. Third, our focus in this paper was on identifying
trends and reporting cohesive observations. Future studies may need to
continue long-term observations and conduct culture experiments to
conclusively report on the effects of Pseudo-nitzschia (and in some cases,
domoic acid) on other phytoplankton genera.

5. Conclusions

Harmful algal blooms (HABs) are an increasing threat to human
health, fisheries, and tourism. To successfully predict HABs caused by
Pseudo-nitzschia, a cosmopolitan diatom that can produce domoic acid,
current strategies require extensive field sampling and monitoring for
toxin production. In this study, we tested an alternative approach to
traditional phytoplankton manual counts and utilized a full community
analysis to indicate risk of Pseudo-nitzschia blooms. Using a 4-year daily
resolution dataset collected with an Imaging FlowCytobot (IFCB), we
created a mathematical metric to evaluate the relative changes in
abundance for 9 phytoplankton genera in relation to changes in Pseudo-
nitzschia abundance, width and biovolume. We also evaluated differ-
ences in environmental variables to understand the context of Pseudo-
nitzschia blooms.

Patterns in Pseudo-nitzschia abundance indicated that the genus
typically blooms concurrently with or right after other phytoplankton
genera. Interestingly, Pseudo-nitzschia width and biovolume, both vari-
ables that can be associated with species-level change and domoic acid
risk, show different patterns when compared to abundance. This sug-
gests that Pseudo-nitzschia abundance may be relevant for harmful algal
bloom prediction, but the monitoring of other metrics such as width and
biovolume may indicate periods where domoic acid risk is greater than
average. There is significant species diversity within the genus Pseudo-
nitzschia and some water temperatures may be more likely to host
species-of-concern. The warmest water temperatures (16-25°C) were
when high Pseudo-nitzschia abundance, high chain width and high esti-
mated biovolume were observed. Other ecological indicators for moni-
toring harmful algal bloom risk could be the abundance of genera such
as Dinophysis, Leptocylindrus and Pyramimonas, which show some evi-
dence of common drivers with Pseudo-nitzschia and the possibility of
inter-species interactions. For the development of early-warning systems
that are high-resolution, autonomous, and rely on singular data sources,
our analysis suggests the inclusion of ecological and environmental in-
dicators that may serve to enhance information quality for prediction
models.
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