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Scientific Significance Statement

Cyanobacterial harmful algal blooms (cyanoHABs) are a major ecological concern, yet understanding their genesis remains
challenging. While previous studies have explored the effects of temperature and wind speed on cyanoHABs, quantifying their
influence on bloom formation has been difficult. Our research calculated weather anomalies linked to cyanoHAB reports, all-
owing us to identify thresholds in weather patterns preceding blooms. We discovered a critical interaction between lake pro-
ductivity and weather, with clearwater lakes experiencing the most significant climate anomalies during reported blooms. Our
findings suggest a larger environmental “push” may be required in these clearwater lakes, as their low nutrient state is less con-
ducive to surface scum formation. This finding is concerning, as these valued ecosystems are likely to face increased weather
extremes due to climate change.

Abstract

Cyanobacterial harmful algal blooms (cyanoHABs) are often associated with warm water temperatures and low
wind speeds, but quantifying thresholds in meteorological conditions is challenging. Using 4208 cyanoHAB
reports from 405 lakes in New York State (USA), we calculated anomalies in daily wind speed and air tempera-
ture for each report and the 5 d preceding it. On the day of a cyanoHAB, lakes had lower than average wind
speeds and higher than average air temperatures. Notably, the magnitude of these anomalies was influenced by
the trophic state of each lake, with nutrient-limited lakes having larger anomalies on the day of a cyanoHAB.
Additionally, the absence of either anomaly type reduced the likelihood of a cyanoHAB, particularly in
nutrient-poor lakes. These results enhance our understanding of the proximate drivers and thresholds regulat-
ing cyanoHABs across varying trophic states, suggesting that large-scale changes in climate may substantially
impact future cyanoHAB development.
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Algal blooms are naturally occurring aggregations of phyto-
plankton that can occur in marine and freshwater systems
(Zuenko et al. 2006; Smayda and Trainer 2010; Kim
et al. 2019). Blooms can be considered harmful when they
either produce toxins, release nontoxic taste or odor com-
pounds, or become so dense as to interfere with economic or
recreational uses of a waterbody (Brooks et al. 2016;
Bullerjahn et al. 2016; Graham et al. 2017). Cyanobacterial
harmful algal blooms (cyanoHABs) are a concern because of
their potential detrimental effects on human health and eco-
system function, with global economic losses estimated to be
in the billions of dollars (Hoagland et al. 2002; Dodds
et al. 2009; Willis et al. 2018; Griffith and Gobler 2020).

The severity and prevalence of cyanoHABs in inland waters
may be worsening (Ho et al. 2019; Hou 2022; Wilkinson
et al. 2022; Ma et al. 2023); however, quantifying trends in
cyanoHAB severity and occurrence is complicated by the
lack of any universal definition (Smayda 1997; Gorney
et al. 2023a). Vastly different bloom-forming phenomena can
be grouped under the umbrella term “HAB,” with occurrences
ranging from small, single episodic events to lake-wide, persis-
tent cyanoHABs that can remain in bloom for extended
periods of time. This variability highlights the point that cya-
noHABs are not a monolithic phenomenon, but rather that
the onset, size, severity, duration, composition, and toxin pro-
duction of a cyanoHAB are linked to a variety of potentially
unique ecological, biological, and physical drivers (Bertani
et al. 2017; Feng et al. 2024).

The variety of causal environmental drivers for surface cya-
noHABs can be categorized as either ultimate or proximate
(Laland et al. 2011). Ultimate drivers are those that primarily
contribute to increasing the biomass of cyanobacteria within
the entire water column, usually indicated by an overall
greening of a waterbody. In contrast, proximate drivers are
those that act to concentrate existing biomass, resulting in
the appearance of a surface scum. Proximate drivers of cya-
noHABs include advective processes that tend to operate
over shorter time periods and act to concentrate existing col-
onies into surface waters through either vertical or horizon-
tal movement of biomass (Isles and Pomati 2021). Separating
these two classes of drivers is essential for accurately forecast-
ing cyanoHABs as this categorization makes a clear distinc-
tion between longer-term antecedent conditions that can
affect growth and loss processes, and shorter-term processes
that concentrate biomass and lead to surface accumulations
Or scums.

Ultimate drivers of cyanoHABs can include (but are not
limited to) nutrient availability, water temperature, stratifica-
tion strength, increased water residence times (including from
artificial control structures), light availability, zooplankton graz-
ing rates, and competition with other phytoplankton groups
(Downing and McCauley 1992; Glibert and Burkholder 2006;
Aparicio Medrano et al. 2013; Ma et al. 2014; Yang et al. 2016;
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Kim et al. 2021; Feng et al. 2024; Yan et al. 2024). Many of
these drivers can contribute to the overall productivity of a
lake, and the trophic state of a waterbody is used to estim-
ate productivity within aquatic systems (Cloutier and
Sanchez 2007) as it incorporates variables related to lake pro-
ductivity (Carlson 2007) and is a useful metric to integrate sev-
eral factors that ultimately contribute to cyanoHABs in lentic
systems (Fernandez-Figueroa et al. 2021).

Elevated water temperature is a well-studied driver of cya-
noHAB:s, affecting cyanobacterial photosynthesis, respiration,
growth rates, and toxin production (Robarts and Zohary 1987;
Davis et al. 2009; Mohanty et al. 2022). Maximum growth
rates of cyanobacteria occur at or above 25°C, where they out-
compete other phytoplankton groups (Paerl 2014). Water
temperature functions as both an ultimate driver, operating
over long-term timescales through metabolic changes and
competitive dominance, and a proximate driver operating
over short-term timescales by promoting surface bloom
growth and duration (Ralston et al. 2015). Heat waves are
associated with acute cyanoHAB formation (Wagner and
Adrian 2009; Huber et al. 2012), and increased temperature
enhances vertical migration speed by altering cyanobacterial
buoyant velocities (You et al. 2018).

In addition to water temperature, wind is a potentially key
proximate regulator of cyanoHAB surface aggregations, with
changes in both air temperature and windspeed being well
studied drivers of cyanoHABs (Kanoshina et al. 2003; Favot
et al. 2019). Cyanobacteria surface scums are composed pri-
marily of buoyant cyanobacteria cells or colonies (Reynolds
et al. 1987; Walsby et al. 1995). Wind speeds greater than 2—
3 m/s generate turbulence that mixes buoyant cyanobacteria
below the surface, preventing or dispersing scums (Wang
et al. 2016; Zhang et al. 2024; Soranno 1997; Gonzélez-Piana
et al. 2018; Halfman et al. 2023). Below this threshold, wind-
driven horizontal advection concentrates cells at the surface
in downwind shorelines and embayments. Wind forcing
also drives internal loading through sediment mixing and
hypolimnion-epilimnion exchange (Stauffer 1987; Zhou
et al. 2021). Wind forcing is the primary driver of both Lang-
muir circulation and internal waves, both of which have been
shown to immediately precede cyanoHABs (Kelly et al. 2024).

Both air temperature and wind forcing can directly affect
thermal stability (Paerl et al. 2011; Posch et al. 2012), with
increased stratification strength favoring cyanoHAB formation
(Soranno 1997; Gentien et al. 2005; Persaud et al. 2014). Yet
despite the potentially important roles of water temperature
and wind speed in regulating cyanoHABs, quantifying the
impact of these factors as proximate regulators of cyanoHAB
formation remains challenging. Here, we use an 11-yr dataset
of confirmed cyanoHABs across 405 lakes in New York State
to understand the complex relationship between antecedent
weather conditions, lake productivity, and cyanoHABs. We
use the trophic state designation of each lake as an integrative
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proxy for multiple long-term processes that act as ultimate
drivers of cyanoHABs. We then use short-term anomalies in
both wind speed and air temperature as exemplar proximate
drivers of surface cyanoHABs. We hypothesized that
cyanoHAB occurrences correlate with deviations from long-
term mean wind speed and air temperature, but that this
effect may be mediated by lake productivity.

Methods

We used data collected by the New York State Department
of Environmental Conservation (NYSDEC) on cyanoHAB
occurrence, which uses a mix of internal reporting, trained
volunteers, and lay reporting (Gorney et al. 2023b). The
NYSDEC classifies cyanoHAB reports using a system of four
categories. “No-Bloom,” “Suspicious,” “Confirmed,” and “Con-
firmed with High Toxins” (see Supporting Information
Note S1 for detailed information on these categories). Follow-
ing NYSDEC protocols, we combined “Suspicious,”
“Confirmed,” and “Confirmed with High Toxins” into a single
“Bloom” category (Savoy et al. 2025).

We next used Carlson’s Trophic State Index as a quantita-
tive measure to estimate productivity in these lakes
(Carlson 1977). Carlson’s Trophic State Index was calculated
using a combination of available Secchi depth, Chlorophyll
a concentration (ug/L), and total phosphorus (ug/L) data. Lake
specific averages for each of these variables were calculated
using data from the NYSDEC (NYSDEC 2025), LAGOS-US
LIMNO (Shuvo et al. 2023), LAGOS-NE LIMNO (Soranno
et al. 2019), and the LAGOS-US LOCUS datasets (Smith
et al. 2021). Mean Secchi depth, Chlorophyll a concentration,
and total phosphorus values for each trophic category are
available in Supporting Information Table S1.

We compiled a final dataset of 4208 cyanoHAB reports on
405 lakes covering an 11-yr span from 2012 to 2023 (Moriarty
et al. 2025). Of these reports, 2611 were in the Bloom category
and 1597 were in the No-Bloom category. This final dataset
included 645 reports from oligotrophic lakes (229 Bloom and
416 No-Bloom), 1282 reports from mesotrophic lakes
(673 Bloom and 609 No-Bloom), 1838 reports from eutrophic
lakes (1344 Bloom and 494 No-Bloom), and 443 reports from
hypertrophic lakes (365 Bloom and 78 No-Bloom). See
Supporting Information Table S2 for a complete breakdown
including year and month statistics.

We used 4-km gridded surface meteorological data to calcu-
late antecedent weather conditions leading up to each report.
Gridded meteorological data was obtained from gridMet
(Abatzoglou 2013). Using gridMet data, we calculated daily
mean maximum air temperature (°C) and wind velocity (m/s)
using the closest model grid point to the centroid of each lake.
For each cyanoHAB report, we then calculated the 25-yr aver-
age (1999-2023) of air temperature and wind speed for the
day-of-year associated with each cyanoHAB report. We next
calculated air temperature and wind speed anomalies as the
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difference between the wind speed or air temperature on
the day of a cyanoHAB report and the 25-yr mean. We
repeated this process for the 5 d leading up to the cyanoHAB
report to provide a timeseries of antecedent weather anoma-
lies leading up to each report. We chose to work with weather
anomaly data as opposed to absolute values to account for
any particulars associated with individual sites, as well as
providing a measure of deviation from normal weather pat-
terns observed at each waterbody (Supporting Information
Table S3). Using a day-of-year based anomaly approach allows
for a direct comparison for the day in question, without the
potential for confounding seasonal effects.

We used the R programming language (R Core Team 2024)
for all analyses. We applied separate two-way ANOVAs to
understand the effect of air temperature and wind speed
anomalies on cyanoHAB presence. We used ANOVAs for both
wind speed and air temperature anomaly data using the “car”
package (Fox and Weisberg 2019), with post hoc analyses
run using the “emmeans” library (Lenth 2019). Then, we
used a two-way ANOVA with post hoc analyses to investigate
differences in air temperature and wind speed anomalies
between Bloom and No-Bloom reports on the 5 d leading up
to a cyanoHAB report. For this analysis we chose to focus
only on oligotrophic lakes as they demonstrated the largest
weather anomalies among the lakes in our dataset (see
Supporting Information Note S2 for a more detailed methods
description).

We used a generalized linear mixed-effects model to assess
if air temperature anomaly on the day of a cyanoHAB report,
wind speed anomaly on the day of a cyanoHAB report, and
trophic state of individual lakes, or the interaction between
these factors, impacted the probability of a surface cyanoHAB
(Bates et al. 2015). We used our generalized linear mixed-
effects model to calculate the probability of a bloom across a
range of air temperature anomalies (—5°C to 10°C) and wind
speed anomalies (-3 to 3 m/s) using the “augment” function
in the “broom.mixed” library (Bolker 2024).

Results

On days with a reported cyanoHAB, lakes tended to have
higher than average air temperatures and lower than average
wind speeds, while on days without cyanoHABs these differ-
ences were negligible (Fig. 1; Table 1). For reported cyanoHAB
days, oligotrophic lakes had the largest wind speed and air
temperature anomalies, followed by mesotrophic, eutrophic,
and then hypereutrophic lakes. The two-way ANOVA used to
investigate the relationship between trophic state and bloom
condition on both air temperature and wind speed anomaly
found there was a statistically significant interaction between
the effects of trophic state and bloom status on air tempera-
ture anomaly (F=6.012, p<0.0001). Simple main effects
analysis for bloom status was significant (F=74.913,
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Fig. 1. Air temperature and wind speed anomaly for both Confirmed
Bloom and No-Bloom reports from New York State (NYSDEC 2025).
Mean average anomaly (error bars are standard error) from a 25-yr aver-
age are provided for each of the four trophic states used in this analysis.
All No-Bloom reports, as well as Bloom reports from hypereutrophic lakes,
cluster around the zero intersection, indicating little to no anomaly when
either no cyanoHABs were reported or in Bloom reports from high nutri-
ent lakes. Bloom reports demonstrate a strong correlation between
weather anomaly and trophic state, with lower trophic states associated
with larger anomalies in both air temperature (positive) and wind speed
(negative).

p <0.0001), as was the trophic state (F=7.330, p <0.0001).
The wind speed ANOVA found similarly significant results for
both interactive effects between bloom status and trophic
state (F=3.964, p=0.008), and simple main effects for
bloom status (F=46.854, p<0.0001) and trophic state
(F=5.325, p =0.001). Examining 5-d antecedent air tempera-
ture and wind speed anomalies in oligotrophic lakes showed
that the largest anomalies were on the day of a reported
bloom, with a trend of decreasing anomaly in the days imme-
diately preceding a cyanoHAB report (Fig. 2). We found a sig-
nificant interaction between bloom status and antecedent day
(0-5) for both air temperature (F= 10.398, p <0.0001) and
wind speed (F = 10.631, p < 0.0001) anomalies. See Supporting
Information Fig. S2 for a more detailed discussion of these
findings and post hoc analysis.

Our generalized linear mixed-effects model (Fig. 3) showed
that the probability of a bloom was highest in hypereutrophic
and eutrophic lakes and lowest in oligotrophic lakes. The rela-
tively flat slope observed in hypertrophic lakes (Fig. 3D, H)
indicates that the likelihood of a cyanoHAB is relatively
insensitive to air temperature or wind speed anomalies in
these lakes. However, as trophic state decreases from hyp-
ereutrophic to oligotrophic the slope becomes progressively
steeper, indicating greater sensitivity of cyanoHAB develop-
ment in lower trophic lakes to air temperature and wind speed
anomalies. CyanoHABs in oligotrophic lakes were the most
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Table 1. Calculated mean anomalies for both Bloom and No-
Bloom reports (NYSDEC 2025). Values are categorized by lake
trophic state and anomaly type: air temperature (°C) and wind
speed (m/s). Numbers represent mean anomalies from a 25-yr
lake specific average, and values in parentheses indicate standard
errors. Values in bold are statistically significantly (p < 0.05)
different from zero.

Anomaly Lake type No-bloom Bloom

Air Oligotrophic 0.03 (0.15) 2.0 (0.28)
Air Mesotrophic 0.24 (0.13) 1.46 (0.15)
Air Eutrophic 0.40 (0.14) 1.08 (0.11)
Air Hypereutrophic 0.20 (0.41) 0.31 (0.20)
Wind Oligotrophic 0.01 (0.06) —0.58 (0.09)
Wind Mesotrophic —0.06 (0.05) —0.39 (0.05)
Wind Eutrophic —0.08 (0.05) —0.27 (0.04)
Wind Hypereutrophic 0.02 (0.13) —0.07 (0.07)

sensitive to air temperature and wind speed anomalies, and
there was a significant (p = 0.034) interaction between wind
speed and air temperature anomalies (Fig. 3A, E). The highest
bloom probabilities for oligotrophic lakes were associated with
low wind speed and high air temperature anomalies, though
the higher probabilities associated with low wind speeds were
negated when paired with lower air temperatures (Fig. 3A),
and vice versa (Fig. 3E). Supporting Information Tables S4 and
S5 present detailed summaries of our generalized linear
mixed-effects model, as well as modeled probabilities of cya-
noHABs resulting from weather anomalies across each trophic
state.

Discussion

Our analysis of a robust 11-yr dataset spanning hundreds
of lakes demonstrates that lakes commonly experience above
average air temperatures and below average wind speeds on
days with a reported algal bloom. Importantly, our results
show the magnitude in anomaly associated with a reported
cyanoHAB is mediated by the trophic state of each lake
(Fig. 1). Lower nutrient lakes were found to have a greater
meteorological anomaly associated with a reported cyanoHAB,
whereas nutrient-rich lakes appear to bloom with little to no
contribution from recent or concurrent weather forcing. The
weather anomalies associated with oligotrophic lakes suggest
a larger proximate “push” from the environment may be
required to initiate a cyanoHAB in these lakes, as their lower
productivity is less conducive to surface scum formation. In
contrast, higher trophic lakes can be considered “primed” for
cyanoHABs due to higher nutrient stress, only requiring a small
change in proximate drivers to trigger a bloom (Supporting
Information Fig. S1).

These findings collectively underscore the importance of
meteorological attributes as important proximate factors
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Fig. 2. Air temperature and wind speed anomalies from a 25-yr average
in the 5 d preceding a cyanoHAB (Bloom) report for oligotrophic lakes in
New York State (NYSDEC 2025). For days with a reported cyanoHAB, the
largest anomalies in both air temperature and wind speed were seen on
the day of a report (day 0), with lower anomalies found in the preceding
days leading up to a cyanoHAB event.

influencing cyanoHABs, as well as highlighting the role of
lake productivity in modulating these effects. Although exten-
sive research has been conducted on each of these driving
mechanisms as related to bloom formation, the interaction
between lake productivity and weather as ultimate and
proximate drivers of cyanoHABs remains poorly understood
in most aquatic systems (Michalak et al. 2013; Ho and
Michalak 2020).

Antecedent conditions prior to the day of a cyanoHAB
are important as well. For example, in oligotrophic lakes air
temperatures were relatively high and wind speeds relatively
calm for several days prior to most reported cyanoHABs
(Fig. 2). These results show that cyanoHABs are not just
responsive to day-of conditions but rather may be
responding to multiday conditions up to several days preced-
ing a cyanoHAB report. While cyanoHABs in these lower
productivity lakes appear highly dependent on wind speed
and air temperature, we found that unfavorable conditions
in either driver could nullify the impact of beneficial condi-
tions in the other (Fig. 3). Indeed, our model results suggest
there is a synergistic interaction between air temperature and
wind speed in oligotrophic lakes, with different drivers work-
ing in concert to either constructively or destructively affect
the probability of a bloom.

Previous studies examining a link between climate drivers
and lake productivity found that climate variability is highly
influential in eutrophic systems, with the reasoning being
that nutrient levels in these systems are so high as to no
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longer be a primary limiting factor (Watson et al. 1997; Feng
et al. 2024). Our results present an alternative interpretation
of this interaction. Specifically, we find that cyanoHABs in
highly productive lakes are largely unrelated to short-term
meteorological drivers. Nutrient concentrations in these
highly productive lakes increase the likelihood of algal blooms
under a range of weather conditions, effectively priming them
for cyanoHABs. Once primed in this way, lakes may only
require a small change in proximate drivers to trigger a
cyanoHAB. Thus, climate drivers may be seen to exert
a diminished impact on cyanoHAB formation in nutrient-rich
lakes, with cyanoHABs occurring with little to no input from
proximate weather forcing.

CyanoHABs can be categorized in many ways (Isles and
Pomati 2021; Gorney et al. 2023a). We constrained our defini-
tion to episodic cyanoHABs manifesting as rapid formation of
visible surface scums, as they have a definitive starting point,
are easily identifiable due to large biomass increases at the
water surface, and are often self-terminating (Isles and Pom-
ati 2021). Limiting our analysis to a single type of bloom
allows us to examine key environmental drivers associated
with a narrow subset of phenomena. Bloom reports, as used
here from the NYSDEC reporting system, are ideal for charac-
terizing these kinds of episodic events, as the sudden appear-
ance is often noted by observant lake residents. However,
there are known issues when working with citizen reports,
including observer bias (Rand et al. 2022; Gorney
et al. 2023b). Observer bias can lead to over reporting of sur-
face blooms on days with higher visitation (i.e., weekends and
holidays), as well as “pleasant” recreational days with warmer
temperatures and lower wind speeds (see Supporting Informa-
tion Note S3 for a more in-depth discussion). This last issue is
of particular concern as “pleasant” days have the same condi-
tions associated with cyanoHAB formation, making the inclu-
sion of No-Bloom reports in our dataset a key control for
observer bias. The clustering of No-Bloom reports around the
origin (zero) in Fig. 1 indicates little deviation from long-term
mean values when no cyanoHABs were observed and suggests
a minimal impact of potential observer bias in our dataset.

Trophic status serves as an integrative proxy for multiple
limnological variables influencing cyanoHAB dynamics,
including nutrient availability, productivity, and morphomet-
ric and hydrological characteristics (e.g., residence time, water
exchange rates) that are difficult to measure across multiple
lakes (Liu et al. 2011; Supporting Information Table S6). We
used trophic status to characterize long-term average lake pro-
ductivity, an approach well-suited to examining broad trends
concerning the interaction of weather and primary producers
across diverse lake types. While this temporal averaging
provides stable baseline productivity estimates, it does not
capture short-term variability such as seasonal nutrient fluctu-
ations, episodic storm loading, or year-to-year anomalies in
internal and external loading. This simplification enhances
generalizability across heterogeneous systems, though it may
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obscure fine-scale temporal dynamics relevant to cyanoHAB
occurrence.

There are a wide range of environmental and biological
drivers of cyanoHABs (Ma et al. 2014; Yan et al. 2024). While
eutrophication of freshwater systems has been identified as a
primary driver of algal blooms (Bonilla et al. 2023; Paerl and
Otten 2013), our results explore the interaction of proximate
and ultimate drivers of cyanoHABs. Specifically, how nutrients
and other long-term pressures which drive growth and loss
processes interact with shorter-term processes that can affect
vertical and horizontal accumulations of cyanobacteria colo-
nies. The interaction between trophic state and weather
drivers examined here has important implications for our
understanding of the proximate causes of cyanoHABs. Glob-
ally, wind speeds have not exhibited clear trends associated
with climate change (Wohland et al. 2021), but temperatures
have increased and are predicted to continue to increase
(Intergovernmental Panel on Climate Change 2023). Addi-
tionally, climate variability is increasing over time, indicating
the likelihood of a greater distribution in air temperatures and
wind speeds (Faranda et al. 2022; Bevacqua et al. 2024; Cevik
and Gwon 2024). Together, these trends indicate that future
meteorological conditions may become increasingly favorable
to cyanoHABs, especially in relatively low nutrient lakes, as
our results indicate these lakes are most sensitive to meteoro-
logical forcing. This conclusion is supported by previous con-
cerns related to cyanoHABs in oligotrophic lakes (Reinl
et al. 2021), and suggests that the environmental impacts and
human health issues related to cyanoHABs (Backer et al. 2015;
Lim et al. 2023) will continue to worsen in these prized clear-
water systems without management and mitigation actions to
address long-term, ultimate drivers of cyanoHAB in the face of
increasing anthropogenic pressures.
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and information can be found at https://lagoslakes.org.
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