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ARTICLE INFO ABSTRACT

Edited by Dr. C. Gobler Freshwater ecosystems are highly susceptible to harmful algal blooms (HABs), which are often caused by

monospecific dense blooms. Effective preventive management strategies are urgently needed to avoid wide-

Keywords: ranging and severe impacts often resulting in costly damage to resources and unsustainable management op-
Invasion . tions. In this study, we utilized SDM techniques focused on Prymnesium parvum, one of the most notorious HABs
FreShwa.t ©r reservolrs species worldwide. We first compare the climatic space occupied by P. parvum in North America, Europe and
Is)g;;: estum parvum Australia. Additionally, we use MaxEnt algorithm to infer, for the first time, the potentially suitable freshwater
Biopollution environments in the aforementioned ranges. We also discuss the risks of invasion in reservoirs — prone habitats to

persistent blooms of pests and invasive phytoplanktonic species. Our results show populations with distinctive
niches suggesting ecophysiological tolerances, perhaps reflecting different strains. Our model projections
revealed that the potential extent for P. parvum invasions is much broader than its current geographic distri-
bution. The spatial configuration of reservoirs, if not sustaining dense blooms due to non-optimal conditions,
favors colonization of multiple basins and ecoregions not yet occupied by P. parvum. Our models can provide
valuable insights to decision-makers and monitoring programs while reducing the resources required to control
the spread of P. parvum in disturbed habitats. Lastly, as impact magnitude is influenced by toxicity which in turn
varies between different strains, we suggest future studies to incorporate intraspecific genetic information and
fine-scale environmental variables to estimate potential distribution of P. parvum.

1. Introduction recreational activities (Aguilera et al., 2023). Moreover,

climate-induced disturbances are expected to interact synergistically,

Harmful algal blooms (HABs) pose a persistent threat to aquatic
biodiversity, presenting a conservation challenge with extensive impacts
to ecosystem services, human health, and the economy (Lewitus et al.,
2012). These blooms can thrive in a wide range of environmental con-
ditions (i.e. temperature and precipitation; Becker et al., 2009; Jeppe-
sen et al., 2014; Paerl and Huisman, 2008; Reinl et al., 2023) and arise
from the prolific growth of various taxa, such as Cyanobacteria, di-
noflagellates, and haptophytes (Balaji-Prasath et al., 2022). These taxa
can present “pest behavior”, become invasive or remain in an even
unconclusive status (Acosta et al., 2015; Litchman, 2010; Ruiz et al.,
1997). In freshwater environments, HABs have led to the degradation of
water quality, impacting diverse uses like drinking water and
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jeopardizing the availability of clean freshwater resources (Boretti and
Rosa, 2019), while also potentially reducing the resistance to succes-
sively introduced non-native species (Glibert, 2020; Glibert et al., 2011;
Macedo et al., 2021a). Consequently, the management of HABs becomes
a multivariate and intricate challenge (Glibert, 2020; Hallegraeff, 2010).

Management options can utilize robust statistical approaches to
assist cost-efficient management based on prevention and anticipation
of impacts (Erratt et al., 2022). At regional and global scales, species
distribution models (SDMs) have proven to be a valuable technique for
identifying areas with suitable environmental conditions based on
occurrence records and associated temperature and precipitation pat-
terns (Liu et al., 2022; Pearson et al., 2006). Temperature plays a crucial
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role in phytoplankton survival and physiological performance, directly
influencing their distribution (Kramer et al., 2017; Xia et al., 2021).
Similarly, precipitation impacts nutrient availability, salinity, and ver-
tical temperature stratification, thereby affecting the growth of algae
(Jeppesen et al., 2009; Stockwell et al., 2020). These factors (surrogates
for water conditions) jointly contribute to shaping the potential distri-
bution of multiple aquatic species, including phytoplanktonic groups
(Jensen et al., 2017; Macedo et al., 2021; Meriggi et al., 2022). The lack
of direct estimates of water variables (Ficklin et al., 2014; McGarvey
et al., 2018) maked them useful constraints in SDM predictions with
demonstrated high niche overlap when comparatively using climatic
surrogates and instream measurements (McGravey et al., 2018).

The golden algae, Prymnesium parvum (Carter, 1937) has widely
expanded its distribution through inland water reservoirs and rivers
(Brooks et al., 2011; Hambright et al., 2014; Remmel and Hambright,
2012; Southard et al., 2010). Despite its marine and coastal origin
(Hambright et al., 2015), catastrophic episodes have raised increasing
concerns regarding freshwater resources, leading to severe mass mor-
tality problems in water supply systems and rivers (Johnsen et al., 2010;
Southard et al., 2010). Prymnesium parvum has euryhaline features
persisting under varying salinity concentrations e.g. 5-35 ppm (Kaart-
vedt et al., 1991; Richardson and Patino, 2021). While Australian strains
tend to reach optimal growth at higher salinity, direct or indirect
human-driven alterations affects water bodies favoring blooms of
P. parvum, e.g. in the case of water diversion with sudden drops in
salinity (Barone et al., 2010) or alterations in precipitation regimes
(Roelke et al., 2011; German Environment Agency - UBA, 2022;
Sobieraj and Metelski, 2023). The first reported case of a P. parvum
bloom that led to fish mortality occurred in 1985 in the south-central
region of the United States, specifically in the Pecos River in Texas
(James and De La Cruz, 1989). Since then, P. parvum has spread rapidly
across both southern and northern regions of the USA, invading lakes
and rivers (Roelke et al., 2011; Brooks et al., 2011; Hambright et al.,
2010). As far as we know, no previous study attempt to predict the
potential distribution of this highly impactful algae.

Once favorable conditions are met for P. parvum, it is also suggested
that the intensity of dispersal (i.e. propagule pressure) becomes a
determining factor in the success of this species (Acosta et al., 2015).
Similarly to other pervasive species, P. parvum can enhance recruitment
and spread throughout inland alterations (e.g. dams, diversions and
artificial channels; Havel et al., 2005; Morgan et al., 2001) Macedo et al.,
2021a; 2021b). Aquatic non-native species from marine environments
like P. parvum are more prone to invade freshwater ecosystems than vice
versa (Casties et al., 2016). Anthropogenically created freshwater eco-
systems like reservoirs serve a variety of purposes such as irrigation,
store drinkable water for domestic and industrial means but are
particularly prone to invasions as aquatic non-native species can be
introduced through a variety of means, such as accidental introductions
via shipping or intentional introductions for aquaculture or recreational
fishing purposes (Hallegraeff and Bolch, 1991).

Here, we used SDMs to visualize and predict the potential distribu-
tional patterns of P. parvum across three largely impacted regions: North
America, Europe and Oceania. We also used available data on current
dam constructions across these regions to identify matches between the
climatic suitability and the potential facilitators for establishment and
spread. In addition, we identify important climatic variables underpin-
ning invasion pathway of P. parvum in the face of the current tendency of
global warming and salinization of freshwaters (Kaushal et al., 2021;
Raitsos et al., 2010; Robinson et al., 2020). In doing so, we aim to inform
environmental management to avoid or mitigate ecological catastrophes
(Granéli et al., 2012; Svendsen et al., 2018) and safeguard ecosystem
services and health of nature and people utilizing freshwater reservoirs
across target invaded systems.
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2. Material and methods

Species records were gathered from the Global Biodiversity Infor-
mation Facility (www.gbif.org), Ocean Biodiversity Information System
(www.obis.org) and literature search as complementary sources. We
collated a total of 102 Prymnesium parvum after removal of duplicates
and spatial thinning by 5 km using spthin library (Aiello-Lammens et al.,
2015) (Fig. 1; Supplementary Table S1). For environmental predictors,
we pre-selected five from all 19 bioclimatic variables in the geodata R
package from historical monthly climatic data (1970-2000) monthly
temperature and precipitation values at a 5 km? resolution (Fick and
Hijmans, 2017).

For the development of our SDM for the subject species, we carefully
selected bioclimatic variables based on the species’ known ecological
preferences and physiological constraints, as well as empirical evidence
from related studies. Minimal temperature of the coldest month (bio6),
provides insights into the potential regions where the species could
survive during the coldest periods: the species, originating from coastal
marine areas, demonstrates a particular sensitivity to cold temperatures
that might impact its ability to overwinter in freshwater environments
(Manning and La Claire, 2010). Mean diurnal range (bio2): As the spe-
cies shifts from coastal to more interior inland waters, its exposure to
daily temperature fluctuations is expected to increase. Precipitation
variables (biol4, biol7, bio19): precipitation plays a pivotal role in
determining water quality, particularly parameters like electrical con-
ductivity (or salinity) and nutrient concentrations (Granéli et al., 2012;
Kaushal et al., 2021). Precipitation of the driest month (bio14): This
metric gauges the species’ resilience to extremely dry periods, poten-
tially indicating its adaptation to higher salinities and altered nutrient
conditions. Precipitation of the driest quarter (biol7): a broader tem-
poral scale metric, it offers insights into seasonal drought conditions that
might influence the species’ distribution. Precipitation of the coldest
quarter (biol9): Considering that the species is more prevalent in
blooms during temperate climates, understanding precipitation during
colder months can provide crucial insights into bloom dynamics in
relation to nutrient availability and temperature (Paerl and Huisman,
2008; Reinl et al., 2023). Multicollinearity among efcalculating variance
inflation factor (VIF; r < 0.7) statistics (Zeng et al., 2016), which
resulted in the selection of four variables used in our models, formally:
(bio2, bio6, biol4, biol9).

First, we compared climatic niches directly in a multivariate space
following Broennimann et al. (2012). For such comparisons, we used a
principal component analysis (PCA-env sensu Broennimann et al., 2012)
calibrated on the available environmental background of the three
target populations (Supplementary Fig. S1). We calculated niche over-
laps between climatic spaces using the comparative metric Schoener’s D
(Warren et al., 2008) and niche similarity to assess whether the niches
are more (or less) similar than expected. Further, we used the Maximum
Entropy (MaxEnt), a presence only model (uses pseudo-absences to
compensate) that tries to minimize a gain function (similar to deviance)
to maximize the entropy (uniform distribution of uncertainty in
geographical space) (Phillips et al., 2006). Modeling procedure was
carried out in R language and environment version 4.2.1 (R Core Team,
2023) using the sdm R package (Naimi and Aratijo, 2016). As invasive
species distributions are not in equilibrium with their environment
making transferability in space and time are limited (Liu et al., 2022),
we used global distribution (both native and non-native ranges), thus
capturing the maximum climatic amplitude of the species. We randomly
set 10,000 background points generated across the globe following
evidence-based recommendations for large-scale modeling (Barbet--
Massin et al., 2012). Models were trained with a bootstrapping method,
indicated when the species has a low number of registers, with 20 rep-
etitions. Models were calibrated using 75% of the data and evaluated
using the remaining 25%.

Model performance was assessed by traditional metrics the Area
Under the Receiver Operating Curve (AUC; Franklin, 2010), (2) True
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Fig. 1. Distribution records of Prymnesium parvum.

Skills Statistics (TSS; Allouche et al., 2006). The threshold used was the
one that maximizes both sensitivity and specificity i.e. max(ss+sp). In
addition, we used the Boyce index which is highly indicated for MaxEnt
(Hirzel et al., 2006), and represents how well the predictive suitability
for true positive cases (i.e., presence points) differ from a random set of
predictions (i.e., background points). The Boyce index details the
average agreement between the predicted suitability and observed
values, which ranges from —1 (no agreement) to 1 (perfect agreement),
with values close to zero indicating that the prediction is no better than
random as determined by the corresponding function in ecospat R
package (Boyce et al., 2002). To determine the presence/absence binary
map we used the max(ss+sp) as the cut-off value (Liu et al., 2005).
MaxEnt response curves were extracted and back-transformed to raw
values for interpretation. Specifically, we focused our model visualiza-
tion on the North American, European and Oceania, where the species
has raised severe concerns.

We included data on a number of operating freshwater reservoirs
gathered from Mulligan et al. (2020) aiming to more accurately predict
prone freshwater environments at risk of P. parvum establishment. For
visualization of priority areas for regional management, we plot reser-
voirs vulnerable for P. parvum invasions i.e., suitable reservoirs indi-
cated by binary models, yet represented as having low, moderate or high
probabilities values.

3. Results

Our multivariate niche analysis showed very low niche overlap be-
tween all pairwise population comparisons. When comparing both Eu-
ropean and Australian populations, climatic niche overlaps showed to be
higher than expected by chance (p = 0.04) based on available envi-
ronmental backgrounds. However, the reciprocal comparison (2 to 1)
showed contrasting result (p = 0.051) (Table 1). The first two axes of
PCA-env accounted for 74% of the environmental variation in the
studied areas (55% in the first axis; 24% in the second axis) (see also

Table 1

Niche comparisons between ranges (North America, Europe and Australia).
Niche overlap are given as D index and results from niche similarity hypotheses
(p-values) are given for comparisons in the two possible directions of the test.

1-2 D Similarity 1-2 Similarity 2—1
North America-Europe 0.012 0.248 0.208
North America-Australia 0.032 0.149 0.139

Europe-Australia 0.045 0.049 0.051

Supplementary Fig. S2; S3).

SDMs accurately predicted presences (sensitivity) and pseudo-
absences (specificity) of P. parvum in North America, Europe, and Oce-
ania, with final models presenting high evaluation metrics (Table 2).
Variable importance estimates showed that the minimum temperature
of the coldest month (i.e. bio 6) was the most relevant environmental
predictors (Fig. 2; Table 3). The other three variables used in our models
showed similar importance percentages, with biol4 slightly leading.
Increasing precipitation resulted in drastic reduction of occurrence
probabilities values of P. parvum, suggesting preference for drier local-
ities (Fig. 2). Daily thermal stability (bio2) increased the probability of
occurrence whereas Peak relative suitability for minimum temperature
of the coldest month was 0 and 6 °C.

The final probability of the occurrence map shows suitable areas for
the occurrence of P. parvum in many areas of Europe, whereas it has
more restricted potential in distribution in North America and Oceania
(Fig. 3). Areas with very high occurrence probabilities > 0.75 were
concentrated in areas where P. parvum has been recorded in blooms,
particularly in coastal areas of Florida, central Europe and southeast
Australian coast. Also in interior areas such as the Great Lakes and
Texans waterbodies and localities in eastern Germany as well as South
western Poland, indicating areas where P. parvum may have already
colonized or where future invasions may occur. The map also high-
lighted areas with zero or low occurrence probability [max(ss+sp)
<0.38] in all three regions (Fig. 3a, b).

Areas suitable for P. parvum (Fig. 3d-f) corresponded to those with
dense number of reservoirs of medium and large magnitudes in areas
with varying degree of suitability. Reservoirs in France, Germany, UK,
Poland; North of Spain and Italy were found to be at high risk of
P. parvum invasions whereas in the United State high risk areas were,
Texas, Oklahoma, Kansas and Missouri. Finally, Southeastern Australia
were also highly suitable for P. parvum establishment.

4. Discussion

In the Anthropocene, characterized by unprecedented global

Table 2

Performance metrics of final models projected in North America, Europe and
Oceania. TSS= True Skill Statistics, AUC= Area Under the Receiving Operator
Curve and, CBI= Continuous Boyce Index.

Sensitivity Specificity TSS AUC CBI

Final model 89% 90% 0.79 0.94 0.94+0.02
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Fig. 2. Response curves showing the relationships between the probability of presence of P. parvum. Values shown are average over 20 replicate runs; gray shades
margins show standard deviation. Mean diurnal range (bio2), minimal temperature of the coldest month (bio6), precipitation of driest month (biol4), and pre-

cipitation of coldest quarter (bio19).

Table 3

Relative variable importance in the MaxEnt models for P. parvum assessed
through permutation based on two metrics (Pearson correlation and AUC). Mean
diurnal range (bio2), minimal temperature of the coldest month (bio6), pre-
cipitation of driest month (biol4), and precipitation of coldest quarter (biol9).

Method Correlation% AUC%
Variables

Bio2 18.8 6.2
Bio6 74.1 70.3
Biol4 30.5 10.2
Biol9 12.3 3.3

environmental and climate changes, decision-making regarding harmful
algal bloom (HAB) management has become increasingly complex.
Regardless of the invasive or native status of these blooms, early
detection and rapid response remain the most cost-efficient options
(Erratt et al., 2022; Reaser et al., 2020; Xia et al., 2018). This is in
agreement with research efforts focused on filling gaps on geographical
range and distribution of blooms (Aguilera et al., 2023; Reinl et al.,
2023), verifying efficiency of methods for early detection (Macedo et al.,
2021a,b; Luo et al., 2022; Meriggi et al., 2022), and synthesize cost
estimates (Macedo et al., 2022). To the best of our knowledge, our study
is the first in predicting potential distribution of the harmful Prymnesium
parvum, with our SDMs suggesting a broader potential distribution of
P. parvum.

Overall, the hypothesis of similarity between climatic niches was
rejected for almost all pairwise comparisons due to very low and
randomly distributed overlaps. Such niche differentiation can be due to
physiologic plasticity and/or different patterns of strains encountered in
these regions (Binzer et al., 2019) which can contain even higher genetic
variation. These results are aligned with recent analysis of geographi-
cally diverse strains indicating taxonomic crypticity in P. parvum
(Wisecaver et al., 2023). Future research should, therefore, consider
exploring the underlying processes of niche evolution e.g. niche
expansion as has been identified in other phytoplankton species (Soi-
ninen et al, 2019; Macedo et al., 2021b), perhaps using a more
comprehensive molecular data on strains types to train distribution
models.

When managing microorganism’s invasion, major unknowns refer to

crypticity of functions (see Jaric et al., 2019). For example, P. parvum
exhibits mixotrophic behavior, utilizing various nutritional strategies
such e.g., as photo-autotrophy and phagotrophy (Carvalho and Granéli,
2010), but also physiological plasticity and genetic diversity (Granéli
et al., 2012; Binzer et al., 2019). These features can be selected by
long-term environmental changes, heterogeneity and disturbances, thus
offering major scope for niche differentiation as found by Macedo et al.
(2021b) for Ceratium furcoides. Given the enormous development of
analytical tools to address fundamental questions in ecology, our study
suggests investigated the overlap between the spatial niche of the
different model strains as n-dimensional hypervolumes, and to quantify
their reciprocal intersection (i.e. overlap; Fig. 4). Formal hypothesis
could address whether possible overlaps result in direct competition,
causing one strain to increase its toxicity

When considering the SDM projections, low temperature has been
suggested as a critical environmental factor that might restrict the
expansion of P. parvum to higher latitudes. Although rare episodes were
previously reported (e.g. in Brazil; Alves-de-Souza et al., 2017; Manning
and La Claire, 2010), the temperature limitations shown in the response
curves are consistent with studies which recorded growth inhibition and
lysis in warm waters (30-35°C; Shilo and Aschner, 1953; McLaughlin,
1958). The Danish and Norwegian strains of P. parvum tested by Larsen
et al. (1998) exhibited a maximum growth rate at 15 °C, yet tolerating a
wide temperature range of 5 to 30 °C. Outbreaks were also reported at
temperatures between 15 and 23.5°C (Sabour et al., 2000). Although the
wide thermal tolerances may support that P. parvum is a eurythermal
organism, complexities due to a temperature and salinity interplay may
be crucial for population dynamics and altering the magnitude of
observale impacts (Baker et al., 2007; 2009). For example, the estimated
optimal temperature for growth decreased with decreasing salinity
(Baker et al., 2009). At low salinities, the negative effect of low tem-
peratures on growth of P. parvum are weakened which may partially
explain its high suitability in the winter months in inland waters of Texas
State, United States (Roelke et al., 2011; VanLandeghem et al., 2015).
These findings are also consistent with recent reports of blooms at very
low temperatures, including ice-cold environments and below the ice
(Reinl et al., 2023). In addition, lower biological resistance of recipient
communities is expected at low temperatures, lower grazing pressure by
toxin-resistant zooplankton and the pathogenic effects of viruses
(Acosta et al., 2015; Hambright et al., 2015, 2010; Schwierzke et al.,
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which influences toxicity and environmental tolerances, together with comparative computational analysis of niche can help elucidate geographic patterns of

Prymnesium strains.

2010). Moreover, certain phytoplankton species can -effectively
outcompete P. parvum. For instance, its blooms are typically absent
when cyanobacteria are present. Thus, in the reservoirs of Australia’s
East Coast, where our models indicated high suitability, cyanobacterial
dominance might be preventing Prymnesium outbreaks.

Our models also suggested that drier climates can favor the estab-
lishment of P. parvum. This conjecture is supported by a recent study in
Poland which documented a recent massive fish mortality in the River

Oder in the late summer in 2022 (Sobieraj and Metelski, 2023). The
findings presented in the technical report indicated that the Oder fish
die-off was triggered by multi-causal mechanisms, yet the elevated
conductivity of more than 1900 uS/cm encouraged the rapid growth of
the brackish water alga P parvum to a very high density of individuals.
Climate conditions such as high evaporation rates and low levels of
precipitation, that are also anticipated in the future, can add complexity
to the predictability of P. parvum outbreaks. This is beacuse of the role of
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salinity being particularly important due to P. parvum being a marine
species that is already at the limit of its salinity tolerance in reservoirs
(Hambright et al., 2014) and with most recorded blooms occurring when
salinity exceeds 1.7 practical salinity units (psu; Hambright et al., 2015).
Not only ions which increase salinity in freshwaters but also concen-
trations of substances dissolved in water will continue to lead to complex
interactions under water, thereby highlighting the importance of
context dependencies in invaded freshwaters.

The habitat relatedness of P. parvum to artificial systems, such as
reservoirs, may enhance its spread across larger ranges. This is possible
due to water diversion projects undertaken to improve water security in
regions with semi-arid climate or urban areas with fast population
growth (Lasserre, 2006; Clayton et al., 2021). Dams can facilitate the
establishment of harmful algae even in climatically unsuitable areas - if
local variables of relevance for P. parvum growth are present (e.g. high
concentrations of herbicides, carbon dioxide or wetland cover suppres-
sion; Clayton et al., 2021; Tabora-Sarmiento et al., 2022). In reservoirs,
the management of harmful algal blooms, including those from
P. parvum, requires careful consideration of nutrient imbalances and
their potential effects on allelopathy (Graneli and Johansson, 2003).
Traditional methods of controlling cyanobacteria, such as phosphorus
and nitrogen reduction and thus, N:P ratio disruption, in lakes and
reservoirs, can inadvertently trigger the toxin production of Prymnesium
(VanLandeghem et al., 2015; Granéli and Johansson, 2003). Studies
have shown that allelopathic effects are increased under nutrient limi-
tation, and when P. parvum cultures with unbalanced nutrient condi-
tions, such as very high or very low N:P ratios, produce allelopathic
compounds (Sobieraj and Metelski, 2023). Also, the production of toxins
by P. parvum tends to increase under sub-optimal growth conditions,
which often coincide with the formation of blooms (reviewed in Granéli
et al., 2012; Granéli and Salomon, 2010). Furthermore, lowland reser-
voirs are often situated in catchments that are affected by agricultural
land use and urbanization, resulting in elevated nutrients and pollutants
run-off that favors blooms (Clayton et al., 2021). Also, coastal areas,
which also showed high suitability to P. parvum, raise concern about the
conservation of estuaries and brackish environments. By complementing
climatic variables with information on the nutrient status of reservoirs
waters - mainly those most closely related to P. parvum ecology e.g.
nitrogen - we will be able to identify both areas of high risk for invasion
and areas where impacts can be of high magnitude, thereby of concern
to multiple water uses related to agriculture, food industry, fisheries,
recreational and potable sources.

The studied regions are prominent in biological invasions with multi-
million dollars undertaken to control or mitigate impacts of invasive
species (Cuthbert et al., 2022; Ricciardi, 2006). High probability of
occurrence was found in the Great Lakes basin of North America, an
already largely invaded freshwater ecosystem (Ricciardi and Maclsaac,
2022). In North American lakes for example, the invasion of other spe-
cies Bythotrephes longimanus Limnoperna fortunei can cause loss of
ecosystem services e.g. water quality changes and transparency reduc-
tion, which in turn can alter N:P balance via direct effects or manage-
ment options (Reynolds and Aldridge, 2021; Walsh et al., 2017), thus
favoring more toxic blooms and rising management complexity. Beyond
this important ecosystem in North America, an impressive high number
of freshwater reservoirs were classified as highly suitable to P. parvum. If
not representing a severe risk of blooms with plausible catastrophic
impacts, these findings indicate that it is highly probable that P. parvum
will spread due to the connectivity of inland water ecosystems. Yet,
previous studies stated that the transfer of species between different
salinity habitats is asymmetrical, with a colonization of freshwater
habitats by marine and brackish species becoming increasingly common
in recent years, but not vice versa (Grigorovich et al., 1998; Paiva et al.,
2018). Last but not least, the emergence of new introduction pathways
(e.g. new international shipping routes, inland water diversion and dam
projects and hydrological alterations) will likely facilitate the dispersal
of the species to neighboring localities (Macedo et al., 2021a; Litchman,

Harmful Algae 129 (2023) 102513

2010; Yang et al., 2023).
5. Conclusion

Our results rejected the hypothesis of niche conservatism in
P. parvum populations stablished in North America, Europe, and
Australia. This finding has important implications on the effective
management and assessments of invasion risk, raising discussions on
plausible underlying mechanisms shaping its invasiveness due to i.e.
physiological tolerances of different strains and invasibility and the high
suitability in prone invadable freshwater habitats (reservoirs). We
showed the potential distribution of P. parvum is larger than perceived
by observational studies posing a severe risk to freshwater ecosystems in
North America, Europe, and Australia. Our results also narrow down the
number of reservoirs that must be subjected to continuous and moni-
toring protocols, which should also include multiparametric evaluation
of water quality to favor the understanding of the role of context de-
pendencies in the success and magnitude of impacts caused by this toxin-
producing algae.
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