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ARTICLE INFO ABSTRACT

Keywords: Global inland water biodiversity is under mounting stress facing future scenarios of climate change, biological
Algal blooms _ invasions, pollution, diversion, damming of rivers, and increase of water abstractions. Apart from having isolated
Dam constructions effects, all these stressors threats act synergistically and thus pose additional emerging threats to biodiversity and

Ecological Niche Modelling
Invasibility

Invasiveness

Climate change

ecosystem services. Native to Northern Europe, the nuisance and potential toxic dinoflagellate Ceratium furcoides
(Levander) Langhans 1925 is a silent invader that blooms in freshwater systems; it has one of the most rapid
spread rates globally. We propose a framework to determine the worldwide most vulnerable areas for the in-
vasion by C. furcoides shortly (2041-2060) by combining future scenarios of climate change (a proxy for inva-
siveness) derived from ecological niche models with future dam construction data (a proxy for invasibility). The
nine models applied in four future scenarios of greenhouse gas emission from Coupled Model Intercomparison
Project Phase 6 showed a general increase in areas suitable for the invasion success of C. furcoides. High sus-
ceptibility overlapped with areas densely occupied by large and medium-size dams and future dam construction
projects. Considering that C. furcoides can reproduce from a single cell, produces resistant stages, and has several
strategies to cope with local environmental constraints, early detection protocols, and mitigation actions are
urgently needed to avoid biodiversity declines related to this invader.
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1. Introduction

The proper functioning of ecosystems sustains global biodiversity,
human health and economic prosperity, but it is highly dependent on
efficient conservation and impact mitigation policies (Dodds et al.,
2009; van der Plas, 2019; Maureaud et al., 2020). Inland waters are
undergoing rapid changes following both persistent and rising anthro-
pogenic pressures (e.g. eutrophication, pollution, damming, climate
change, and biological invasions; Tundisi et al., 2015), thus threatening
biodiversity and the provisioning of nature services to humans (Darwall
et al., 2009; Reid et al., 2019; Birk et al., 2020). Although not fully
understood, many of these threats are ubiquitous and create cumulative
and synergistic impacts that harm global biodiversity and human live-
lihoods (Darwall et al., 2009; Tundisi et al., 2015). Impact assessment of
invasive species and initiatives to mitigate their threats are, however,
rare, especially for microorganisms (Rahel & Olden, 2008; Knouft &
Ficklin, 2017; Reid et al., 2019), even though they are quite often
responsible for disastrous events, such as biotic homogenization, trophic
disruption, and water quality deterioration (Vanderploeg et al., 2001;
Walsh et al., 2016; Amorim & Moura, 2020). Thus, novel protocols for
the early detection of potentially invasive species are needed, as is the
identification of areas more prone to invasions. To this end, it is
imperative to integrate knowledge on current and future scenarios of
climate change and anthropogenic disturbances (Abell et al., 2008;
Heino et al., 2020; Ricciardi et al., 2021; Manjarrés-Hernandez et al.,
2021).Fig. 1.

Dispersion and establishment of aquatic invasive species in inland
waters are especially favored by hydrological alterations and changes in
environmental conditions induced by dam constructions (Poff et al.,
2007; Johnson et al., 2008; Radinger & Garcia-Berthou, 2020). River
damming often connects habitats that were separated by large natural
barriers and may also promote artificial connectivity through water
diversions (Daga et al., 2020). Impoundments are often regarded as
stepping stones for the spread of invasive species throughout water-
sheds, scaling the impacts up to regional levels as water from different
sources is often mixed, which facilitates dispersal and homogenization
of biota. In addition, river diversions usually improve the multiple uses
of water, increasing the volume of abstractions that summed with
rainfall scarcity can cause water stress in drainage basins (Marengo &
Alves, 2005; Jeppesen et al., 2015).

Climate-driven hydrological change involves complex interactions of
various impacts on water storage and their ecosystem services (Hansen
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& Cramer, 2015; Hassan et al., 2020), becoming even more deleterious
when in synergy with the impacts of biological invasions (Pecl et al.,
2017). Climate change is further predicted to exacerbate the environ-
mental changes, through alterations in precipitation and water tem-
perature regimes by increasing the rate of drastic events (e.g. extreme
droughts, health challenges) (Cao et al., 2018; Iwamura et al., 2020;
Radinger & Garcia-Berthou, 2020; Piano et al. 2020). Both climate
change and river damming are likely to affect biological invasions by
changing the vectors and pathways of species introduction, altering the
invasibility of aquatic systems, and by changing biotic interactions
within native resident communities (altering establishment and spread
rates) (Hellman et al., 2008; Rahel & Olden, 2008). Moreover, climate
change may facilitate the spreading of invasive species and increase the
severity of the impacts of invaders worldwide, and climatic stochasticity
may also trigger outbreaks of sleeper populations of invaders (e.g.,
Lennon et al., 2001; Stachowicz et al., 2002; Chapman et al., 2016),
namely populations of alien species that persists at low densities in non-
native areas while maintaining the potential to become invasive (Spear
et al., 2021). The impact of such climate events seems to be particularly
critical in dammed rivers, where the connection among systems may
allow for constant re-colonization and multiple introductions (Radinger
& Garcia-Berthou, 2020), in particular by small planktonic species
favored in lentic systems with high retention time and nutrient accu-
mulation (Bustamante-Gil et al. 2012; Cassol et al., 2014; Branco et al.,
2019; Maceédo et al., 2021a).

The dinoflagellate Ceratium furcoides (Levander) Langhans 1925 is a
quintessential example of such an invader. This is a highly pervasive,
potentially mixotrophic, single-celled chromista, first described from
North European waters but currently reffered as an emmerging invader
which experienced niche shift expansion during invasion of areas
outside of it’s native range. Although the species is widely distributed,
its introduction routes and pathways are subjected to speculation; often
its arrival is ascribed to water diversion and water flows, ballast water,
and zoochory, but direct assessments are absent. Recently, a study found
no genetic variation between populations from China and Argentina
(Accattatis et al., 2020), as otherwise commonly found for other invasive
species (a so-called “invasion paradox”; Frankham, 2005). However, the
mechanisms behind the wide invasion success of C. furcoides are unre-
solved, and often generically explained by its adaptive strategies and
phenotypical plasticity in response to environmental changes (Cassol
et al., 2014; Kruk et al. 2021). Low precipitation, decreased water level,
and, consequently, increased turbidity, favors mixotrophic algae due to
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Fig. 1. Consensus map showing the most climate susceptible areas to invasion of Ceratium furcoies in the future. The estimated climate suitability of C. furcoides was
based on the average of all the predicted future scenarios of climate change and includes both the native and invaded range of the species.
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light limitation and implications for productivity (Wilken et al., 2013;
Jeppesen et al., 2015; Costa et al., 2019). In addition to the development
of improved competitive skills for food uptake, C. furcoides has high
mobility through the water column due to its motile flagella (allowing it
to reach more favorable conditions by depth adjustment) and distinctive
morphological characteristics, such as the presence of horns and rela-
tively large body size, favoring predation avoidance. Ultimately, its high
invasiveness from clear water reservoirs to highly eutrophic systems and
sewage discharges, and its occurrence from glacial to tropical warm
waters, means that this flagellate is one of the most pervasive phyto-
planktonic species globally. This bloom-forming dinoflagellate Ceratium
furcoides Levander 1984 already had severe impacts on Neotropical
biodiversity and human activities. These impacts encompass massive
fish kills (Pacheco et al., 2021), phytoplankton homogenization
(Amorim & Moura, 2020) up to socio-economic hazards, for instance by
affecting the water quality of domestic supplies and storage reservoirs
facilities (Matsumura-Tundisis et al., 2010; IMA, 2015; Amorim &
Moura, 2020; Macedo et al., 2021a,c). Consequently, there has been
increasing interest in identifying the main predictors shaping its distri-
bution pattern and invasion success (Accattatis et al., 2020; Macedo
etal., 2021b; Kruk et al., 2021). Yet, despite some recent advances in the
knowledge about Ceratium, its dynamics in invaded systems are still not
elucidated, and predicting its invasion success under environmental
change is urgent.

Accordingly, policy and management decisions require predictive
tools to better assess the likelihood of C. furcoides spread and estab-
lishment in aquatic ecosystems to initiate effective mitigation actions
where possible. Biogeography and biodiversity informatics have suc-
cessfully filled knowledge gaps in invasion biology since ecological
niche models (ENMs) approaches can be used to forecast the effects of
changes in environmental conditions on species distributions (Srivas-
tava, 2019; Liu et al., 2020). These models combine geographical
occurrence data with bioclimatic variables allowing to predict the po-
tential distribution of a given species (Anderson et al., 2003) and even to
understand species adaptations to different environmental ranges (Sax
et al.,, 2013; Sexton et al., 2017; Mammola et al., 2019). Regarding
invasive species, ENMs have been widely used to predict susceptible
areas for non-native and invasive species to foresee where these species
will and will not be able to establish (Peterson & Vieglais, 2001;
Broennimann et al., 2007; Zhang et al., 2020). Understanding niche
dynamics is pivotal to the development of effective conservation stra-
tegies (Jiménez-Valverde & Lobo, 2007; Guisan et al., 2014; Dinis et al.,
2020). Therefore, the invasion process of C. furcoides represents an
intriguing opportunity to investigate how a small planktonic species will
respond to changing environments since niche expansion was detected
in its invasion process despite no relevant genetic changes (Accattatis
et al., 2020; Macedo et al., 2020b).

Prevention of the establishment and spread of C. furcoides largely
depends upon the early detection of invasion (such as alarm lists of
priority areas) and the frameworks for prompt and effective guidance of
decisions on eradication or management of new and ongoing invasions
and impacts. Since the species can interfere with multiple uses of water
from disturbing water treatment systems (Almeida et al., 2016) to
potentially causing fish kills (Pacheco et al., 2021), predictions of its
occurrence in aquatic systems are urgently needed. Following the global
boom in hydropower dam construction aligned with the future scenarios
of global climate change in the Coupled Model Intercomparison Project
Phase 6 (CMIP-6), we describe a priority-setting framework for detec-
tion, monitoring, and further controlling the spread of C. furcoides in the
invaded range worldwide. We detect priority areas for monitoring and
conservation in the near future (2041-2060) by combining the future
scenarios of climate change using the MaxEnt algorithm as an indicator
of C. furcoides invasiveness (i.e. the propensity to invade a given
ecosystem); with future dam construction data as a proxy for invasibility
(i.e. the susceptibility of a recipient ecosystem to be invaded).

Here, we investigate the future distribution of the most prominent
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invasive plankton species across Neotropical helm, Ceratium furcoides,
by integrating for the first time at a global scale the combined threat
posed by climate change and biological invasions to existing and pro-
jected dams and the riskiest areas for this species invasion. We hy-
pothesize that future climate scenarios will result in an expansion of the
potential range suitable for C. furcoides as it moves towards the occu-
pation of its fundamental niche following its current expansion through
niche shift (Macedo et al., 2021b). Further, we aim to investigate
whether this pattern of niche expansion will show an overlap between
highly suitable areas and dense occupation by dam constructions,
especially in South America where many countries rely on hydroelectric
reservoirs for power generation and multiple domestic uses and also
shows the highest invasion rates, globally (Correa et al., 2021). We
further expect that seasonal variables are relevant factors regulating the
future expansion of C. furcoides since this species is highly influenced by
water column stability and run-offs (Cavalcante et al., 2013; Cassol
etal., 2014; Kruk et al., 2021; Pacheco et al., 2021). Combined use of the
outputs of future projections of suitable areas and distribution of prone
environments to C. furcoides’ invasion will robustly underpin global and
regional conservation of inland water ecosystems through the selection
of priority areas for its early detection in recently invaded areas.

2. Methods
2.1. Global occurrence records

We gathered occurrence records of C. furcoides in the scientific
literature from the early description in 1894 until 2020. As C. furcoides is
undergoing fast expansion, new records on its distribution have become
available (e.g. Honti et al., 2020; Amorim & Moura, 2020; Celekli and
Lekesiz, 2021) supporting the predictions of the currently suitable areas
(see Macedo et al., 2021b). We thus included these new records in our
analysis of ENM. After removing duplicated records to reduce the
sampling bias effect, 168 georeferenced records were retained and
double-checked using Google Earth (Google Inc. 2015) to obtain proxy
coordinates for records lacking precise geographical coordinates. The
final dataset used for the analysis is provided in Supplementary Material
Table S1. To predict areas at higher risk of invasion by C. furcoides,
combinations of localities from native and invaded areas were used (L.oo
et al., 2007; Peterson & Vieglais, 2001; Sobek-Swant et al., 2012) to
extrapolate to areas similar to their current niche and thus their full
potential distribution.

2.2. Bioclimatic variables

We obtained the standard set of 19 bioclimatic variables and one
topographic variable (elevation) available in the WorldClim 2 database
(Fick & Hijmans, 2017) at a spatial resolution of 30 arc-seconds for
present projections and of 2.5 arc-minutes for the future projections
(2041-2060) (same as found in Macedo et al., 2021a). To model future
scenarios, we used all nine available general-circulation models (BCC-
CSM2-MR, CNRM-CM6-1, CNRM-ESM2-1, CanESMS5, GFDL-ESM4, IPSL-
CM6A-LR, MIROC-ES2L, MIROC6, and MRI-ESM2-0), namely multi-
model future climate projections based on alternative scenarios of
future CO, and aerosol emission rates (https://www.worldclim.
org/data/cmip6/cmip6climate.html). Nine bioclimatic future models
were generated for SSP126 and SSP370 scenarios of CO emission, and
eight for SSP245 and SSP585, yielding 340 predictions outputs from the
MaxEnt. Further, consensus maps were generated for each of the four
green gas emission scenarios and also one final consensus map based on
the average result across all scenarios.

All environmental layers were clipped to the extent of the study area,
resulting in a mask of the world without polar regions. A principal
component analysis (PCA) was performed for each CMIP6 variables
subsets, to minimize the spatial autocorrelation between variables and
to determine their contributions to the model of susceptible areas. Of the
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20 Principal component layers resulting from the PCA of each CMIP6
variables subsets, the first six components cumulatively explained >
98% of the variance and were therefore selected to model the potential
distribution of C. furcoides.

2.3. Ecological niche modeling

We used the maximum entropy algorithm in the MaxEnt software
version 3.3.3 k (Phillips et al. 2004) to predict the species distribution.
This method is comparable to previous studies regarding C. furcoides
(Macedo et al., 2021a). MaxEnt background points (n = 10,000) were
generated by random selection of background pixels across the study
area. Given that the number of occurrence records was above 100, we
generated MaxEnt models with the default setting for the regularization
multiplier and feature classes (Morales et al., 2017).

We performed the models’ projections for future scenarios according
to the following parameters and procedures stated in the previous
publication for the current distribution model (see Macedo et al.,
2021b). Ten replicates were selected with Bootstrap as Replicated run
type and Random seed to each replicate. Twenty-five percent of occur-
rences were randomly selected to be removed from the model training
and applied in the model testing. Model output was computed as logistic
format, which returns a map of probability of suitability (between 0 and
1), scaled up in a non-linear way to facilitate interpretation. The
resulting model was evaluated through the option create response
curves, which calculate the area under the curve of the receiver oper-
ating characteristic curve (AUC-ROC) Manel et al., 2001. Finally, the
relative contribution of each principal component layer to the model
was assessed through a jackknife test and the relative contribution of
each bioclimatic variable was given by the eigenvalues resulting from
the PCA. This approach allowed the identification of the relationships
between occurrence data and environmental variables as predictors for
C. furcoides. For the final visualization, the ten resulting models were
combined in a consensus using the Weighted Average (WA) consensus
method, based on the pre-evaluated AUC of the single models (Marmion
et al., 2009).

Furthermore, we assessed the absolute performance of species pre-
dictions using the Boyce index, which is meant to be more appropriate
for evaluating presence-background algorithms (Boyce et al., 2002;
Hirzel et al., 2006). Boyce index measures how much model predictions
differ from a random distribution of observed presence across the pre-
diction gradient, and varies continuously between — 1 and + 1. Positive
values indicate that model predictions are consistent with the distribu-
tion of actual presence data (observed presence), values around zero
indicate that the model is no better than a random model, and negative
values indicate counter predictions (e.g. predicting no occurrence in
areas where actual presence is recorded).

2.4. Invasion risk and conservation priority

We propose a unified framework for identifying priority areas for
mitigation of the impacts of C. furcoides based on the initial stages of the
invasion process: i) the transport/introduction into inland waters facil-
itated by reservoirs (Daga et al., 2020; Macedo et al., 2021a, ¢), and ii)
environmental barriers, the main filter for invasion success (Gallien
et al., 2015).

To identify areas for successful invasion of C. furcoides, the consensus
ENM projection generated for its global potential invasion was super-
imposed on the “Global Reservoir and Dam Database” (GRanD database;
Zarfl et al., 2015) map of the current and future distribution of large dam
constructions (“Future Hydropower Reservoirs and Dams” — FHReD;
Zarfl et al., 2015), here used as a proxy of the global landscape and
environmental change, thus acting as a logical framework for large-scale
conservation strategies. Ultimately, reservoirs enhance the susceptibil-
ity to biological invasions due to the conversion of free-flowing rivers to
standing waters and the associated water diversions (Havel et al., 2005;
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Havel and Medley, 2006; Emerson et al., 2015; Xiong et al., 2018).
3. Results
3.1. Projected future scenarios

Ceratium furcoides’ probability of occurrence predicted using the
MaxEnt for each of the four shared socio-economic pathways (SSP126,
SSP245, SSP370, and SSP585) was generally high in most invaded areas
(Figure S1; Table S2). The performance of the global climate change
model which included all GCMs and emission scenarios for 2041-2060
tended to be excellent in representing the future potential distribution of
C. furcoides (Training AUC = 0.952; AUC Test = 0.943; SD = +0.017;
Figure S1). Also, the high value of the Boyce index (mean + S.D. = 0.61
+ 0.216) indicated that the model’s output is positively correlated with
the observed presence, thus resulting in a well-performed model.

South America is predicted to have the largest potential suscepti-
bility to further spread of C. furcoides, especially Brazil, Uruguay, the
southwest coast of Chile, and the northern region of the Andes. Also, the
Caribbean and Central America, the United Kingdom, intertropical
portions of the African continent, the east coast of Madagascar, southern
portions of the Indo-Malaysia realm, the middle of New Guinea Island.
The eastern coast of Australia, and New Zealand showed high predicted
susceptibility values.

3.2. Range expansion

The probability of C. furcoides occurrence at a given location (each
point is a pixel/location on the map) tends to increase in the future than
in the present. This trend is seen mainly at the native range. In contrast,
a few locations showed a decrease in the predicted susceptibility value,
both in the background and for invasive records, suggesting that a few
areas may become less favorable for the establishment of the species in
the future (Fig. 2). The present values of the ENM Consensus are pre-
sented are presented in the previous work by Macedo et al. (2021b). For
the future, the models showed a considerable expansion of suitable areas
of C. furcoides in all scenarios. In the second half of the 21st century,
mainly in South America and across tropical and subtropical latitudes in
the Southern Hemisphere (~30 to 50 °S, Fig. 3A and B). However, the
distribution expanded also in other parts of all five continents (Fig. 4).

3.3. Response variables

The jackknife test illustrated the significant percent contribution of
the first two axes for the predictive models. The first axis of the PCA
contributed with 71.4%, while the second axis contributed with 12.1%
to the multivariate variability and eigenvalue retrieved the contribution
of each variable of these axes thus showing the most effective environ-
mental variables (Figures S2 and S3). Temperature seasonality (bio4)
was the most important variable for explaining the suitability of an area
for C. furcoides occurrence in all four models (Figure S3). In addition,
Mean Temperature of Coldest Quarter (biol1) and Mean Temperature of
Driest Quarter (bio9) showed high contributions along the first axis.
Mean diurnal range (bio2), Precipitation seasonality (biol5), and
Temperature annual range (bio7) were the most important for the sec-
ond axis.

3.4. The role of impoundments

The superimposition of the consensus model for the future distribu-
tion of C. furcoides in climate change scenarios, including the world’s
distribution of large dams and future projections, highlighted the hot-
spots for the occurrence of this silent invader (Fig. 5). South America,
the Caribbean, Central Africa, and China are priority areas for detection
and control of C. furcoides since they harbor massive amounts of dam-
med systems that are projected to spread even further in the future.
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4. Discussion

Climate change and land transformations have been conclusively
related to invasive species (Smith et al., 2012; Bellard et al., 2012;
Radinger & Garcia-Berthou, 2020) and reservoirs are advocated as
stepping stones for several invasive species (Havel et al., 2005; Turak
et al., 2016; Xiong et al., 2028; Franco et al., 2020), thereby escalating
the extent and impacts of invaders (Essl et al., 2020). However, little is
known about their synergetic potential to recruit invasive species under
climate change scenarios. Our framework combines ENMs, considering
near-future scenarios of climate change (2041-2060), and the spatial
data on future dam constructions, in order to map global areas at risk of
invasion by the harmful Ceratium furcoides. By coupling suitable areas (i.
e invasiveness) with ecosystems that are more prone to be invaded (i.e.
invasibility) our results suggest general range expansion of C. furcoides,
reflecting both a global trend of increasing suitable areas for this species

until the year 2060, the high habit-relatedness in reservoirs (Macedo
et al., 2021c¢) and its rapid adaptation to adverse local climates (Macedo
etal., 2021b; Kruk et al., 2021). Moreover, the expected high number of
future dam constructions addressed for water shortages may escalate as
water crisis aggravates, and this, as well as indirect effects posed by
future scenarios (i.e. weakening capacity of the invaded ecosystems to
detain its establishment and proliferation, droughts favoring mixo-
trophy), will likely favor its expansion.

Our models indicated that C. furcoides will expectedly thrive in
inland waters of South America, the Caribbean, Central Africa, and
China, encompassing some of the most populated areas in the world, and
this will probably result in social and economic crises by deteriorating
the water supplied for millions of people. Complex and interrelated
socioeconomic factors drive the synergetic threats imposed on biodi-
versity in the Anthropocene. Climate change and biodiversity loss are
interacting crises that should be handled together, as short- to middle-
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Fig. 5. Consensus map of fundamental niche in future scenarios (2041-2060) overlapping the dam construction projection predicted until 2030.

term climate modifications have the potential to exacerbate many other
impacts at multiple scales of the biological organization (from organ-
ismal to ecosystems; Bellard et al., 2012; Reid et al., 2019; Weiskopf
et al., 2020). Combined with increased nutrient loads, this scenario may
be beneficial for certain harmful algal species with vertical migration
ability (advantageous for resource acquisition across different strata),
leading to more frequent algal blooms episodes. These blooms poten-
tially disrupt trophic links (zooplankton - phytoplankton interactions)
due to the inedibility of large-celled phytoplankton which zooplankton
can scarcely ingest (Xie et al., 1998; Hart & Wragg, 2009; Howeth et al.,
2013).

The higher and increasing suitability of invasion ranges in future
climate scenarios likely indicates that the previously detected niche
shifts for the species in current scenarios (Macedo et al., 2021b) may
favor invasion success also in a future climate. Accordingly, the
geographical distribution of the predicting model agreed well with the
current distribution. Environmental disturbance, landscape alteration,
and high resource availability as facilitators of successful establishment

and the spread of non-native species are common patterns observed in
invasion science (Daga et al., 2020; Robinson et al., 2020). Considering
the realistic eutrophication scenarios, coastal areas are of particular
concern given the higher values of future climatic suitability and the
expected population growth by the 2080 s (Rabalais et al., 2008).
Therefore, C. furcoides will encounter increased levels of urbanization
and agricultural land use, and thus higher eutrophication in a world
exploiting controversial energy sources based on hydroelectricity and
dams. Ceratium species will be favored by the eutrophication, i.e.
nutrient enrichment (mainly nitrate and phosphorus), and less turbulent
conditions of the water column.

In all the model projections, the temperature played a key role in
determining the future distribution of the species. Global warming and
the changes in the hydrological regime are considered the major
stressors triggered by climate change (Woodward et al., 2010; Reid
etal., 2019; Rogers et al., 2020). Consequently, the evaporative demand
will accelerate the drought condition mainly in South Asia and South
America (Zhai et al., 2020; Moon & Ha, 2020). Droughts are predicted to
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favor facultative mixotrophic organisms (Costa et al., 2016; Costa et al.,
2019) by decreasing the water volume, and the light propagation to
photosynthesis through the reduction of water transparency (Jones,
2000). Low water availability can also cause catastrophic impacts on the
availability and sustainability of water for domestic supplies, human
health, and ecosystem functioning (Walsh et al., 2016; IPCC, 2021), with
much of these impacts manifested at archipelagos, mountains, tropics,
and Northern polar areas (Breslin et al., 2020; Browne et al., 2021;
Zanowski et al., 2021), as well as in groundwater systems (Sanchez-
Fernandez et al.,2021; Jasechko & Perrone, 2021). Other consequences
of water level decrease are eutrophication followed by increases in
nutrient concentrations and salinity, which constitute a serious threat to
aquatic biodiversity in the 21eth century (Reid et al., 2019), and which
may have severe implications for native phytoplankton communities
and native consumers by diminishing the productivity (Jeppesen et al.,
2015). However, C. furcoides seems not to be affected by the constraints
imposed by climate change due to its broad distribution in temperate,
subtropical, and semi-arid regions, (Silva et al., 2018; Amorim & Moura,
2020; Macedo et al., 2021a). Therefore, the impacts expected in the
climate change scenarios will decrease biotic resistance, which may
further contribute to the invasion success of pervasive and harmful
species such as Ceratium spp.

The patterns of C. furcoides distribution seem to be limited by ari-
dification since low suitability was predicted for the arid regions of
Australia, North Africa, and large portions of northeast Brazil. However,
the habitat relatedness of C. furcoides to artificial systems, such as res-
ervoirs (Macedo et al., 2021c¢), may enhance its distribution, even in less
suitable areas as in semi-arid regions (Costa et al., 2016, 2019; Amorim
& Moura, 2020). This is also the case for water diversion projects (Zhang
et al., 2020; Daga et al., 2015; Macedo et al., 2021a) undertaken to
improve water security in these regions. The megaproject of inter-basin
water diversion of the Sao Francisco River in semi-arid northeast Brazil
is an example of great concern regarding the spread of C. furcoides (Silva
et al., 2018). Passive dispersion of this species due to water diversion
was already reported in south-south-east Brazil where C. furcoides was
transported in pumping water between two reservoirs in the Parana
River basin (Nishimura et al. 2015) as well as in waters from the Paraiba
do Sul River basin diverted to another (Guandu River basin; Macedo
et al. 2021a). In the other hand, dams can also facilitate the establish-
ment of the congeneric, and also harmful dinoflagellate, Ceratium hir-
undinella (O.F.Miiller) Dujardin 1841 in areas climatically unsuitable for
C. furcoides. This hypothesis may be sustained by some different envi-
ronmental requirements of C. hirundinella which is frequently found at
high densities in dams of arid and semi-arid areas e.g.: in the Argentinian
Patagonia (Casco and Mac Donagh, 2014; Casco et al., 2014), Turkey
(Varol, 2016), and Iran (Darki & Krakhmalnyi, 2019). Moreover, the
more arid climate would be not a barrier for C. furcoides spread and its
associated effects in basins impacted by impoundments as this invasive
species is showing fast expansion through several public supply reser-
voirs in northeastern Brazil (Severiano et al., 2021).

A warmer climate will also impact precipitation as indicated by the
CMIP6 models, which will affect both biodiversity patterns and human
well-being worldwide at various spatial and temporal scales (Hir-
abayashi et al., 2021). Following these predictions, the increase of pri-
mary productivity and phytoplankton biomass dominated by harmful
algae (Finni et al., 2001; Paerl & Huisman, 2008; Gobler, 2020) are the
most ubiquitous consequences of elevated nutrient concentrations.
Increased surface water temperatures, salinization, reduced wind in
several parts of the world, and less warm summers linked to climate
change could lead to stronger stratification of the water column in deep
lakes and permanent or temporary stratification in some of the shallow
lakes, thus preventing oxygenation of the colder bottom waters and
possibly leading to anoxic conditions (Deng et al., 2018), favoring
dinoflagellate, such as C. furcoides. (Tundisi et al., 2010; Cassol et al.,
2014; Amorim & Moura, 2020; Pacheco et al., 2021).

C. furcoides relies on a silent invasion strategy through mechanisms

Ecological Indicators 133 (2021) 108408

that hinder early detection such as cyst-forming and vertical migration.
Furthermore, molecular analysis of different invasive populations
showing higher genetic similarities is of particular importance since
they reveal a suite of ecological traits that act as barriers to and drivers
of its invasion success (Crossetti et al., 2019; Kruk et al., 2021). Addi-
tionally, C. furcoides has a broad feeding strategy, which makes it less
constrained by changes in turbidity and transparency of the water col-
umn, while its ability to form cysts increases its spatial or temporal
resilience to abrupt environmental changes. With these invasiveness
features documented for Ceratium sp. combined with a higher ecosystem
vulnerability, considering both optimistic and pessimistic scenarios,
C. furcoides is likely to establish and proliferate to an even higher extent
than expected.

Changing wind patterns, linked to climate change, could influence
circulation and biogeography by affecting existing patterns of airborne
dispersion (Hamilton & Lenton, 1998; Hughes-Martiny et al., 2006;
Kling & Ackerly, 2020), an alternative pathway for water flow and
zoochory regarding aquatic species (Kristiansen, 1996), especially mi-
croorganisms (Sharma et al., 2007; Naselli-Flores & Padisak, 2016).
Recently, Kling & Ackerly (2020) have predicted winds to shape future
climate vulnerability patterns by altering dispersal and range expansion
of wind-dispersed species, leading to profound ecological consequences
for indirectly reducing biological and ecosystem resilience and biotic
resistance to invasive species. From the ecological and evolutionary
perspective, it raises an interesting debate on how invasive populations
of C. furcoides, which has shown no genetic variation throughout its
expansion through niche shifting (Accattatis et al., 2020; Macedo et al.,
2021b), may be favored by the genetic weakness of the native biota.

Overall, our study supports the idea that the widespread species
C. furcoides, with strong invasiveness features, is likely to cope with the
ongoing changes of the Anthropocene - the accelerated global warming
in a world caverd with stepping-stone reservoirs. Consequently, in rising
global temperature scenarios, C. furcoides is expected to maintain its
fitness throughout a much greater temperature range, enhancing its
invasion success into inland waters worldwide. However, great super-
imposition between dams and suitable areas was found, and the future of
this dinoflagellate, and whether it will continue to expand its range into
low suitability areas with the predicted boom of reservoirs remains
uncertain. Precipitation dynamics may also be a confounding factor
regulating abrupt population shifts, giving rise to concern about its si-
lent feature until sudden bloom formations. Furthermore, we also
anticipate even more drastic scenarios, especially in the neotropics,
Central Africa, and China as these regions combine habitat relatedness
with high probability values. Higher future invasion risks may therefore
require effective management intervention and policies relying on
interdisciplinary tools to deal with complex and challenging interplays
of factors, especially considering microorganisms with detection issues
attributable to a microorganism (taxonomy and sampling efficiency).
We also expect that our framework can be used for other invasive species
development and management has a similar affinity to dammed systems.
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