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invasive cladoceran in temporary waters

Rafael Lacerda Macédo

Odete Rocha‘® - Lourdes M. A. EImoor-Loureiro

- Francisco Diogo R. Sousa

+ Henri J. Dumont® - Arnola C. Rietzler

Received: 30 May 2021 / Revised: 19 February 2022 / Accepted: 24 February 2022 / Published online: 22 March 2022
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract Non-native species’ introductions have
increased in the last decades primarily due to anthro-
pogenic causes such as climate change and globali-
zation of trade. Moina macrocopa, a stress-tolerant
cladoceran widely used in bioassays and aquacul-
ture, is spreading in temporary and semi-temporary
natural ponds outside its natural range. Here, we
characterize the variations in the climatic niche
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of M. macrocopa during its invasions outside the
native Palearctic range following introduction into
the American continent. Specifically, we examined
to what extent the climatic responses of this species
have diverged from those characteristics for its native
range. We also made predictions for its potential
distribution under current and future scenarios. We
found that the environmental space occupied by this
species in its native and introduced distribution areas
shares more characteristics than randomly expected.
However, the introduced niche has a high degree of
unfilling when displacing its original space towards
the extension to drier and hotter conditions. Accord-
ingly, M. macrocopa can invade new areas where it

L. M. A. Elmoor-Loureiro
e-mail: elmoor.loureiro @ gmail.com

F. D. R. Sousa

Programa de P6s-Graduacdo Em Zoologia, Universidade
de Brasilia - UnB, Campus Universitario Darcy Ribeiro,
Brasilia, CEP 70910-900, Brazil

H.J. Dumont

Department of Biology, Ghent University, 9000 Ghent,
Belgium

e-mail: henri.dumont@ugent.be

A. C. Rietzler

Department of Genetics, Ecology and Evolution, Federal
University of Minas Gerais, Belo Horizonte, Brazil
e-mail: acrietzler@gmail.com

@ Springer


http://orcid.org/0000-0001-5086-0170
http://orcid.org/0000-0003-4389-8140
http://orcid.org/0000-0001-8238-0139
http://orcid.org/0000-0001-6505-3881
http://orcid.org/0000-0002-0798-3316
http://orcid.org/0000-0001-7439-9753
http://crossmark.crossref.org/dialog/?doi=10.1007/s10750-022-04835-7&domain=pdf
https://doi.org/10.1007/s10750-022-04835-7
https://doi.org/10.1007/s10750-022-04835-7

4016

Hydrobiologia (2022) 849:4015-4027

has not yet been recorded in response to warming
temperatures and decreasing winter precipitation. In
particular, temporary ponds are more vulnerable envi-
ronments where climatic and environmental stresses
may also lower biotic resistance.

Keywords Climate change - Ensemble -
Invasiveness - Moinidae - SDM

Introduction

The Anthropocene has been a challenge for biodi-
versity management and conservation of freshwater
resources (Reid et al., 2018; Dudgeon, 2019). This
“age of mankind” is characterized by widespread
environmental disturbances undertaken by several
human activities, e.g., climate change, degradation of
natural habitats, and biological invasions. The above
threats can also enhance biological invasions, which
may synergistically threaten biodiversity from species
to ecosystems level, thus requiring substantial conser-
vation and management efforts. Therefore, because
species distributions are expected to shift with future
climates and global trades (Parmesan, 2006; Olden
et al., 2021; Wang et al., 2021), more than generat-
ing discussions on new paradigms of biogeography
concepts and novel ecological hypotheses (Capinha
et al., 2015; Hill & Hadly, 2018; Pysek et al., 2020),
we need to forecast the distribution and environmen-
tal relatedness of invasive species to then implement
adequate monitoring policies.

Assessing species niches and their dynamics can
help elucidate alien invasive species distributions and
species adaptations to different environmental con-
ditions (Wiens et al., 2009; Tingley et al., 2014). As
species distribution models use the ecological char-
acteristics of its known occurrences to estimate suit-
able areas for the species in its potential distribution
area (Peterson & Vieglais, 2001; Cordier et al., 2020),
we can theoretically investigate its invasion suc-
cess and spreading into new areas based on species
data and spatial constraints. The assessment of niche
conservatism—whether a species may overcome
historical constraints and invade previously inacces-
sible areas (Peterson et al., 1999; Peterson, 2003;
Wiens et al., 2010) or niche shifts of invasive popu-
lations—whether its success depends on the ability
of individuals to undergo new local adaptations not
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shown in its ancestral niche (Miiller-Schirer et al.,
2004) is a central question in biological invasions.
Explaining the underlying reasons for these individu-
alistic responses requires comparing multiple clades
and environmental change types. Accordingly, niche
tests complement fundamental assumptions for apply-
ing SDMs, assuming that the species occupy similar
environmental conditions in new geographical ranges
or periods (Pearman et al., 2008).

Currently, some taxonomic groups are adequately
investigated in terms of invasion mechanisms involv-
ing niche evolution (e.g., plants Broennimann et al.,
2007), as for freshwater fishes (Lauzeral et al., 2011),
dinoflagellates (Macédo et al., 2021), and aquatic
invertebrates (Torres et al., 2018). However, few stud-
ies have combined niche dynamic analysis to changes
in species redistribution, making it hard to obtain a
general pattern of climate-induced shifts across broad
taxonomic spectra (Taheri et al., 2021) making hard
to obtain a general pattern of niche dynamics across
broad taxonomic spectra. Thus, understanding niche
dynamics and mapping the potential distribution of
a new invader may provide valuable tools for man-
agement actions, particularly if the potential invader
(1) has life histories that facilitate colonization (e.g.,
asexual reproduction; resting stages) (Ruiz et al.,
2000), and (ii) if the risk of adverse environmental
impacts is high based on taxonomically related spe-
cies information, especially in the initial stages of
invasion (Sousa et al., 2017; Dexter & Bollens, 2019).

Although there is strong literature bias for the envi-
ronmental effects on invasive microfauna, invasive
zooplankton taxa have shown potentialities for exert-
ing moderate to high adverse effects on biodiversity.
Specifically, cladocerans are a group of invertebrate
animals potentially threatening aquatic biodiversity
when acting as invasive species. For example, the
invasive Daphnia lumholtzi Sars, 1885 which has a
negative impact on other native zooplankton popula-
tions (Dzialowski et al., 2000; Soeken-Gittinger et al.,
2009). Also, the two invasive predatory cladocer-
ans Bythotrephes longimanus Leydig, 1860 and Cer-
copagis pengoi Ostroumov, 1891 recognized as major
drivers of biodiversity and economic losses (Jacobs
& Maclsaac, 2007; Walsh et al., 2016). Among cla-
docerans, Moina has been intensively studied (Ner-
etina et al., 2020) regarding taxonomy (Alonso et al.,
2019), cryptic diversity (Petrusek et al., 2004; Bek-
ker et al., 2016; Montoliu-Elena et al., 2019), and
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biogeography (Elmoor-Loureiro et al., 2010; Farias
et al., 2017). Moinids have also shown morphological
similarities with daphniids (Goulden, 1968). How-
ever, moinids’ invasion processes are understudied
compared to other cladoceran species such as daphni-
ids, despite their relative importance in the Neotropi-
cal and Palearctic regions (Forrd et al., 2008).

Moina macrocopa Straus, 1820 has been reported
as a potential invader of inland waters (Paggi, 1997,
Okolodkov et al., 2007). Reported to be native in
water bodies of Europe, Africa, the Middle East, and
Asia, mainly in shallow temporary lakes, M. mac-
rocopa is claimed to have been introduced in the
American continent only more recently due to anthro-
pogenic vectors (Paggi, 1997). However, its invasion
pathway and vectors remain largely unknown. In
this respect, we set up the framework for evaluating
the potentialities of M. macrocopa (Cladocera) as
an emerging invasive species and the eventual role
of niche evolution to explain its expansion success,
while invading new ranges following the transoce-
anic introductions from the Palearctic region. We
tested whether niche conservatism or shift has driven
the geographical expansion of M. macrocopa using
multivariate analyses, mapping areas suitable for M.
macrocopa under current and future climate scenar-
ios (2041-2060) at a global scale. Specifically, as a
stress-adapted cladoceran and considering its initial
widespread in tropical ponds (an essential detail of
its known invasion history), we hypothesized that M.
macrocopa would expand its distribution as climate
change progresses. We also evaluated environmental
predictors of its expected range expansion in the face
of the predicted warmer and drier future climate. In
doing so, we aim to advance discussion on biogeog-
raphy and invasion biology of inland water zooplank-
ton and contribute to making policies managers better
informed.

Material and methods
Species’ distribution data and curation

We gathered occurrence records from the Global
Biodiversity Information Facility (GBIF) (https:/
doi.org/10.15468/dl.4udkmf) and a literature review
in SCOPUS using the following keywords: “Moina
macrocopa” OR “Moina macrocopa.” We performed

a broad search based on title, abstract, and keywords,
with no additional filter on language or document
type. Here, we considered as M. macrocopa s.l.,
excluding the American clade Moina macrocopa
americana Goulden, 1968 as recent research has indi-
cated that these clades are different species (Monto-
liu-Elena et al., 2019).

We compiled a dataset for further curation using
R studio. First, we converted the original data
frame into a spatial polygon object, which was then
restricted by removing all points outside the extent of
the inland buffer shapefile since SDMs must ideally
restrict model calibration to accessible areas (Peter-
son & Soberén, 2012). Furthermore, the occurrence
data were checked for missing (NA) values in Lon-
gitude and Latitude and for the existence of dupli-
cates for each species subset. We then filtered (spa-
tially thinned) the records using the spThin package
(Aiello-Lammens et al., 2015), removing all records
with a distance of 5 km between occurrences. The
final occurrence dataset (“Mmacro.csv’; Table S1),
95 thinned records (62 invasive and 33 native), and
plotted occurrences (“map occur. tiff”’; Fig. S1A) are
present in Supplementary Material. For the plotted
occurrences, we used ArcMap v10.8, using a polygon
layer obtained from FEOW.org (Fresh Water Ecore-
gions of the World; Abell et al., 2008).

Niche test analysis

To predict the environmental space of M. macrocopa,
we used all the 19 climatic variables taken from the
WorldClim Project (Fick & Hijmans, 2017; http://
www.wordclim.org) at a spatial resolution of 10 min
(of a longitude/latitude degree). With those vari-
ables, we used Broennimann et al. (2012) approach
to measure niche conservatism between the native
(Palearctic) and the invasive ranges in America. This
approach calculates an observed measure of niche
overlap and compares it to randomized niche overlap
measures. This method calculates the available envi-
ronmental space, defined by the first two axes from
the PCA-env, for each study area (see background
areas in Fig. S1B-C) (Broennimann et al., 2012).
Later, it measures the niche overlap between native
and exotic ranges using Schoener’s D metric (Schoe-
ner, 1970). This metric varies from O to 1, represent-
ing totally different or completely overlapping niches,
respectively (Broennimann et al., 2012). Then, for
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the niche overlap, we calculate the D metric and its
significance, using a similarity test (based on the
95% confidence interval) which compares the niches
in their native and introduced regions (Warren et al.
2008; Broennimann et al., 2012). We repeated each
randomization process 100 times, producing a null
distribution of overlap values to which the observed
score was compared. An observed overlap score that
is significantly smaller than one obtained with the
null distribution of overlap scores suggests that the
species is occupying different environmental spaces
in the considered ranges. By doing this, we can inves-
tigate the invasion pattern through the niche dynam-
ics and interpret the current knowledge of its genetic
comparisons between these areas (Montoliu-Elena
et al., 2019).

Modeling fundamental niche
Predictor variables

We used the 19 WorldClim variables at a spatial reso-
lution of 10 min (of a longitude/latitude degree). All
environmental layers were clipped to the extent of
the study area, resulting in a mask of the world with-
out polar regions. Before processing the models, we
carried a multicollinearity test by using the variance
inflation factor (VIF) (Marquardt, 1970), a widely
used approach to avoid instability in parameter esti-
mation and bias in inference statistics (Dormann et al.
2012). The selected variables (bio02/Mean diurnal
range (monthly mean, T;m — T;in), bio08/Mean
temperature of wettest quarter, bio09/Mean tempera-
ture of driest quarter, biol3/Precipitation of wettest
month, biol4/Precipitation of driest month, biol5/
Precipitation seasonality (coefficient of variation),
biol8/Precipitation of the warmest quarter, biol9/
Precipitation of the coldest quarter) that were not
highly correlated (Pearson’s R <I0.80l) were consid-
ered biologically relevant, or had already been used in
other studies and their efficiency demonstrated (Jimé-
nez-Valverde et al., 2011; Palaoro et al., 2013; Sousa
et al. 2017).

For future estimations (2041-2060), we used the
MIROC6 model from CMIP6 (Coupled Model Inter-
comparison Project Phase 6), characterized by CO,
and aerosol emission rates (https://www.worldclim.
org/data/cmip6/cmip6climate.html#). We  gener-
ated two future bioclimatic models for two different
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scenarios of CO, emission, the optimistic SSP126
and SSP585 (worst case) shared Socio-economic
Pathways. We further generated a consensus map
from these scenarios. In other words, WorldClim
2.1 provides Global Climate Models (GCM) of the
CMIP6 (Tebaldi et al., 2021) and for the four high-
priority scenarios, which cover the range of possible
pathways depending on socio-economic choices. Spe-
cifically, we chose SSP1-2.6—which assumes a “2°C
scenario of the sustainability”; and the SSP5-8.5—
which refers to a “high reference scenario” in a high
fossil-fuel development world throughout the twenty-
first century, marking the upper edge of the SSP sce-
narios (Meinshausen et al., 2020).

Species distribution modeling

We fitted the modeling techniques with species pres-
ence data as the response variable and environmen-
tal variables as predictors (i.e., explanatory vari-
ables). We used algorithms implemented in the SDM
R package version 1.0-67 (Naimi & Aratjo, 2016):
random forests (RF; Breiman, 2001) and maximum
entropy (Maxent; Phillips et al., 2006). Maxent is a
correlative model based on the maximum entropy
principle for estimating probability distributions that
require presence and background data obtained from
the whole accessible area. On the other hand area,
while RF is a high-performing machine learning tech-
nique consisting of multiple decision trees (Breiman,
2001; Olden et al., 2008).

For calibration, 70% of the records (training
set) were randomly selected for calibration and the
remaining 30% for model evaluation. For each algo-
rithm, ten replicates were employed, using the boot-
strapping method. Given that the species occurrence
data frame included only presence data, an argu-
ment for background data of ten thousand (10,000)
points per species using the method “gRandom”
was employed (in the script; method =“gRandom,”
n=10,000), with the removal of matching points, to
generate pseudo-absence data (Barbet-Massin et al.,
2012). Prediction maps were generated from all
records (Fig. S1) without distinction between native
and invaded areas (Broennimann & Guisan, 2008;
Sales et al., 2021). Furthermore, the differentiation
between native and non-native ranges is not precise
since sampling efforts are lacking globally. The usual
method to overcome these issues includes both the
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native and invaded ranges because such models have
better performance than models using only the native
range (Broennimann & Guisan, 2008). We evaluated
the models using multiple approaches: (1) area under
the curve (AUC), in which AUC>0.9 the predicted
model is very good (Swets 1988), (2) Pearson’s corre-
lation coefficient (COR), and (3) explained deviance
(deviation). The mean performance is presented in
Supplementary Table 1.

Models were summarized in Ensemble maps,
using weighted averaging over all predictions from
the fitted models (method="‘weighted”). In other
words, the ensemble combines the prediction of dif-
ferent algorithms and replications to develop a single
output. Finally, we visually assessed projected ensem-
ble-based distribution maps (Aradjo & New, 2007).

By applying a threshold (i.e., the mean model
TSS criteria of model evaluation, “max (se+sp),”
the respective maps of binomial probability of occur-
rence (0 or 1) were obtained. By using the “predict”
function (Naimi & Aratjo, 2016), the fitted mod-
els were used to generate future predictions with
the future data layers (per time frame, per SSP sce-
nario). Further, future and present distributions were
compared in terms of overall mean probabilities and
changes in suitability by mapping areas of decrease,
stability, and increase. We performed our analysis in
R 4.0.1 (R Core Team, 2021), the extensible R plat-
form for species distribution modeling (Naimi &
Aratijo, 2016).

Results

According to the multivariate niche analyses, the
two niches are more similar than expected randomly
(similarity test=0.02); therefore, we did not reject the
niche conservatism hypothesis, although both niches
were not identical, showing low observed Schoener’s
D=0.05. We detected high portions of niche unfill-
ing (74%). In other words, more than 70% of the
original niche is not filled in the invaded range. The
niche expansion was 2.7%, following also high val-
ues of stability 97% (Table S2). The centroid of the
introduced niche (green) was slightly shifted towards
higher precipitation and lower temperatures than that
of the native area (orange) (Fig. 1B).

The first two principal components of the nine-
teen bioclimatic variables for the native and intro-
duced areas explained about 73% of the total varia-
tion (Fig. 1A). The first component (53%) grouped
the three precipitation-related variables, whereas the
second (approx. 20%) grouped the three temperature-
related variables (see Fig. S2).

Although the average values of AUC for RF
and MaxEnt showed good performance (>0.8),
the ensemble model showed maximizing predic-
tive performance (>0.9), showing better fit from the
weighted overlap of these algorithms (Table S3). Fur-
thermore, the potential invasive risk area predicted by
ensembles can cover most of the current distribution
records of M. macrocopa used in this study.

Our distribution modeling revealed that current
suitability was considered low in most parts of the
Palearctic except for Europe and Southeastern China.
Overall low climate suitability was also observed in
regions where this cladoceran occurs less frequently
in invaded ranges (Fig. 2A).

The most important climatic factor limiting the
further expansion of M. macrocopa was the vari-
able bio09/Mean temperature of the driest quarter
(Table 1). Biol9/Precipitation of the coldest quarter
and bio02/Mean diurnal temperature range were other
influential variables. Thus, the probability of occur-
rence of this species is followed by increases in bio09
but declines with the increase in bio19 and bio02.

The potential distribution map of M. macrocopa in
the future is displayed in Fig. 2B. The potential dis-
tribution range increased worldwide, with new areas
in the American Continent, Asia, Africa, India, and
Australia. The suitable areas with suitability >0.5
for the future climatic conditions were located in
the North of Europe, Northeastern Brazil, large por-
tions in the United States, and South Australia. These
overall range expansions followed an increase in suit-
able areas across broad geographic zones except in
Europe, which is predicted to decrease in the future
scenarios studied (2041-2060) (Fig. 3).

Discussion
Here, we investigated whether the niches of popu-
lations of the stress-tolerant cladoceran M. mac-

rocopa remained conserved during the invasion
process. We discuss our results focusing on the
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Fig.1 A The resulting PCA with variables available for
Moina macrocopa used for the PCA-env approach of Broen-
nimann et al. (2012). B Comparison between the native and
exotic ranges of M. macrocopa. Niche occupied by M. mac-
rocopa in its native range (orange), in its invasive range in

expansion potential through niche unfilling and fur-
ther mapped areas more susceptible to global inva-
sion. We found that the climatic niche of M. macro-
copa remained broadly stable. Thus, the investigated
native and introduced environmental spaces are more
similar than random. Also, we found a low degree of
expansion (i.e., a new niche in the non-native range)
compared to its native niche. However, given the
wide variation in environmental conditions where this
species currently occur, the niche overlap between
American and Palearctic records was low, reflecting
their different environmental constraints (Elmoor-
Loureiro et al., 2010; Makino et al., 2020; Bhanushali
et al., 2021). Thus, during the invasion of the Ameri-
can continent, M. macrocopa retains signatures of its
native environmental niche but also indicates differ-
ences in environmental space following the introduc-
tion, which can be further ascribed to evolutionary
processes, dispersal limitations, or invasion history.
In fact, despite niche shifts observed in some taxa
(Torres et al., 2018; Macédo et al., 2021), most invad-
ers do seem to occupy climates similar to those of
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America (green) and composed niche overlap of both ranges
(purple). The continuous line represents the 100% of available
environmental background and the dashed line represents the
50% most common conditions. See Figure S2 for the contribu-
tion of each variable to the PCA axes

their source populations (Martinez-Meyer & Peter-
son, 2006; Petitpierre et al., 2012; Strubbe et al.,
2015; Bates et al., 2020). The low but present expan-
sion in M. macrocopa may be due to propagule pres-
sure enhanced by global e-commerce of this species
introducing adaptive genetic variation for new areas
facilitating colonization of novel environments (Sim-
berloff, 2009). We, therefore, expect propagule pres-
sure to scale the current extent of niche expansion,
while decreasing unfilling in the future. On the other
hand, hybridization may also impact the evolution
of species geographical ranges (Pfennig et al., 2016;
Pierce et al., 2017). It is conceivable that hybrids
of M. macrocopa are more prone to inhabit sig-
nificant ecological gradients and occupy a different
environmental niche, as demonstrated for other clad-
oceran species (Wolf & Mort, 1986; Petrusek et al.,
2008; Liu et al., 2018), further facilitating invasion
(Thornton & Murray, 2014). Also, there is morpho-
logical evidence of individuals of an intermediate
phenotype from different regions in the American
continent, e.g., ventral filaments, in the ephippium
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(Elias-Gutiérrez & Zamuriano-Claros, 1994; Elmoor-
Loureiro et al., 2010; Vignatti et al., 2013). However,
we did not directly investigate the niche differentia-
tion of the species by hybridization. Thus, the devel-
opment of ecological niche models that include biotic
interactions should be considered in the future.
Together, the findings above suggest a close link
between these records of M. macrocopa, which
share environmental niche spaces, corroborating
that although closely related, they still may be dif-
ferent taxa. However, apart from the genetic dis-
tances between M. macrocopa macrocopa and M.
macrocopa americana (Montoliu-Elena et al., 2019;
Bhanushali et al., 2021), the very low overlap also
brings cues that might be used to test taxonomic
hypothesis regarding M. macrocopa macrocopa

solely. In addition, the lack of taxonomical identifica-
tion keys and genetic characterization for many parts
of the world (Goulden, 1968) hampers our ability to
infer their invasion history accurately.

Currently, there were high portions of the inva-
sive niche of M. macrocopa that remained unfilled
or were non-occupied in the non-native range despite
being present in the original niche (Simberloff, 2009;
Soberén & Arroyo-Pena, 2017). This unfilling indi-
cates environmental non-equilibrium, and that the
invasion process of M. macrocopa is incomplete.
Niche unfilling can also occur because dispersal is
limited, suitable environments are inaccessible, or the
initial bottleneck reduces adaptive genetic variation
necessary for broad colonization. Nevertheless, the
time since introduction can also be correlated with
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Table 1 Percentage contribution of the selected environmental
variables considered for mapping the global potential distribu-
tion of Moina macrocopa

Variable/description Cor AUC

bio02/mean diurnal range (monthly mean, 152 9.8
T:nax - T;lin)

bio08/mean temperature of wettest quarter 82 62

bio09/mean temperature of driest quarter 414 264

biol3/precipitation of wettest month 104 6.9

biol4/precipitation of driest month 11 59

biol5/precipitation seasonality (coefficient of 57 34
variation)

biol8/precipitation of the warmest quarter 9.5 45

biol9/precipitation of the coldest quarter 182 11

Relative importance of each variable based on the correlation
“Cor” and AUC metrics; average of all model runs obtained
through the function getVarlmp(m) in R

the magnitude of niche filling (Strubbe et al., 2015),
suggesting, in this case, a recent invasion of M.
macrocopa.

Human activities play an essential role as a vec-
tor of new introductions of M. macrocopa—one of
the most commonly used cladoceran in standardized
laboratory bioassays worldwide (Martinez-Tabche
et al., 2000; Iannacone & Alvarifio, 2002; Nandini
et al.,, 2004). Following its previous introduction in
South America, e.g., in Peru (Valdivia-Villar, 1988),
Argentina (Paggi, 1997), and Chile (Iannacone &
Alvarifio, 2002), this vector is a probable source for
its late appearance in Brazil (Elmoor-Loureiro et al.,
2010; Rietzler et al., 2014; Eskinazi-Sant’Anna et al.,

2020). Hence, as dispersal may not limit its spread
in invaded areas, bottleneck and/or biotic resistance
are more likely to be the most critical factors deter-
mining this high unfilling. M. macrocopa has intense
propagule recruitment through clonal or resting egg
production (Vignatti et al., 2013; Sirianni, 2017; Nan-
dini & Sarma, 2019), and bottlenecks are common in
organisms that recruit novel populations from a single
propagule. Explicitly, in this case of M. macrocopa,
the selective pressures in cultures intended for aqua-
culture and live-food production could enhance bot-
tlenecks (Fermin, 1991; Manklinniam et al., 2018).
In this case, M. macrocopa population must succumb
to the many problems associated with a low genetic
variation or adapt to the novel environment relying
on plasticity. In addition to the bottleneck effect, the
enemy release (the absence of natural competitors or
predators; Keane & Crawley, 2002) can also play a
role in the success of invasive species, which would
enable them to grow and reproduce without these
regulatory pressures (Allendorf & Lundquist, 2003).
M. macrocopa can often be found in environments
with reduced competitive and predation interactions
(e.g., low diverse ponds, subjected to abiotic stress,
and known to have no fish or invertebrate predators).
However, further studies may hypothesize biotic
resistance mediated by native aquatic diversity to act
against the colonization of available climatic areas for
M. macrocopa (Elton, 1958; Levine & D’Antonio,
1999).

Our results also supported the hypothesis of overall
geographic expansion following global warming and
future predicted hydrological stress, thus forecasting
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species responses to changing environments in the
Anthropocene (Taheri et al.,, 2021). Moina macro-
copa is already common in habitats subject to human
pressures, viz. (i) eutrophication, dense populations in
nutrient-rich waters such as sewage treatment basins
(Vignatti et al., 2013; Padhye & Dumont, 2015), (ii)
low oxygen (Paggi, 1997; Elmoor-Loureiro et al.,
2010; Vignatti et al., 2013), (iii) salinity variation
(5.7 g 17" to 21.8 g 17!; Vanjare et al., 2010; Vignatti
et al., 2013), (iv) rapid recover from resting egg bank
affected by heavy metals (Oskina et al., 2019), and
(vi) the ability to endure significant temperature vari-
ations (minimum of 9.4 and maximum of 26.9 °C;
Vignatti et al., 2013), including thermal tolerance
above optimum (Engert et al., 2013) when a trade-off
between reduced lifespan and increased reproduction
occurs in females (Sarma et al., 2005). Such biologi-
cal attributes of M. macrocopa allow it to establish in
many types of waters, including those where extreme
environmental conditions limit the presence of zoo-
plankton competitors and where its fitness is reduced,
e.g., eutrophic and cyanobacteria dominated (Hans-
son et al., 2007a, b; Padhye & Dumont, 2015).

The importance of precipitation-related vari-
ables would also indicate that this species has essen-
tial invasiveness features in unstable environments,
e.g., environments subjected to hydrological stress
(Alonso, 1996; Vignatti et al., 2013). Accordingly,
extreme droughts and rising mean temperature might
result in more areas extensively subjected to inva-
sions, at least climatically, by this cladoceran. For
example, in some portions of the United States, an
increase of 3-9°C in mean annual temperature com-
bined with decreases in precipitation is predicted
(Walsh et al., 2014). Also, areas in Australia where
high costs with invasive species are reported. Lakes
and ponds in Brazilian Pantanal wetlands are cur-
rently under severe climate threat. Lakes and ponds in
Brazilian Pantanal wetlands that are currently under
severe environmental threat. Arid and semi-arid areas
in northeastern Brazil, where low precipitation and
high-temperature waters tend to expand other plank-
tonic invasive species (Severiano et al., 2022).

Notwithstanding its ability to persist, estab-
lish, and expand distribution, M. macrocopa can
also favor passive dispersal of epibionts, including
parasites becoming vectors of novel introductions
of harmful organisms (Xu, 1992; Czeczuga et al.,

2008; Vanjare et al., 2010). Also, monitoring bal-
last water should be considered, especially regard-
ing the high resistance and survival of the resting
eggs of M. macrocopa (Alekseev et al., 2010). Fur-
ther studies using morphology and DNA barcoding
can help to foster hypotheses about the invasion
process of this potentially invasive cladoceran.

Overall, our findings revealed evidence of con-
servatism in the M. macrocopa and a high degree of
unfilling. Meanwhile, we believe that M. macrocopa
is expanding its geographical distribution, currently
overlooked, following climate change scenarios.
However, the mechanisms by which this species
could favor the invasion success are unclear. This
potentially invasive species can compete with other
congeneric native species common in shallow and
temporary environments, such as M. cf. wierzejskii
Richard 1895, M. dumonti Kotov, Elias-Gutiérrez &
Granado-Ramirez, 2005, and the species complex
M. micrura Kurz 1874. We suggest researchers con-
sistently incorporate multivariate analysis of niche
into investigations on invasion processes of clad-
ocerans, simultaneously with morphological and
molecular information. This integrative approach
could more effectively predict future invasions and
anticipate detections. In addition, we strongly advo-
cate complete phylogeographical research consid-
ering populations in Africa and South America to
optimize available information on invasion history
and environmental traits in M. macrocopa. In doing
so, we would be able to recalibrate our models with
updated and novel data to better reflect concurrent
changes in species’ realized climatic niche. Ulti-
mately, it could match the proposed interdiscipli-
narity of Invasion Science.
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