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Abstract The negative interaction between mul-
tiple invasive species, when an invasive predator 
benets from a previously introduced and abundant 
prey, poses unanticipated challenges for the joint 
management of invaders. To illustrate this question, 
we describe the surge and collapse of the invasive 
apple snail Pomacea maculata population before 
and after the arrival of the invasive blue crab, Calli-
nectes sapidus, in the Ebro River (NE Spain). These 
two invaders have coincided for the rst time beyond 
their respective native and prior invasive ranges, and 
thus lack any previous shared eco-evolutionary his-
tory facilitating coexistence. We leverage data from a 

9-year apple snail removal programme (2014–2022) 
conducted by authorities to evaluate the eective-
ness of the management programme and describe 
the apple snail temporal dynamics in the Ebro River. 
Since its arrival in 2013, the apple snail population 
increased exponentially along the river and adjacent 
rice-elds despite labour-intensive eradication eorts. 
Unexpectedly, riverine populations of the apple snail 
declined by 90% in 2018 relative to the prior year 
without apparent association with previous manage-
ment eorts. Simultaneously, the blue crab was rst 
recorded in the Ebro River in 2018, and its distribu-
tion rapidly overlapped the whole area invaded by 
apple snails. We suggest that over-predation by the 
blue crab is the main cause of the decline observed 
in the apple snail, and discuss the implications of 
this new invader-invader interaction for management. 
This study underscores the unforeseen consequences 
of subsequent waves of invasion, and the importance 
of supporting management with a deeper understand-
ing of ecological interactions among invasive preda-
tor and prey species.
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Introduction

The proliferation of invasive species in aquatic eco-
systems is a global concern, yet in many cases inva-
sive species are documented as simply  co-ocurring, 
with limited insight into their complex interactions 
and the cumulative repercussions for native species 
and ecosystems (Johnson et  al. 2009; Gallardo and 
Aldridge 2015; Guareschi et al. 2021). Invasive spe-
cies may exhibit facilitative interactions, promoting 
establishment, spread and impacts—a process known 
as “invasional meltdown” (Simberlo 1995). Inva-
sional meltdown involves environmental changes that 
facilitate establishment of subsequent invaders and/
or provision of essential food sources. One of the 
most well-known examples in aquatic ecosystems 
is the zebra mussel, which not only shapes its envi-
ronment but also provides food and habitat for mul-
tiple Ponto Caspian invasive species of plants, sh 
and gammarids (Bij de Vaate et  al. 2002; Gallardo 
and Aldridge 2015). In this case, a shared evolution-
ary history might facilitate coexistence, overcoming 
hurdles such as predation or resource competition. 
An equally plausible, yet less studied interaction, is 
over-predation, observed when two species (prey and 
predator) are introduced into a new ecosystem. In 
this situation, the predator benets from the highly 
abundant invasive prey, leading to an increase in the 
predator population that may eventually eradicate the 
invasive prey and cause further cascading eects on 
the native community. We may expect over-predation 
to be more common among invasive species that have 
never interacted before and therefore lack mecha-
nisms of coexistence.

Here, we describe a novel interaction between two 
of the worst aquatic invaders globally, the apple snail 
Pomacea maculata Perry, 1810 and the blue crab, 
Callinectes sapidus Rathbun, 1896. Notably, these 
invaders lack a shared evolutionary history because 
they originate from distinct parts of the Americas, 
and their invasive distributions are so far not known 
to overlap. The apple snail is originally from South 
America (Argentina, Bolivia, Paraguay, Uruguay and 
Brazil) and has been spread intentionally and acci-
dentally to Southeast Asia, USA and Europe (Hayes 
et al. 2008). It probably arrived in Spain, in the Ebro 
Delta, through an unintentional release from the 
aquarium trade, from unknown origin (López et  al. 
2010; Joshi and Parera 2017). The herbivorous apple 

snail was detected for the rst time in 2013 in the 
Ebro River, an area with high biodiversity and agri-
cultural value (Mañosa et al. 2001). The apple snail 
caused substantial alarm given its well-documented 
high reproduction rates and detrimental impacts on 
rice cultivation (Joshi et  al. 2017). Species of the 
genus Pomacea exhibit early sexual maturation, with 
females able to reach maturity and commence spawn-
ing at 3–6 months of age (Estoy et al. 2002), and in 
the case of P. maculata yielding a substantial num-
ber of ospring (~ 1500 eggs per clutch) once a week 
for three summer months (Barnes et al. 2008). Initial 
control measures in the area targeted rice elds, rang-
ing from completely drying down the elds on one 
side of the Ebro Delta, to changes in rice planting 
practices and the application of pesticides (Gallego 
et al. 2020).

The blue crab, native to the east coast of the Amer-
icas from Nova Scotia in Canada to northern Argen-
tina (Nehring 2011), exhibits a remarkable ability 
to thrive in a diverse range of marine, estuarine and 
coastal freshwater habitats. This adaptability is due 
to a broad environmental tolerance in terms of tem-
perature and salinity, coupled with a high trophic 
exibility (Nehring 2011). The blue crab is an impor-
tant predator that has caused substantial impacts on 
the structure and function of benthic food webs and 
sheries (Nehring 2011; Clavero et al. 2022). While it 
has been present in the Mediterranean since the early 
twentieth century, its expansion has accelerated since 
2010 (Mancinelli et al. 2021), with an outbreak in the 
Ebro River in 2018 (Clavero et  al. 2022). Because 
of their distinct habitat preferences—freshwater for 
apple snails and marine or brackish water for blue 
crabs—the two species have never been reported to 
co-occur before their colonization of the Ebro River.

This study leverages data from a 9-year apple snail 
intensive removal programme (2014–2022) to: (1) 
evaluate the eectiveness of the management pro-
gramme, and (2) describe the temporal dynamics of 
the species before and after the arrival of the blue 
crab in the study area. This information has signi-
cant implications for managing aquatic ecosystems 
aected by multiple waves of invaders.
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Material and methods

Removal of apple snails and eggs in the Ebro River

In 2013, the apple snail was recorded for the rst time 
in the main channel of the Ebro River, presumably 
spreading from colonies previously established in irri-
gation channels in the Delta (López et al. 2010). To 
counter the invasion, the Ebro River Water Author-
ity (Confederación Hidrograca del Ebro, CHE), 
initiated an annual removal campaign in 2014 target-
ing apple snails from a 12.5 km segment of the river 
channel (Fig. 1). The target area was situated between 
the localities of Tortosa and Amposta (upper limit of 
study area at Long 0.4957, Lat 40.9199; lower limit 
at Long 0.5043, Lat 40.7991; Fig. 1). Operating dur-
ing the breeding season from June to November, the 
removal protocol systematically focused on both adult 
specimens and egg clutches. This proactive interven-
tion aimed to control the spread of the apple snail 
along the river corridor and mitigate potential eco-
logical impacts in the region.

On a weekly basis, a thorough survey of the 
study area was conducted by a team of four expe-
rienced technicians. The distinctive bright pink egg 
clutches, deposited by apple snails above water, 
were meticulously removed during a dedicated day-
long eort, totalling 8-h of survey. Adult speci-
mens were targeted at night when they are more 

active and easier to detect, for a 6-h survey (Gallego 
et  al. 2020). The diurnal removal eort amounted 
to 32 person-hours each week, with an additional 
24 person-hours allocated to nocturnal removal. 
The duration of removal eorts varied from seven 
to 28 weeks per year, depending on population size 
and administrative permits (Table 1). For instance, 
eort was low (7–8  weeks) in 2014–2015 because 
of the incipient size of the population, and also in 
2020 because of COVID-19 restrictions, while 
eort was high in 2022 (28 weeks), prompted by 
exceptionally elevated temperatures that extended 
the breeding season. The information used in this 
study encompasses the total number of egg clutches 
and adults removed per week, over the 9-year study 
period. Data were transformed to catch per unit 
eort (CPUE) for analysis, representing the total 
number of snails removed divided by the sampling 
eort (person-hours) each year. We dierentiated 
between the two life stages because the eciency of 
management eorts, as well as the impacts of the 
newly arrived predator, may dier between adults 
(low detectability, high predation pressure by the 
blue crab) and egg clutches (high detectability, no 
predation). Given the consistency in personnel, col-
lection methods and timing  of removal eorts, we 
assumed that removal data reect real variation in 
the species density over time.

Fig. 1  Location of the 
study area in the Ebro 
River. The removal of apple 
snails was conducted in the 
main river channel between 
the localities of Tortosa and 
Amposta. The dashed line 
approximately separates the 
main channel of the Ebro 
River from its Delta
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The blue crab in the Ebro River

The blue crab was rst observed in 2012 in the Ebro 
Delta (Castejón and Guerao 2013). Following a lag 
phase of 5 years, its populations increased exponen-
tially, leading to its wide distribution across the Ebro 
Delta and surrounding coast (Clavero et  al. 2022). 
Despite its mostly marine nature, in August 2018, 
blue crabs were noted in the main channel of the 
Ebro River. Subsequently, these crabs have consist-
ently been detected in areas were apple snail removal 
occurs (Fig.  1), although specic abundance infor-
mation remains unreported. Notably, blue crabs have 
been recorded feeding on adult apple snails (Fig. 2a). 
Unfortunately, there exists no dedicated programme 
monitoring the expansion and abundance of blue 
crabs in the Ebro River (but see Clavero et al. 2022 
for a description of population trends and impacts in 
the Delta and adjacent coast).

While our apple snail removal campaign was not 
originally designed for blue crab monitoring, our 
team was the rst to detect its presence in the main 
channel of the Ebro River upstream from the Delta. 
We therefore possess unique data on blue crab sight-
ings, consistently recorded during nocturnal activi-
ties when the crabs are actively hunting, and there-
fore more detectable. We calculated the catch per 
unit eort (CPUE) as the total number of blue crab 
sightings per person-hour of nocturnal snail removal 
eort. Although data interpretation necessitates 
caution, we believe it provides important insights 

regarding the exponential increase of the blue crab in 
the Ebro River.

Statistical analyses

We used repeated measures analysis of vari-
ance  based on Kruskal–Wallis tests followed by 
post-hoc HSD Tukey Tests to investigate whether 
apple snail abundances diered signicantly between 
consecutive years. The TukeyHSD command of R 
automatically adjusts the p values for multiple com-
parisons to ensure that the family-wise error rate 
is controlled across all pairwise comparisons. The 
selection of a non-parametric test was based on the 
data not meeting the normality and homoscedasticity 
assumptions of parametric tests. We expected a sig-
nicant reduction in the abundance of the adult apple 
snails because of predation by the blue crab after 
August 2018. This would in turn result in a delayed 
decrease in egg clutches 3  to  6  months later, which 
corresponds to the age of rst copulation and spawn-
ing in the genus Pomacea, specically P. canaliculata 
(Estoy et al. 2002).

Results

Throughout the period from 2014 to 2022, a com-
prehensive removal eort resulted in the elimination 
of 20,937 adult apple snails and 41,076 egg clutches 
from the Ebro River. Between 2014 and 2017, the 

Table 1  Total number of apple snails removed from the main channel of the Ebro River (NE Spain) between 2014 and 2022

Removal eort in person-hours of daytime surveys (for egg clutches) / night-time surveys (for adult snails), respectively. Blue crab 
CPUE represents sightings of the species during the apple snail night-time removal, so the CPUE is the same.
*Eort was limited in 2020 because of COVID19 restrictions

Year Adult snails (total) Egg clutches 
(total)

Removal eort 
(person-hours)

Adult snails 
(CPUE)

Egg clutches 
(CPUE)

Blue 
crabs 
(CPUE)

2014 2196 688 256/192 3.58 8.58 0
2015 1026 850 224/168 5.06 4.58 0
2016 7553 6922 576/432 16.02 13.11 0
2017 25,251 9821 704/528 18.60 35.87 0
2018 2339 697 640/480 1.45 3.65 0.71
2019 2045 461 736/552 0.84 2.78 1.01
2020* 163 111 224/168 0.66 0.73 0.48
2021 230 841 576/432 2.19 0.45 1.17
2022 273 546 896/672 0.81 0.30 0.74
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CPUE of adult snails increased substantially, esca-
lating by 141% in 2015, 317% in 2016, and 116% in 
2017, with each percentage calculated relative to the 
preceding year (Fig. 2a, Table 1). The CPUE of adults 
and egg clutches was highest in 2017 (Fig.  2b, see 
results from pairwise HSD Tukey Test in Table 2).

The situation reverted following the arrival of the 
blue crab in 2018, when the CPUE of adult apple 
snails collected plummeted by 92% relative to 2017 
(Tables 1 and 2, Fig. 2b). This negative trend persisted 
in 2019 (− 42% relative to 2018), and 2020 (− 21% 
relative to 2019), marking the period of minimum 
abundance of the snails (Fig.  2b, Table  1). While 
there was a resurgence in the CPUE of adult snails 
in 2021, the numbers remained very low (Table  1). 
There were signicant dierences in the CPUE of 
adult snails (Kruskal–Wallis Test,  Chi2 = 84.64, 
df = 1, P < 0.001) and egg clutches (Kruskal–Wallis 
Test,  Chi2 = 90.23, df = 1, P < 0.001) before and after 
the rst sighting of the blue crab in August 2018.

A single blue crab individual was rst detected in 
the last week of July 2018 and the following week, 
30 individuals were encountered over the 2.5  km 
study area. In total, between 2018 and 2022, the team 

registered 1929 blue crab sightings during their snail 
removal activities. Temporal trends show an exponen-
tial increase of the blue crab in 2018, with numbers 
decreasing slightly the following years (Fig. 2b). The 
drop in blue crab numbers in 2020 is attributed to the 
limited removal eort (168 person-hours in 2020 due 
to COVID-19 restrictions, as opposed to 552 person-
hours in 2019) as well as the timing of the campaign 
(June–July) before the peak of blue crabs that is often 
registered in August–September. Blue crabs were 
often observed hunting or in the process of eating 
adult apple snails.

Discussion

Despite management eorts between 2014 and 2017, 
our analysis of the removal campaign showed annual 
increases in apple snail abundance in the Ebro River 
of 100–300%. This rapid population growth aligns 
with observations in other countries (e.g. Burks et al. 
2017), as well as for the congeneric P. canaliculata 
(e.g. Estoy et al. 2002). Besides the high reproduction 
rates of the dierent species of apple snail already 

Fig. 2  Trends in the 
removal of apple snails 
from the Ebro River before 
and after the coloniza-
tion by the blue crab. a 
Photographs of the pink 
egg clutches, an adult apple 
snail, and a blue crab in the 
act of feeding on an adult 
snail (photos: Ismael Sanz-
Paleoymas). b Catch per 
unit eort (CPUE) of egg 
clutches and adult snails 
between 2014 and 2022 
(left axis). Statistical dif-
ferences across subsequent 
years can be consulted in 
Table 2. Blue crab CPUE 
represents sightings of the 
species during the apple 
snail night-time surveys 
(right axis).* Sampling 
eort was limited in 2020 
because of COVID19 
restrictions
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mentioned before (Estoy et  al. 2002; Barnes et  al. 
2008), the surge in population growth can be attrib-
uted to several factors. First, apple snails probably 
beneted from the ample availability of food sources 
in the Ebro River, including rice plants and sub-
merged macrophytes such as Ceratophyllum demer-
sum, Potamogeton densus and Ranunculus spp. (Bur-
lakova et al. 2009).

Second, the apple snail lacks natural enemies in 
the Ebro River able to prey intensively on its poi-
sonous eggs or to overcome the thick shell of adults. 
Only the glossy ibis has been reported to start feed-
ing on apple snails in the rice elds adjacent to the 
Ebro Delta (not in the Ebro River), but only 6 years 
after the introduction of the apple snail (Bertolero and 
Navarro 2018). Its predatory pressure was considered 
insucient to have an impact on apple snail numbers.

Finally, there is also the possibility that the removal 
programme led to stage-specic overcompensation, 

resulting in rapid population increases, a phenom-
enon observed in the invasive European green crab 
(Carcinus maenas) in North America (Grosholz et al. 
2021). This is known as the “hydra eect”, where the 
removal of one life stage of the invasive species (typi-
cally adults), reduces the control of juveniles thereby 
facilitating the population explosion (Grosholz et al. 
2021).

The positive population growth exhibited by the 
apple snail underwent a dramatic reversal in 2018, 
with a decline of over 90% from the previous year. 
The decline in egg clutches occurred several months 
afterwards. This temporal sequence suggests that 
the decline in apple snail populations was not pri-
marily attributable to reproductive constraints, such 
as a reduction in egg production, but rather to a 
decline in the adult population.

We suggest that the collapse of the apple 
snail population is probably associated with 

Table 2  Results from Kruskal Wallis tests with post hoc HSD Tukey tests of dierences across years in the number of adults and/or 
egg clutches removed weekly

p values automatically adjusted for multiple comparisons. Signicant dierences are indicated in bold

Formula Test Chi-sq

Adult snails ~ 
before/after blue crab

Kruskal Wallis test χ2 = 84.64
df = 1
p value < 0.001

Egg clutches ~ 
before/after blue crab

χ2 = 90.23
df = 1
p value < 0.001

Formula Test Years Dierence p value (adj)

Adult snails~year HSD Tukey test 2014–2015 35.42 0.99
2015–2016 263.12  < 0.001
2016–2017 61.85 0.80
2017–2018 411.56  < 0.001
2018–2019 14.80 0.99
2019–2020 4.18 1.00
2020–2021 36.70 0.99
2021–2022 33.06 0.99

Egg clutches ~ year HSD Tukey test 2014–2015 127.92 0.99
2015–2016 273.03 0.42
2016–2017 728.16  < 0.001
2017–2018 1030.82  < 0.001
2018–2019 28.03 0.99
2019–2020 65.62 0.99
2020–2021 8.91 1.00
2021–2022 4.62 1.00
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over-predation by the blue crab, which rapidly colo-
nized the main channel of the Ebro River in 2018, 
ultimately sharing the same habitat with the apple 
snail. In other zones of the Ebro River invaded by 
the blue crab, similar massive and rapid declines 
have been observed in other prey crab and sh spe-
cies (Clavero et  al. 2022), as well as in invasive 
molluscs like the Asian clam and the zebra mussel 
(Ventura et  al. 2018; Wasson et  al. 2020). These 
impacts can reasonably be attributed to the blue 
crab’s versatile diet, encompassing a broad array of 
vertebrate and invertebrate prey (Mancinelli et  al. 
2017; Prado et al. 2022). Locally, the blue crab has 
been observed breaking the shells of adult apple 
snails with its strong claws and consuming them 
(Fig.  2a). Indeed, during the removal campaigns, 
the team observed blue crabs attracted by the apple 
snails they were removing, and during experimen-
tal tests we found intensive predation rates (unpub-
lished data). To the best of our knowledge, there 
were no other signicant environmental, biologi-
cal or management changes that could explain the 
massive decline exhibited by the apple snail after 
2018. The interest of the Ebro River case study lies 
in the behavioural exibility displayed by the blue 
crab that has rapidly adjusted to exploit a novel 
and abundant prey, the apple snail. This exibility 
contrasts with native predators in the Ebro River, 
with the sole exception of the glossy ibis, as they 
predominantly remain incapable of feeding on the 
apple snail.

The biological control exerted by the blue crab on 
the apple snail may be viewed as a positive outcome. 
However, the associated rise in blue crab popula-
tions may intensify the predatory pressure on other 
native species. This is evident in the swift and severe 
declines observed in native sh and crab species in 
the adjacent Delta and coastal region (Clavero et al. 
2022). This is a process of hyper-predation, where the 
increase in the invasive predator fuelled by the abun-
dant invasive prey adds pressure on native species, 
eventually leading to their local extinction (Cour-
champ et al. 2000). This possibility, underscores the 
need for a comprehensive understanding of ecologi-
cal interactions and potential cascading eects when 
managing invasive species.

Management implications

The time series between 2014 and 2017 suggests that 
eorts to eradicate the apple snail within the study 
area have, to a large extent, fallen short (Gallego et al. 
2020). The manual removal of apple snails was highly 
time and resource consuming but it provided critical 
information to understand the population structure 
and temporal trends of the species in the study area, 
which is the sole invaded location in Europe. Never-
theless, there is a need for a more detailed examina-
tion in diverse habitat types within the Ebro River 
and adjacent environments, such as canals, ditches, 
and rice elds.

The interaction between the apple snail and blue 
crab in the Ebro River poses three management chal-
lenges. First, any attempt to control blue crabs runs 
the risk of triggering an outbreak in apple snail popu-
lations. Second, if the apple snail removal programme 
continues, achieving its control in the river might 
escalate the predatory pressure of the blue crabs on 
native prey (Zavaleta et al. 2001). Third, the current 
management options for the blue crab, based on over-
shing, carry the risk of establishing a local economy 
dependent on an invasive species. This last point is 
further elaborated below.

Overshing and commercialization of the blue 
crab are currently the only management options to 
control populations, not only in Spain but also in 
various other invaded areas (Nehring 2011; Clavero 
et  al. 2022). However, the managing of long-estab-
lished commercially valuable invasive species can 
be controversial; this was the case of the red craysh 
(Procambarus clarkii) in Europe (Ocialdegui et al. 
2020). Unlike the red craysh, the blue crab is a rela-
tively recent invader in the Ebro River and, while it 
has economic benets, local economies are not heav-
ily reliant on crab shing as a source of income. Con-
sequently, further research is needed to better under-
stand and quantify the population growth, feeding 
habits and dynamics of both the apple snail and blue 
crab, supporting informed decisions. The long-term 
conservation goals for the Ebro River should involve 
establishing a dynamic and resilient ecosystem, capa-
ble of withstanding the impacts of invasive species 
while fostering the recovery of native biodiversity 
(Guareschi et al. 2021; Britton et al. 2023). By under-
standing the synergies or conicts that may arise 
among invaders coming from dierent origins, we 
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can rene our management strategies and fortify the 
river ecosystem against the multifaceted challenges 
posed by invasive species under changing environ-
mental scenarios.
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