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HIGHLIGHTS

The mussel, Mytilopisis sallei, is invasive
along the southern China coast.

A DEB model was used to predict future
mussel life history traits.

Warming will enhance, while food limi-
tation will limit, mussel invasion.

The Yangtze River remains an important
biogeographic barrier.

Predictive models allow spatially ex-
plicit assessment of invasion risk.
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ABSTRACT

Species invasion is an important cause of global biodiversity decline and is often mediated by shifts in environ-
mental conditions such as climate change. To investigate this relationship, a mechanistic Dynamic Energy Budget
model (DEB) approach was used to predict how climate change may affect spread of the invasive mussel
Mpytilopsis sallei, by predicting variation in the total reproductive output of the mussel under different scenarios:
To achieve this, the DEB model was forced with present-day satellite data of sea surface temperature (SST) and
chlorophyll-a concentration (Chl-a), and SST under two warming RCP scenarios and decreasing currentChl-a
levels, to predict future responses. Under both warming scenarios, the DEB model predicted the reproductive
output of M. sallei would enhance range extension of the mussel, especially in regions south of the Yangtze
River when future declines in Chl-a were reduced by less than 10%, whereas egg production‘was inhibited
when Chl-a decreased by 20-30%. The decrease in SST in the Yangtze River may, however, be a natura! barrier
to the northward expansion of M. sallei, with colder temperatures resulting in a strong dectease in egg produc-
tion. Although the invasion path of M. sallei may be inhibited northwards by the Yangtze River, larger geographic
regions south of the Yangtze River run the risk of invasion, with subsequent negative impacts-oi dquaculture
through competition for food with farmed bivalves and damaging aquaculture facilities. Using a DEB model ap-
proach to characterise the life history traits of M. sallei, therefore, revealed the importance of food availability anc
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temperature on the reproductive output of this mussel and allowed evaluation of the invasion risk for specific re-
gions. DEB is, therefore, a powerful predictive tool for risk management of already established invasive popula-
tions and to identify regions with a high potential invasion risk.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Species invasion, defined as the successful establishment and spread
of species outside their native range, is a common phenomenon, yet the
current extent and frequency of invasions are increasing at unprece-
dented rates (Sax et al., 2005). Such invasions can have detrimental con-
sequences, including loss of biodiversity and disruption of invaded
ecosystem functions, human health risks and impacts on agriculture
and aquaculture (Galil et al., 2014). The rate and extent of species inva-
sions, however, are dependent on various life history traits of species
such as growth rate, reproductive success and larval output and how
these parameters interact with changes in environmental conditions
in the areas that alien species encounter (Sara et al., 2013a; Thomas
et al., 2016). One of the key prerequisites for successfully establishing
a population is being present in sufficient numbers to produce viable
populations. Population density, which is supported by fecundity at a
functional level, plays a crucial role in determining the success of a
new species and their ability to colonise novel habitats (Kramer et al.,
2009). The arrival alien species does not, for example, automatically
lead to successful establishment unless invaders reproduce asexually.
In this regard, climatic factors play an important role by affecting the re-
productive output of any given population. Environmental change asso-
ciated with climate change, such as seawater warming and coastal
eutrophication, have been shown to increase the success of invasive
species by promoting greater reproductive output, enhanced larval de-
velopment and juvenile recruitment and thereby facilitating their geo-
graphic spread (Stachowicz et al., 2002; Valdizan et al., 2011; Galil
et al.,, 2015). Climate change is also understood to be a major cause of
changes in species' life history traits by altering environmental condi-
tions, leading to shifts in species’ performance, their competitive ability
and geographic distribution (Parmesan and Yohe, 2003; Portner and
Farrell, 2008).

At regional, continental and global scales, there are strong spatial
and temporal variations in environmental conditions. The extremes of
these spatio-temporal environmental conditions typically harbour
very different ecological communities (Buckley and Jetz, 2008), with
species in each community responding to the physical environmental
prevailing at each location (Srinivasan et al., 2018). Under current cli-
mate change, environmental conditions are changing greatly and at dif-
ferent rates (IPCC, 2013). Seawater warming, for example, is
heterogeneous across space, with some regions warming faster than
others (Lima and Wethey, 2012). Climate change is, therefore, an im-
portant driver responsible for global changes in species’ distribution
ranges and its influence can be seen in the increasing invasion of alien
species in various regions of the world (Cheung et al., 2009; Pederson
et al,, 2011; Sara et al., 2018). As a result of these changes in species
ranges, there is an urgent need to understand and predict the impacts
of spatio-temporal changes in environmental conditions in the context
of climate change on invasive species' life history traits.

Predicting these changes is challenging, but mechanistic models,
such as the Dynamic Energy Budget model (DEB; Kooijman, 2010),
can provide a valuable platform for predicting species' life history traits.
The DEB model integrates ecophysiological parameters of a species to
simulate its bioenergetics (i.e., changes in energy uptake and allocation)
under varying environmental conditions, resulting in a powerful ap-
proach for predicting species' distributions under changing environ-
ments (Lavaud et al., 2017; Kooijman, 2020; Mangano et al., 2020).
Recently, DEB models have been combined with environmental data

such as temperature and food availability obtained from satellites and/
or climate models to predict the life history traits of invasive species in
response to predicted spatio-temporal fluctuations of their environ-
ment, and subsequently possible future expansion under climate
change (Sara et al.,, 2013a; Thomas et al., 2016; Agiiera and Byrne,
2018).

Here, using a mechanistic DEB-approach, coupled with satellite data
and climate models, we modelled the fitness of an invasive bivalve, the
black-striped mussel, Mytilopsis sallei, along the southern coast of China.
M. sallei is native to the Pacific coast of Panama and successfully spread
to Hong Kong in 1980 through ship ballast waters (Morton, 1989). Ten
years later, it had extended northwards to Fujian province, China (Cai
et al., 2005) where it has negatively impacted the aquaculture industry
(for fish, mussels and oysters) in Fujian Province through damaging
aquaculture facilities and reducing water quality, resulting in local eco-
nomic loss (Cai et al., 2006, 2014). In the context of climate change and
biological invasions, the increase in sea surface temperature (SST)
projected by the end of the century (IPCC, 2013) is likely to facilitate
the northwards expansion of M. sallei, and cause further impact on im-
portant aquaculture areas along the southern and central coast of China.
Another impact of climate change is altering coastal chlorophyll-a (Chl-
a), which represents the food available for filter feeders such as mussels
and oysters, and thus will directly influence the life history traits of the
mussel M. sallei. While employing offensive strategies against invasive
species (e.g., eradication) is expensive and rarely successful (Mack
etal.,, 2000; Hilliard, 2004), early detection of invasion risk can be crucial
to prevent or limit expansion and consequently minimize impacts on
the ecology and economy of at-risk areas (Branch and Steffani, 2004).
The aims of this study were, therefore, to analyse the spatio-temporal
variations in reproductive output of M. sallei and its potential geo-
graphic expansion along the southern coast of China. By predicting
changes in life history traits, the possible colonization paths of M. sallei
in the near future associated with climate change can be inferred to
help develop appropriate mitigation and management strategies
against this invasive species.

2. Materials and methods
2.1. Model domain

The current reported northern limit for M. sallei in China is in Fujian
Province (25°N). In order to predict the potential northern shift of this
invasive mussel under climate change, we performed DEB simulations
for the area from 21-32°N and 110-122°E, which includes the current
distribution of M. sallei and extends to the major biogeographic break
at the Yangtze River mouth where the ocean currents and/or clecrease
in SST due to freshwater discharge and precipitation are likely to act
as physical barriers, limiting the dispersal of planktonic larvae (Dong
etal., 2012; Guo et al., 2011, 2015; Fig. 1).

2.2. Environmental data

Level 3 satellite-observed daily SST and Chl-a for the period
2015-2016 from the National Aeronautics and Space Admisnistration
(NASA) Moderate Resolution Imaging Spectroradiometer (MODIS)
Aqua level 3 were downloaded from the Ocean Color Web portal
(https://oceancolor.gsfe.nasa.gov/). The spatial reselution of these data
is 4 km x 4 km.
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Fig. 1. Map of the southern coast of China. Xiamen is the northern limit reported for
Mytilopsis sallei and the Yangtze River may act as a major biogeographic break for expan-
sion of this mussel as noted for other species (Dong et al., 2012; Guo et al.,, 2015).

Projected monthly SST for the years 2025-2026 and 2045-2046
were obtained from World Climate Research Programme (WCRP)
Coupled Model Intercomparison Project Phase 5 (CIMP5) simula-
tion (model: Max-Planck-Institut fiir Meteorologie Earth-System
Model running on Medium Resolution grid, MPI-ESM-MR). This
MPI-ESM-MR data has a spatial resolution of 1.865° x 1.875° and
was downloaded from the Earth System Grid Federation (ESGF)
data portal. Two future climate change scenarios (Representative
Concentration Pathways (RCP): conservative RCP2.6 and severe
RCP8.5) were considered. Due to the low accuracy of projected
Chl-a data (Roxy et al., 2016), two RCPs projections were used fol-
lowing a sensitivity analysis wherein present-day Chl-a levels
were decreased by 5, 10, 20% for RCP2.6 and 10, and 20, 30% for
RCP8.5 (Fig. 2) as previous modelling studies suggest global
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Fig. 2. Conceptual framework showing the scenarios of temperature and chlorophyll-a
concentrations used in the Dynamic Energy Budget models for the predictions of the
current and future total reproductive output of Mytilopsis sallei under three time periods
(Duration). The abbreviations indicate Conservative (RCP2.6, C) or Severe (RCP8.5,
S) scenarios; time duration (2025-2026 = 26, 2045-2046 = 46); and delta decrease in
chlorophyll-a (5, 10, 20, 30%).
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warming will result in decreases in Chl-a within the northeast Pa-
cific Ocean region (Sarmiento et al., 2004; Hashioka and
Yamanaka, 2007; Bopp et al., 2013; Moore et al., 2013).

These downloaded environmental data were then extracted to ob-
tain the appropriate information within 12 km from the shore of
China (maximum distance of aquaculture conducted offshore; A.LS.T.,
personal communication with local aquaculture famers) which covered
from 21-32°N and 110-122°E. These environmental data were re-
grided to the same spatial resolution of 0.036° x 0.036° (~4 km x 4 km)
with a total of 3083 pixels per environmental data layer.

2.3. DEB model

The DEB model is a mechanistic model which defines the process
of energy acquisition and utilization in an organism under varying
environmental conditions (primarily temperature and food avail-
ability; Nisbet et al., 2000; van der Meer, 2006), as applied to
species-specific parameters that describe the responses of a species
to environmental conditions and allows subsequent prediction of
life history traits (e.g., growth and reproduction, fully described in
Kooijman, 2010). In DEB models, SST and Chl-a are important forc-
ing variables which can be used to predict shellfish life history traits
(Thomas et al., 2011, 2016). The DEB model for M. sallei (see Fig. S1
and Appendix A in supporting information for DEB theory and de-
tails) was, therefore, coupled to satellite or climate models (de-
scribed above). As M. sallei has a maximum life span of 22 months
(Morton, 1989), simulations using specific DEB parameters
(Table 1; Tan, 2019) following standard parameterization methods
(see Appendix B in supporting information; as used by Sara et al.,
2013b; Cheng et al., 2018) were run for two years at each pixel in
the study region for three periods, 2015-2016, 2025-2026, and
2045-2046 (hereafter referred to as 2016, 2026 and 2046)
representing present-day (at time of model generation), short-
and long-term future scenarios respectively.

To predict the potential expansion of M sallei, the total reproductive
output for the mussel was extracted from the simulation performed for
each pixel and presented as a geographic forecast map (performed
using the ‘Oce package’ in R, Kelley, 2018). Total reproductive output
was used as a metric to measure potential invasive success as variation
in a species' reproductive output (e.g., total number of eggs produced,

Table 1

List of parameters used in Dynamic Energy Budget model simulations for Mytilopsis sallei
adopted from Tan (2019 and see Appendix B) and available online at: - https://www.bio.
vu.nl/thb/deb/deblab/add_my_pet/entries_web/Mytilopsis_sallei/Mytilopsis_sallei_res.
html.

Parameter Unit Description Mytilopsis
sallei

Ta °K Arrhenius temperature 4515

T, °K Lower boundary of tolerance range 283

Th °K Upper boundary of tolerance range 311

TaL °K Lower boundary of Arrhenius temperature 6257

Tan °K Upper boundary Arrhenius temperature 13,589

{Uxm} Jem™2d~! Maximum surface area specific ingestion 61.72
rate

{Pam} Jem™2d~!' Maximum surface area specifi¢ assimilation 58.05
rate

[Pml Jem—3d~! Volume specific maintenance costs 43,08

[Em] Jem ™3 Maximum storage density 905

[Ec] Jem™3 Volume specific costs for growth 1081

Xie ugchla Half saturation coefficient 1.41

L71

AE - Assimilation efficiency 0.94

Om - Shape‘coefficient 0.2268

K - Fraction of allocated energy spent on 0.8
maintenance and growth

KR - Reproduction efficiency 0.95
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oocyte size and spawning date) under different environmental condi- scenarios, percent change was calculated for total reproductive output
tions has been demonstrated to be an important factor determining in the study area, following the calculation used in Steeves et al. (2018):
range expansion (see Cardoso et al., 2007; Thomas et al., 2016) and pro-

liferation of an invasive species depends at least in part on its successful

reproduction (Valdizan et al., 2011). To determine how total reproduc- ~ Change in total reproductive output (%)

tive output would change spatially and temporally under the two RCP = [(Future—Present)/Present] x 100%
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coast of China derived from satellite data.
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3. Results
3.1. Characterization of environmental data

The yearly mean SST for the present-day (i.e., 2016) along the south-
ern coast of China showed that temperature increased from south to
north and ranged between 12 and 26 °C (Fig. 3a). The average winter
temperature along the southern China coastline ranges between 2 and
20 °C (Fig. 3b). In summer, the temperature gradient from north to
south is more gradual as compared to winter with average seawater
temperature between 23 and 29 °C (Fig. 3c). Unlike SST, there was a
strong difference in Chl-a between summer and winter seasons along
the southern China coastline (Fig. 3e, ), however the annual mean
Chl-a was spatially variable and varied widely from 1.5-15.4 mg m 3
(Fig. 3d).

The climate model indicated that SST warming will be spatially de-
pendent within the study region. Under both RCPs, the mean SST over
two periods (2026 and 2046) was projected to increase between 1
and 6 °C along the southern China coastline, except at the Yangtze
River (30-32°N), where it was projected to decrease by 1-3 °C com-
pared to the present-day (Fig. 4). Due to the predicted different
warming patterns, the study region was separated into two broad re-
gions: southern China (i.e., below the Yangtze River) and the Yangtze
River. In the southern region, differential warming rates were observed
between the study periods and RCP scenarios. The mean SST, for exam-
ple, was projected to warm by 2 °C (Fig. 4a) or 2.2 °C (Fig. 4c) by 2026
©
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Fig. 4. Predicted change in mean sea surface temperature (°C) along the southern coast of China in (a, ¢) 2026 and (b, d

RCP8.5 relative to present-day (2016) conditions.
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and 2.3 °C (Fig. 4b) or 2.7 °C (Fig. 4d) by 2046 under RCP2.6 and
RCP8.5 scenarios, respectively. In contrast, SST in the Yangtze River
delta was predicted to decrease by an average of 2 °C (Fig. 4a) or
2.2 °C (Fig. 4c) by 2026 and 1.7 °C (Fig. 4b) or 1.5 °C (Fig. 4d) by 2046
under RCP2.6 and RCP8.5 scenarios, respectively.

3.2. Dynamic Energy Budget predictions: total reproductive output

Under the present-day climate, the DEB model predicted the total
reproductive output produced by M. sallei in two years would be spa-
tially variable, with a significant decrease in total reproductive output
from north to south (linear regression of eggs produced vs latitude,
y = —22,609x + 873,998, r? = 0.338, p < 0.0001) with a range be-
tween 7.8-73.2 x 10% eggs (Fig. 5). The DEB model predicted 57-83%
of pixels (i.e., mainly concentrated in the region above Hong Kong)
with an increase in egg production under the two warming scenarios
(RCP2.6 and RCP8.5) associated with a 10% decrease in Chl-a along
southern China (Figs. 6 and 7). From 2016 to 2026, egg production
was predicted to increase from 31 to 32 x 10* eggs (2.3-5.4%) under
both RCP scenarios, while, under C46-A10 (conservative scenario of
RCP2.6 at year 2046 with 10% decrease in Chl-a) and S46-A10 (severe
scenario of RCP8.5 at year 2046 with 10% decrease in Chl-a) it was pre-
dicted to increase to 33 x 10% eggs (7.7%) and 34 x 10 eggs (8.9%), re-
spectively (Table 2). The predicted mean total reproductive output was
predicted to increase to 34 x 10% (10.9%) and 35 x 10* (13.2) under
C26-A5 and C46-A5 scenarios, respectively (Table 2).
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Fig. 5. DEB model predictions of total number of eggs produced by Mytilopsis sallei in two
years along the southern coast of China under present-day (2016) conditions.

Under future decreasing Chl-a of 20-30% relative to present-day
conditions, 3-40% of pixels showed an increase in egg production
(Figs. 6 and 7), while a 3.9-20% reduction is predicted in the production
of eggs along the southern China coast under both RCP scenarios
(Table 2). In the Yangtze River (30-32°N), however, the model pre-
dicted that only 2-16% of pixels would show an increase in egg produc-
tion and fewer total eggs would be produced (i.e., 14.2-55.6% decrease)
by M. sallei under all future food levels and RCP scenario combinations
(Table 2).

4. Discussion

As a result of climate change the biogeographic range of many spe-
cies has shifted northwards (in the northern hemisphere,
i.e., polewards) by as much as 50 km per decade during the last century,
leading to the introduction of novel species into ecosystems (Helmuth
et al., 2006), and exacerbating the success of invasion (Stachowicz
et al., 2002). The reported present northern boundary of M. sallei
along the southern coast of China is Fujian Province (25°N), however,
the DEB model simulated reproductive success (i.e., greater egg produc-
tion as compared to current day) for this species as far north as the
Yangtze River (32°N) under present-day conditions. The DEB model
predicted, for example, that M. sallei could produce 7.8-73.2 x 10*
eggs in two years under present-day conditions, which is near to and/
or higher than the average number of eggs (10-20 x 10%) reported by
Qi (2011) for M. sallei in Xiamen, its current reported northern limit.
The increased predicted total reproductive output of M. sallei, combined
with suitable environmental conditions that allow persistence, suggests
the capacity for a further population expansion northwards along the
coastline of China.

Life history traits are a product of a series of physiological processes
which increase with body temperature until the optimal temperature of
a species is reached (Huey and Stevenson, 1979; Atkinson, 1997;
Reznick et al., 2000). For ectotherms, such as the mussel, M. sallei,
body temperature is highly dependent on environmental temperature,
and so an increase in environmental temperature results in enhanced
species' life history traits when food supply is not limiting (Shephard
et al., 2010; Valdizan et al.,, 2011). Consequently, the DEB model pre-
dicted the mean total reproductive output of M. sallei would increase
by about 2-13% when the model was run with a <10% decrease in
Chl-a under both RCP scenarios and future time points (2026 to
2046), with more eggs produced under warmer scenarios (i.e., RCP8.5
as compared to RCP2.6). The scallop, Pecten maximus, in the Irish Sea

Science of the Total Environment 762 (2021) 143097

(Shephard et al., 2010) and the invasive slipper limpet, Crepidula
fornicata, at Bourneuf Bay, France (Valdizan et al., 2011) also showed in-
creases in egg production under warmer water and higher food supply.
Shephard et al. (2010) and Valdizan et al. (2011) suggested that this im-
proved egg production may not only increase the local population but
also enhance invasion under future warming scenarios. A similar case
was also demonstrated for the oyster, Crassostrea gigas, where a rise in
seawater temperature and phytoplankton concentration increased the
reproductive effort of the oyster and was responsible for its expansion
along European Atlantic coasts from Gibraltar to Norway (Thomas
et al., 2016). The predicted increase in egg production for M. sallei in
the present study, therefore, suggests that the mussel has sufficient
food supply even given a 10% decrease in Chl-a and will likely sustain
its local populations and expand its range in southern China under the
two RCPs scenarios.

The positive effect of a warming environment is, however, limited by
reduced food supply. Under both RCPs scenarios, the mean production
of eggs by M. sallei was predicted to decrease by 5-20% under 2026 sce-
narios when Chl-a decreased by 20-30% relative to present-day condi-
tions. Similar, but less extreme, patterns were predicted under 2046
scenarios when Chl-a decreased by 20-30% relative to 2016, with a re-
duction in range between 2-14%. Energy trade-offs often occur when
species have to cope with environmental changes (Sokolova et al.,
2012; Cheng et al., 2018). High temperatures and variable environmen-
tal conditions, for example, can lead to greater energy investment per
egg and the production of larger, but fewer, eggs (Appeldoorn, 1995).
As reproductive output is predicted to be less affected under warmer
scenarios (i.e., RCP8.5 and 2046) as compared to RCP2.6 and 2026,
therefore, it would appear that higher temperatures may benefit repro-
duction of M. sallei even under poor food conditions. Under the same
food conditions, for example, the scallop, Pecten maximus, showed
greater reproductive effort at higher acclimated temperatures when
compared to those from lower acclimated temperatures (Saout et al.,
1999). The alien mussel, Perna viridis, was also predicted to increase
its egg production by 14% (RCP2.6) and 113% (RCP8.5) when compared
to present-day conditions in Hong Kong resulting in a higher chance of
expanding its geographic distribution (Cheng, 2016). The predicted
greater egg production under warmer scenarios may, therefore, suggest
that the northwards shift (as indicated by increasing reproductive out-
put) of M. sallei will be further facilitated by climate change.

As reproductive output is predicted to be higher under warmer SST,
the decrease in total reproductive output in the Yangtze River under all
scenarios was driven by the decrease in SST in this region. This predicted
decrease in mean SST is likely due to the predicted increase in precipita-
tion and floods at the lower reaches of the Yangtze River (Zhang et al.,
2006; Guo et al., 2011). M. sallei is a tropical species, inhabiting warm
waters (temperatures ranging from 25 to 31 °C) and requires a mini-
mum temperature of 18 °C to induce spawning (Morton, 1981; Qi,
2011). Currently, the mean SST in the Yangtze River mouth-is
16-18 °Cand this is predicted to decrease by 1-3 °C under both RCP sce-
narios by 2046, which appears to be the main factor limiting reproduc-
tion of M. sallei. Accordingly, the Yangtze River region may act as a
natural barrier for the expansion of M. sallei under future climate change
scenarios. Although quantitative estimation of a species' fecundity is a
crucial aspect to predict its future distribution (Aratijo and Peterson
2012), establishment success does not depend exclusively on adult re-
productive output but on several other factors such as dispersal ability
(i.e., current, mode of larvae dispersal; length of the larval dispersal
stage), space available for larval settlement and human interventions
(Branch and Steffani, 2004; Troost, 2010). A number of previous studies
have suggested that ocean currents and/or Yangize River freshwater
discharge act as physical barriers that limit beth the northwards (Gio
et al., 2015) or southwards'(Dong et al., 2012)dispersal of planktonic
larvae. While species with a planktonic larval stage are' more likely to
become invasive than direct developers (Scheltema, 1986), the density
of planktonic larvae, however, will decrease with incieasing travel
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distance and thus fewer individuals may arrive simultaneously to form
new populations (Paulay and Meyer, 2002). Rock platforms and artifi-
cial structures may act as stepping-stones and facilitate dispersal of a
species over longer distances (Ruiz et al., 2009). The intermittent islands
and artificial structures (e.g., dams and harbours) along the Yangtze
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artificial substrata (see review by Tan and Tay, 2018) indicating that the
dispersal potential of M. sallei may also be facilitated by these structures.
As the mean SST north of the Yangtze River mouth is predicted to in-
crease by 1-2 °C under both RCP scenarios by 2046 and range between
12-17 °C (Tan, 2019), M. sallei is unlikely to expand its range further
north of the Yangtze River in the near future.

The large increase in fecundity of M. sallei below the Yangtze River is
likely to increase invasion risk and spread along the southern China
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Table 2

Summary of predictions from DEB models for mean egg production below and within the
Yangtze River for 2026 and 2046 associated with three different decreasing chlorophyll-a
concentrations under RCP2.6 (5%, 10% and 20% chlorophyll-a levels) and RCP8.5 (10%, 20%
and 30% chlorophyll-a levels) and the percentage change of egg production (in brackets)
relative to present-day (2016) conditions. The colour gradient from light to dark red rep-
resents a decrease in mean total reproductive output, while light to dark blue represents
an increase in total reproductive output.

Below Yangtze Yangtze
Current 2016 312,813 203,043
-5% 346,867 (10.9%) 148,919 (-26.6%)
2026 -10% 329,646 (5.4%)
- 0, - 0,
RCP26 20% 294,913 (-5.7%)

174,030 (-14.2%)

2046 -10% 336,921 (7.7%) 166,283 (~18.1%)
-20% 300,377 (-3.9%) 149,581 (~26.3%)
-10% 320,093 (2.3%)
2026 -20% 286,671 (~8.5%)
RCPES -30% 249,764 (-20.1%)
-10% 340,765 (8.9%) 146,619 (-27.7%)
2046 -20% 305,846 (-2.2%)
-30% 266,145 (-14.1%)

and shellfish aquaculture region (Guo et al., 1999; Nobre et al., 2009) As
eradication of an established invasive species is expensive and often
very difficult (Mack et al., 2000; Hilliard, 2004), and such species have
already impacted aquaculture practices in China (costing 74 million
USD in 2000, Xu et al., 2006), local aquaculture farmers in southern
China (especially in ZheJiang Province) should pay careful attention to
the future arrival of M. sallei, as such invasion is likely to contribute sub-
stantial operation costs for aquaculture businesses.

5. Conclusion

Understanding how environmental conditions influence life history
traits such as reproductive success of a species and, thereby, the success
of species colonization is important in order to prevent and/or inhibit
the spread of invasive species (Sakai et al., 2001). The present study il-
lustrates the importance of coupling DEB modelling and satellite and/
or climate change projections to develop a mechanistic and spatially ex-
plicit picture of the life history traits of invasive species and, subse-
quently allow the prediction of invasion risk for specific regions. As
climate facilitation of species invasions will create new and unexcepted
challenges for biodiversity, these predictions will be vital for the under-
standing of possible strategies to be adopted in the management and
mitigation of species' invasions.
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