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Abstract

The Pacific oyster, Crassostrea gigas, is an invasive species with a large expansion in
prevalence globally, and with the potential for spreading increasing due to climate change
effects. We examined how future climate might affect its potential for spread at its northern
distribution limit in a temperate ecoregion, by simulating spawning, larval dispersal, larvae
settlement and adult survival given different climate scenarios. The simulations were
performed using a three-dimensional current model (GEMSS) and a specially designed oyster
module, applied at the study site in the Oslofjord, Norway. The simulations showed that the
expected climate in the middle and latter part of this century, with warmer summers and
winters, very likely will lead to increased prevalence of the species within northern Europe.
The warmer summers will more often provide favorable temperature conditions for oyster
spawning and settlement, and warmer winters will more seldom cause high winter mortality.
The simulations gave a realistic picture of the relative frequency and the main distribution
pattern observed given current climate. The future climate scenario simulations indicated
influence of local differences in temperature on the dispersal pattern. The study indicates
increased dispersal and successful establishment at the outer edge of the species present
distribution in the future, and hence increased risk to native species and habitats in temperate

regions.
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Dispersal of the Pacific oyster

Introduction

Invasive species are one of the major threats to biological diversity and ecosystem services
(Millennium Ecosystem Assessment, 2005). Their threat involves competition with native
species for food and/or habitat, alteration of the habitat in which they live, transfer of diseases
or parasites, hybridisation with native species, and increased risk for native species to become
extinct or displaced (Mack et al. 2000, Katasanevakis et al. 2014). Although not all alien
species are harmful, some species, and in particular the ones categorized as “engineering
species” due to their ability to influence the structure and function of ecosystem (Jones et al.
1994, Sousa et al. 2009), may have a major influence on native species and habitats and their
ecological functions and services (Katsanevakis et al. 2014). The threat from invasive species
is considered to increase in the future due to global change (Dukes and Mooney 1999) and
ocean warming (Stachowicz et al. 2002, Sorte et al. 2010). The predicted success of invasive
species in a future warmer climate is attributed to higher survival and greater increase in
growth rate relative to the native species (Sorte et al. 2010), that invasive species in general
are more generalists than specialists and more likely to adapt to new climate than the native
species (Dukes and Mooney 1999), and that global warming may facilitate all stages involved
in the invasion process; introduction to new areas, colonisation, establishment and spread
(Walter et al. 2009).

The Pacific oyster (Crassostrea gigas, Figure 1) is identified as one of the most important
marine invasive species globally (Molnar et al 2008). This “engineering species” comes
originally from Japan (Drinkwaard 1998) but has been spread worldwide due to active
introduction for aquaculture (Shatkin et al. 1997, Molnar et al. 2008) and accidental
introductions (Andrews 1980). The species was introduced to USA as early as 1902, to South
America in 1982 (Orensanz et al. 2002), to southern Europe in the 1960s (1964: the
Netherlands, Drinkwaard 1998; and 1966: France, Andrews 1980), and to Scandinavia in the
1970s (Wrange et al. 2010). The Pacific oyster has spread from the aquaculture sites
worldwide where it has been introduced (Andrews 1980) and has gradually established wild
populations in several countries in northern Europe (France, the Netherlands, Germany,

Denmark, Sweden and Norway, Wrange et al. 2010).
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Important traits that can explain the species successful spreading are high fecundity, rapid
growth rate, long-lived planktonic larvae (2-3 weeks) and long life expectancy (40 years,
Pauley et al. 1988). The Pacific oyster becomes sexually mature as a yearling (Pauley et al.
1988) and it has high egg production (50-200 million eggs per individual per spawning is
estimated for individuals greater than 8 cm, Quayle 1988). The long planktonic larval stage
allows the offspring to spread far from the spawning area (Shanks 2009), and makes the
species able to recolonize new areas (Pechenik 1999). Another important trait is that the
larvae can settle on almost any kind of hard substrate, including rock, stone and shells
(Dolmer et al. 2014). Kochmann et al.’s (2013) studies of the species occurrence in Ireland
indicate a positive influence of the presence of hard substrata or biogenic reef, long residence
time of the water in the embayment, and the size of the intertidal width. They also found

disproportionately more oysters in bays with aquaculture.

Future climate, which entails higher sea water temperature globally (IPPC 2013), is likely to
promote the species to further move at its present distribution limit northwards, into areas
previously too cold for the species. When the species was introduced to Europe, it was
erroneously assumed that the coastal waters in these areas were too cold for the species to
become sexually mature (Drinkwaard 1998). In recent years it has become evident that hot
summers can facilitate spawning in northern Europe (Drinkwaard 1998, Wrange et al 2010).
The first observation of wild individuals in Norwegian waters, the northern distribution limit
in European waters, was in 2003 (Bodvin et al. 2014), and since 2007 the number of oyster
localities along this distribution limit in Europe has increased dramatically (Bodvin et al.
2014). On the other hand, the extreme winter of 2009/2010 resulted in excessive mortality of
the species in Scandinavia, particularly in the northernmost and shallowest localities (Strand
et al. 2012). Thus, the milder winters expected in the future climate (IPCC 2013) will cause
lower risk of winter mortality. The expected future climate entails increased frequency of
warm days (IPCC 2013), increasing the number of days with suitable temperature for oyster
spawning (16-20°C, Ruiz et al. 1992 and Dutertre et al. 2010). Warmer water also involves
shorter maturation time and a higher proportion of successfully metamorphosed larvae (Rico-
Villa et al. 2008), as well as increased larval growth (Kheder et al. 2010). Hence, future

warmer water is likely to enhance spawning, recruitment and survival in established
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populations at the outer edge of its present distribution, further accelerating the proliferation
rate and spread to new areas.

At high density, the Pacific oyster forms reefs which completely changes the naturally
occurring habitat and its species diversity and ecological functions. This is a typical trait of
invasive bivalves (Sousa et al. 2009) that act as "engineering species”. Establishment of oyster
reefs can outcompete blue mussels (Mytilus edulis, Nehring 2003) and represents a threat to
the native oyster (Ostrea edulis, Dolmer et al. 2014) and other naturally occurring species,
making soft bottom areas inaccessible to both man and birds. Also at low densities, the
species can alter the community structure in shallow areas with soft sediment by increasing
the habitat diversity and number of species (Norling et al. 2015). Biotic interactions can play a
key role in promoting or inhibiting spread of the species (Troost 2010, Kochmann and Crowe
2014). Poor oyster recruitment beneath algal canopies has been observed by Diederich (2005),
suggesting that fucoids may provide native mussels with a refuge from the invading oysters.
Birds, crabs, gastropods (especially the Atlantic oyster drill, Urosalpinx cinerea) and sea stars
are predators that might control the distribution of particularly juvenile and small Pacific
oysters. Kochmann and Crowe (2014) suggest a higher influence of pre-settlement processes
and/or post-settlement processes upon juvenile oysters, than biotic interaction involving larger

individuals.

Based on the high dispersal potential and the severe ecological consequences, the species is
considered to be a high-risk species (e.g. Hayes et al. 2005, Gederaas et al. 2007), and
measures to prevent establishment of high densities of the species in areas that have important
ecological functions (e.g. flat oyster and blue mussel banks, conservation areas for shorebirds
and seagrass beds) or that are important for outdoor recreation have been suggested (e.g.
Bodvin et al. 2014). The chance of succeeding at preventing oyster reef formation depends on
how early removal is initiated (Simberloff et al. 2013), and to what extent the population are
formed by local reproduction or external supply of larvae. Recent genetic studies
(unpublished NIVA data) indicate that the origin of the Norwegian populations are a mix of
larvae drifted from established populations in Sweden and Denmark as well as dispersal from
more local sources such as previous aquaculture, individual stocking for own consumption, or

transfer of larvae or adults by shipping. Also in Ireland the species was found to establish self-
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sustaining wild populations that differ genetically from adjacent aquaculture systems
(Kochmann et al. 2012). Brandt et al. (2008) found a strong influence of external supply of
larvae in the early stage of the invasion of the German Wadden Sea. However, they also

found indications of local reproduction in the eastern part of the area.

In this study we investigate how future climate is likely to affect C. gigas spawning, larval
dispersal, larvae settlement and adult survival in a study area close to its present northern
distribution limit in Europe. We have applied three different climate scenarios, one
representing the conditions before wild specimens of the Pacific oyster was observed in the
study area (1961-1990) and two future climate scenarios, 2021-2050 and 2071-2100. The
simulations were performed using a three-dimensional hydrodynamic model (GEMSS) with a
newly developed Oyster module for simulating both biological and physical processes
involved in dispersal and establishment of the Pacific oyster.

Material and methods

Inner Oslofjord in Norway was selected as model area (Figure 1). This fjord section is
situated in northern Skagerrak, a temperate ecoregion representing the outer edge of the
species distribution in the NE Atlantic. It is also an important recreation area and the spread of
the Pacific oyster within the area is therefore of particular interest. The fjord is approximately
50 km long and 49 m deep, and is separated from the outer Oslofjord by a narrow, shallow sill
(700 m wide, 20 m deep). The maximum depth is 157 m. Tide levels are small, with typical
water level changes during a tide cycle around 0.5 m. During 2008-2009 (the test simulation
period, cf below), maximum water level difference was 1.65 m. The first Pacific oyster
populations in the area was established in the two enclosed bays (Hallangspollen and
Sandspollen), just inside the fjord sill in south (Figure 1). These two populations still have
the highest density of the species within the study area (Norling and Rinde 2011, and recent

observations).
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The hydrodynamic model

The 3D modelling system GEMSS (Generalized Environmental Modeling System for Surface
waters) developed by ERM's Surface water Modeling Group in Exton, USA
(http://gemss.com) was applied. The core of this system is a hydrodynamic model, and

modules for utilising the dynamics to simulate sediment transport, water quality, etc. The
system has been used in a variety of Environmental Impact Assessments (Kolluru and Prakash
2012, Kolluru et al. 2012, Prakash et al. 2012) and research projects (Albertson et al. 2009,
Kim and Park 2013). The hydrodynamic module provides 3-D spatially and temporally
variable currents, temperature and salinity for simulating the fate and transport of larvae and
oyster populations in the Oyster module (described below). For the hydrodynamic
simulations, the model area (Figure 1) was divided into calculation cells of variable size;
average horizontal resolution was 0.8 km?. The vertical layers had high resolution (2 m
layers) from 0 to 20 m depth and coarser resolution (10 m layers) from 20 m depth and down
to the seafloor. The hydrodynamic model calculated current speed and direction, temperature
and salinity forwards in time with at maximum 3 minute intervals. Hourly values of these
results were stored and used as input to the Oyster module, which was run in separate
simulations. A test simulation run using observed input data for 2008-2009 showed good
accordance between modelled and observed depth profiles of temperature and salinity in the
eastern part of the study area (Tjomsland et al. 2014), except that summer surface
temperatures were somewhat too low (see Results section). Good accordance between
simulated and observed current speed and direction was also documented through current
measurements at different depth levels (8, 14, 20 and 26 m), at one field station (Figure 1) in
the period 24. July-28. Aug 2014 (Staalstrem et al. 2014). However, the modelled current
speed was systematically a little lower than measured current speed (median current speed

measured: 3 cm/s, versus 1.4-2.1 cm/s modelled).

The Oyster module

The Oyster module was built on the GEMSS particle transport module which has been used to
simulate spreading of sediments and oil spills (Kolluru et al. 1994, Fichera et al. 2003, Fichera
et al. 2013). Additionally, the standard GEMSS suite of tools for entering input values and for
producing maps and other result files, were used.
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Table 1 Overview of included parameters and values in the Oyster module. (Growth rate is

presently not related to recruitment or mortality in the model.)

Parameter (measuring unit) Value | Comments

Larvae mortality, lower threshold 8 Larvae die at temperatures below the chosen threshold

temperature (°C) value, which was set to deep water temperature in
summer in the study area.

Maximum duration of the larvae 30 The larvae die if they do not settle within the chosen

stage (days) maximum duration of the planktonic larvae stage.
Pauley (1988) estimates the larval period to 2-3 weeks.

Adult spawning threshold 17 Spawning takes place if the threshold value is

temperature (°C) continuously exceeded by a chosen time period.
Dutertre et al. (2010) and Ruiz et al. (1992) estimated
the threshold temperature to be between 16 and 20°C.

Chosen time period with warm water | 5 Number of days above the threshold temperature value

needed for spawning (days) needed for spawning. Pauley (1988) indicates
synchronous spawning above the threshold temperature,
19.5°C. Guy and Roberts (2010) suggest that14 warm
days are sufficient.

Adult winter mortality threshold 1 If this threshold temperature is reached, the year is

temperature (°C) categorized as a cold year with high winter mortality.
Cf. the description of calibration/validation of the
Oyster module.

Adult winter mortality rate in cold 0.5 The fraction of the adult oysters that dies at a specific

years location if the chosen mortality conditions are true.
Strand et al. (2012) estimated the winter mortality in a
particularly cold winter in Norway, to be about 50%.

Winter period start (MM/DD) 12/1 The start of the selected winter period (month/day) for
determining winter mortality rate.

Winter period end (MM/DD) 5/1 The end of the selected winter period (month/day) for
determining winter mortality rate.

Adult growth rate (cm/year) 3 Wang et al. (2007).

Adult maximum size (cm) 15 Wang et al. (2007). Maximum length reported in
Norway is 20 cm (Bodvin et al. 2014), however as the
size is not linked to either reproduction or mortality, this
value is not important.

Adult maximum age (year) 20 Pauley (1988) reports 40 years as maximum age of C.
gigas. We chose a more conservative value.

Number of larvae released by 5 Each of the larvae represents a super-individual

spawning consisting of millions of larvae. The number strongly
effects how fast maximum number of particles in the
model is obtained.

Maximum number of particles in the | 10 The maximum number is related to the computer

model, in millions

capacity. Maximum number =initial oysters+total sum
spawned larvae.

Due to the high reproduction capacity (several millions larvae per spawning individual), true

individual-based modelling was impossible. Hence we used the super-individual approach
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suggested by Scheffer (1995), where each modelled individual represents a large number of
actual individuals. This implies that one adult model oyster represents one oyster colony. The
oysters were simulated to spawn when the temperature within the grid cell became warmer
than a chosen threshold value for a given number of days (Table 1). Spawning produces a
fixed number of oyster larvae, modelled as super-individuals following the currents. The
currents change continuously, so small differences in time of release may lead to great
differences in spreading. The dispersal process includes turbulent diffusion, which means that
particles released from a single site will end up at different locations (as demonstrated in e.g.
oil spill dispersal in Kolluru et al. 1994). The larvae were simulated to die if the temperature
falls below a given value (e.g. when transported to deep and cold water), or if they do not hit
the coastline within a selected time period (representing maximum duration of the planktonic
larvae stage). Following settlement, the larvae are transformed to adults who are ready to
spawn the following year, if they survive the winter. Winter survival for both newly settled
and established oyster populations is controlled by a selected threshold temperature. The
choice of this threshold affects the duration of the cold period; the lower the threshold
temperature; the longer the duration of the cold period. The most important parameters of the
Oyster module are presented in Table 1. The values of most of these parameters were set
based on values found in literature, as preliminary model runs showed that they had no large
effect on the results. The temperature thresholds for spawning and winter mortality, however,
were set using calibration (see below) to ensure an appropriate setting of these parameters
when studying the influence of future climate scenarios on the proliferation potential of the
species. Simulations were run using the same values for the biological parameters for all three
climate scenarios (i.e.; the model does not include evolution or adaptation to temperature over

time).

Calibration and validation of threshold temperatures

The temperature thresholds for spawning and winter mortality was set by calibrating the
model to explain the observed expansion of the Pacific oyster in the study area from the first
observations in 2003 to the observed distribution in 2013 (Norling and Rinde 2011,
unpublished data NIVA). This was done by simulating the spread of oyster populations based
on the current climate normal period (1961-1990), i.e. by using the modelled climate for the

1961-1990 period (cf. below). We used modelled instead of observed climatic values as we
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are mainly interested in the differences between future and current climate, which we expect
to be more consistent using modelled data due to the deviation between observed and
modelled values in the 1961-1990 period. We performed a set of simulations where we
systematically varied the two parameters to be calibrated (the lower threshold temperature for
spawning and the upper temperature threshold for winter mortality). The proportion of the
population that dies in every cold winter was set to 50% (i.e. approximately equal to the
average mortality in the Norwegian Pacific oyster populations in the cold winter 2009/2010,
cf. Strand et al. (2012)). All simulations started with the observed situation in 2009, when
only two oyster populations existed in the study area (i.e. in the enclosed bays Hallangspollen
and Sandspollen). We selected the values for the two threshold temperatures which resulted in
the best accordance with present distribution. We tested the difference between the observed
and simulated distribution by dividing the study area into a square grid, counting the number
of occurrences in the grid cells for both the observed and simulated case, and used a chi-
square test to test whether distributions were significantly different. This was done for
different grids, varying from a fine-scaled grid (1x1 km grid cells) to a course-scaled grid
(8x8 km).

Climate scenario simulations

The model was run using meteorological climate scenarios for three 30-year periods as input:
1961-1990, 2021-2050 and 2071-2100. The scenarios were produced by the Norwegian
Meteorological Institute (NMI) using a regional climate model, HIRHAM, covering the
Nordic Arctic with an accuracy of 25x25km. This regional model was driven by data from a
global model, HadCM3 (Hadley Centre, UK) with the emission scenario SRES A1B (a
moderate scenario for greenhouse gas emissions). The models are described in Fgrland et al.
(2009, 2011). The input to the hydrodynamic calculations from the three scenarios was 1)
hourly meteorological data, i.e. air temperature, dew point temperature, wind speed and
direction, global radiation and air pressure predicted at MNI’s station As (Figure 1), 2) hourly
water level at the southern open boundary and 3) daily water flow in rivers. The GEMSS
hydrodynamic model calculated water temperatures in the rivers as the equilibrium
temperatures from the heat balance. The air temperatures in the climate scenario for 1961-
1990 were somewhat lower than the observed values at the meteorological station Blindern

(Figure 1) in the same period. The difference between the annual mean values was 1.5°C. To
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evaluate the difference between predicted and measured sea water temperature, the modelled
sea surface temperature for the period 1961-1990 was compared with field measurements
from two monitoring stations for the same period, Dk1 (59.815°N, 10.569°E) and Ep1
(59.786°N, 10.728°E) (Figure 1, Berge et al. 2013).

To uncover the dispersal pattern given the two future climate scenarios, we have divided the
study area into 7 sub-areas (2 outer, 2 middle and 3 inner areas, covering the latitudinal and
the longitudinal gradient, as well as both sides of the fjord) and calculated number of settled
larvae and established populations per km coastline within each sub-area, for every simulated

year.

Results

Calibration and validation of threshold temperatures

The model was calibrated against the observed distribution in 2013 (Figure 1) by varying the
threshold temperatures for spawning and winter mortality. When the lower threshold
temperature for winter mortality was set to 0°C, winter mortality never occurred at present
climate conditions, while a threshold of 2°C resulted in high winter mortality every year and
no oyster populations established, even when the threshold temperature for spawning was
lowered to 14°C, allowing spawning every year (Figure 2, 1961 Sp14C_Mo0C). By setting
the winter threshold temperature to 1°C, winter mortality occurred in particularly cold winters,
which were in accordance with the observed pattern of winter mortality (Strand et al. 2012).
For spawning, the resulting establishment of oyster populations with threshold temperatures
equal to 16.5 and 17°C (Figure 3, 1961_Sp17C_Mo1C), both gave more or less equally good
accordance with present distribution. This was not achieved with lower or higher threshold
values (e.g., a threshold of 18°C resulted in no increase in the abundance at all). Thus, future
scenarios were ran with a 1°C threshold temperature for winter mortality and the spawning
threshold temperature set to either 16.5 or 17 °C (some figures show only results for the 17 °C
run). The observed and modelled distribution based on the 1961-scenario were significantly
different (P < 0.05) when counting occurrences in grid cells of 4x4 km or smaller, and not
significantly different (P > 0.05) when we used courser grids (5x5 km or coarser). Thus, the
simulations achieved an adequate agreement, although the fine-scaled distribution of oysters

was different from the observed pattern.

10
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Predicted and observed air and water temperature in the 1961-1990 period

According to the climate scenario for 1961-1990, the mean air temperature was 3.8°C. In the
period 2021-2050 the mean air temperature is predicted to be 2°C warmer, while in the last
period of this century (2071-2100) mean air temperature is predicted to be 4°C warmer than
today's normal temperature based on the 1961-scenario. When these climate scenarios are
used as input to the hydrodynamic model, the corresponding mean temperature increase in the
surface waters of the Oslofjord was equal to 0.8°C and 1.5°C for the two future climate
scenarios respectively (2021-2050 and 2071-2100). Based on the simulations, the temperature
increase in the future scenarios will be the greatest in the period August to February. The
typical increase in maximum temperature in surface waters during summer was close to 1°C
for the period 2021-2050 and almost 3°C for 2071-2100. The corresponding increase in
minimum temperature in surface waters during winter, increased by approximately 0.5°C and
1.5 °C, respectively. Regression between observed and predicted daily means (averaged over
all years) of sea surface temperature showed generally good agreement for the period 1961-
1990, at the two monitoring stations Dk1 (R?=0.86) and EP1 (R?=0.81). However, the
predicted temperatures were significantly lower than observed during spring (Mar-May) and
summer (June-Aug); maximum predicted sea water temperature in the 1961-1990-period was
19.2°C, i.e. 3.3°C lower than the maximum observed temperature. During autumn (Sep-Nov)
and winter (Dec-Feb), predicted and observed temperatures were not significantly different at
the monitoring stations Dk1 (P > 0.42) and Epl (P > 0.11).

Predictions given future climate scenarios

The climate in the latter part of this century caused a quicker colonization than the other two
climate scenarios (Figure 3). The maximum number of populations that the model could
handle (10 mill. super-individuals) was reached in 10 years for the 2071-2100 scenario and in
20-30 years (depending on spawning threshold temperature) with the 1961-1990 and 2021-
2050 scenarios. Further, the 2071-2100 caused colonisation of a larger part of the available
coastline than the two other climate scenarios (Figure 4). Both of the future climate scenarios
caused a gradual colonization of the coastline by oysters from the outer area and inwards

during 10 years of simulation, and with higher levels of both recruitment and colony

11
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establishment in the 2071-2100 scenario (Figure 5). However, this common pattern becomes
to a certain extent concealed by the large recruitment and colony establishment in the outer
areas (sub-areas 1-4 ) and the conversely low recruitment and colonisation in inner areas (sub-
areas 6-7) during the last few years in the latter period. This is caused by an opposite spatial
pattern of summer and winter temperatures in the inner and outer areas in the 2071-2100
scenario. In order to understand the different spatial patterns, it is important to distinguish
between the simulated temperature at a coarse spatial scale (i.e. in open water) and the
temperature experienced at local scale by the survived oysters. In open waters (in the middle
of the fjord basins), the inner areas are warmer than the outer areas in summer for both
scenarios (Supplementary Figure 1). However, in the 2071-2100 scenario, the outer
coastline where the predicted (and real) oysters establish, become faster warmed in summer
than the coastline in inner areas, probably due to the presence of shallow bays. Thus, the
pattern of high and low recruitment and colonisation in the outer versus the inner areas in the
2071-2100 climate scenario correlates with higher experienced temperature in July by the
oysters in the outer area. In winter, the outer areas are in general warmer than the inner areas
(Supplementary Figure 1), causing higher winter survival in these areas, as well as higher
recruitment. Although summer temperature in open waters in general are warmer in the latter
climate scenario, the July temperature experienced by the oysters (i.e. the temperature within
the oyster populations) in the middle part of the century, displayed the opposite spatial pattern
as for the latter period: the innermost areas was warmer than the outermost areas, causing
higher reproduction and recruitment in the inner area (Figure 5). According to the March
temperature experienced by the oysters, the winter survival should be higher in the outer areas
than in the inner areas in both future climate scenarios, due to warmer water. However,
because of the low recruitment in the outer areas within the limited simulation period, this
cannot be reflected in increased abundance of populations in the middle part of the century.
The chosen threshold temperature for winter mortality (1°C) caused similar or less loss of
adults/populations in the last period as in the middle period of the century for 5 of the 7 sub-
areas (i.e. number of years in which the proportion of dead adults are > 50%, is higher or
equal given the middle period climate as given the latter period climate for 5 of the 7 sub-
areas). For the warmest month, August, the established oyster populations experienced
warmer water in all sub-areas in the 2071-scenario compared to the 2021-scenario, except for
sub-area 3. Hence, despite the local differences in temperature between the two scenarios, the

temperature on average is warmer in the latter climate scenario. Consequently, according to
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the simulations, the Pacific oyster will spread substantially faster given future climate

conditions.

Discussion

The study indicates a dramatic increase in the spreading potential of the Pacific oyster
(Crassostrea gigas) at its present northern distribution limit towards the end of this century
due to warmer climate. As the sea temperatures of the study area are comparable to other
temperate ecoregions, the study indicates that the future climate will reinforce the spread of
the species in temperate regions in general. This is in accordance with Syvret et al.’s (2008)
predictions that i.e. most moderate risk areas in UK and with similar climate as the study site
(including northern Ireland, Wales, and southwest England), with intermittent recruitment
potential for C. gigas at the time of the study, 2004, are likely to suffer regular recruitment
before 2040. Southern England and southeast England was considered to have a high level of
risk for potential settlement on a regular basis, even given 2004 climate. The applied
temperature criteria for spawning and winter mortality gave a distribution that agrees well
with the observed distribution of the species with current climate (i.e. the climate for the last
30-year normal period based on data from the Norwegian Meteorological Institute). We have
not taken into account other factors, but the experience from other countries indicates that the
species is flexible e.g. with regard to what kind of habitat it needs for establishment (Troost
2010).

Because of the model's simplicity, we do not expect that the future distribution will
correspond to the modelled distribution in detail. Moreover, the model has too coarse
resolution to include most of the islands in the inner part of the Oslofjord where the Pacific
oyster already has established populations. Additionally, parts of the true current distribution
of the species may be unknown to us. Despite the simplicity, the simulated distribution of the
Pacific oyster showed a reasonably good accordance on a coarse spatial scale with the present
distribution of the species, and the relative frequency within the area. Moreover, the
sensitivity test showed that a small difference in the threshold temperature for spawning
(0.5°C increase from 16.5 to 17°C) had very little impact on the spreading rate given the two
future climate scenarios in terms of number of years needed to achieve the maximum

attainable number of populations. The models accuracy could be improved by increasing it’s
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the spatial resolution and by linking larvae settlement to habitat suitability (e.g. sediment type,
shore width, and retention time of the water, Kochmann et al. 2013), however this will not
change the main findings of increased spreading potential of the species in the future. Genetic
adaptation, biotic interactions and disease outbreaks are likely to have large influence on the
future distribution, but the study indicates that the potential for C. gigas spawning and

spreading to new areas increases dramatically.

There were discrepancies between observed and predicted temperature values for the current
climate scenario (i.e. 1961-1990). This means that there is a bias in the spawning temperature
threshold of 16.5-17 °C "estimated" in our study. For the innermost part of the Oslofjord
(Bunnefjorden) temperatures of 18 to 19°C occurs in surface waters in the fjord in most
summers with current climate, but in the model based on the 1961-90 climate scenario, these
temperatures are very rarely achieved. Thus, the real threshold temperature for spawning is
probably slightly higher than the applied threshold values (17 °C), and probably above 18°C
as indicated by Dutertre et al. (2010). Despite this deviation from the assumed real threshold
temperature for spawning, we consider our simulations of future proliferation potential to be
realistic, and that the conclusions are robust in spite of the imperfections in the modelling of
climate and biology. We used modelled temperatures, not real temperatures, for simulations
with current conditions. Thus, if the discrepancies between observed and modelled
temperature also applies for the future scenarios, this will not cause a bias in the predicted
future spreading potential. The essential result is the difference between future temperatures
and current climate. An increased mean air temperature at the end of this century of 4°C and a
corresponding increase in surface temperature of about 1.5°C will generate a larger number of
summer days with good conditions for spawning and fewer cold winters with high mortality.
Temperatures in shallow and confined areas such as shallow inlets and bays, especially in
shallow water (<50 cm) where the Pacific oyster so far in particular has established
populations, will probably even more often achieve favourable temperature conditions for

spawning than our simulations indicates.

The increased proliferation rate does not exclude that some extreme winters in the future may
knock out large parts of the populations, but the warmer climate will make it easier for the

remaining individuals to re-establish populations with high oyster density and accompanying
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severe ecological consequences (Nehring 2003, Dolmer et al. 2014, Norling et al. 2015). The
future climate scenario simulations also indicate influence of local differences in temperature
on the dispersal pattern. However, the combination of future warmer summers and warmer
winters, especially towards the end of this century (IPPC 2013), will increase the probability
of getting more localities with high densities of the Pacific oyster along its present distribution
limit in Europe if no combating measures are taken. It will particularly be important to
prevent reef establishment in areas that are suitable for the species, such as embayment’s with
long residence time and in areas with wide intertidal areas (as indicated by Kochmann et al.
2013), because reefs will further enhance recruitment success by providing a suitable
substrate (Nehls et al. 2006), and by increasing the chance of fertilization of spawned eggs. In
warmer water, C. gigas will to a greater extent than at present, be able to maintain populations
in temperate ecoregions through own larval production. Pacific oyster may be particularly
threatening for blue mussels, since they utilize the same habitats (Nehls et al. 2006). Since
blue mussel is a cold water species, it can be expected that a warmer climate will reduce their
competitive ability relative to the Pacific oyster, for habitat and food (Nehls et al. 2006).

Some researchers, such as Troost (2010), argue that the Pacific oyster may have positive
ecological impacts, e.g. by building complex structures that allow hiding places for many
species, and by increasing habitat heterogeneity and species diversity by introducing hard
substrate in mud flats. Troost (2010) also emphasizes the species ability to capture sediment
when they occur in high densities, and thus the ability they have to reduce erosion of tidal
flats. It has also been argued that the blue mussels can be positively affected by the invasion
of the Pacific oyster because small mussels can hide between the much larger oysters and thus
be protected from predation by for example crabs and sea birds. Despite lower growth rate
due to reduced supply of food particles, these mussels could have a greater chance of survival
than individuals who do not find habitats with similar protection (Eschweiler and Christensen
2011). This positive effect will however only apply at relatively low densities of the Pacific

oysters.

Successful colonisation of the Pacific oyster in new areas will depend on competition with
other species, the presence of predators, access to food (i.e. plankton) and the extent to which

they are exposed to diseases. Direct and indirect effects of ocean acidification (e.g. on the
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solubility of aragonite and calcite) on reproduction and growth, may reduce future occurrence
of C. gigas and cause shifts in the competitive dynamics between calcareous species and
fleshy seaweeds (Kroeker et al. 2013). Future changes in salinity due to more freshwater run
off, may not be an important issue, as the Pacific oyster is tolerant to a wide range of salinity
(Mann et al. 1991). Warmer water in the future may lead to more frequent events of oxygen
depletion in shallow eutrophic areas (Rabalais et al. 2009), causing death of bivalves and
other benthic fauna. Summer mortality in C. gigas is a relatively widespread phenomenon that
is associated with warm water, reproductive effort and stress, e.g. anoxic conditions (Samain
2011). The warm summer of 2014 caused high mortality of C. gigas in outer parts of the
Oslofjord, especially in shallow (< 1 m depth), enclosed bays (Bodvin et al. 2014). In deeper
water, and in more exposed areas, the warm summer caused high settlement of C. gigas in
areas previously not colonised, and high survival during the summer mortality event
(unpublished observations). Although the species has managed to establish itself in high
densities in tidal areas in the Wadden Sea, other conditions, such as minor tidal differences,
nutrient limitation, the presence of predators etc., can make the species less dominant
elsewhere (Troost 2010). The low density of the species within Limfjorden (Denmark)
compared with the Wadden Sea, have for example been associated with low tidal difference
and nutrient limitation (Dolmer et al. 2014). Similarly, there may be some conditions in newly

colonised areas that may reduce recruitment and survival of the species.

This study indicates increased spawning, recruitment and survival in established populations
at the species northern distribution limit in Europe, in a future warmer climate. Considering
that the species still has not reached its maximum potential distribution range according to its
eco-physiological limits and reproductive capacity (Cardoso et al. 2007), this will further
accelerate the proliferation rate and spread of the species northwards in Europe and in other
comparable ecoregions where the species is currently present, in the future. The increased
possibility of reef formation due to increased recruitment and survival in future warmer
climate, also impose a higher risk to native biodiversity and ecosystems in invaded ecoregions

globally.
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Captions

Figure 1

The model area, inner Oslofjord, in southern Norway. The grid shows the demarcation of the
area, the islands included, and the horizontal spatial resolution of the hydrodynamic model.
The photo shows some specimens of C. gigas, about 15 cm long (Photo: Eli Rinde, NIVA).
Field observations of C. gigas presence (filled circles) and absence (open circles) are
indicated. The two source locations in the simulation studies (Hallangspollen and
Sandspollen) are marked with circles. The localities for field measurements of current speed,
sea water and air temperature, are also included (asterix), as well as the position of NMIs
station (As) for the climate scenarios.

Figure 2

Development of Pacific oyster (Crassostrea gigas) populations in inner Oslofjord, Norway,
given the climate scenario for the period 1961-1990 and various threshold temperatures for
spawning (S) and winter mortality (M): S = 14°C and M = 1°C (grey unbroken line); S =
16.5°C and M = 1°C (thick black unbroken line); S =17°C and M = 1°C (dashed line); and S
=14°C and M = 2°C (dotted line). The thin, black unbroken line shows the development for a
very low S (the value is exceeded and spawning happens every year) and a very low M

(winter mortality never happens).

Figure 3

Development of Pacific oyster (Crassostrea gigas) populations in inner Oslofjord, Norway,
given the climate scenario for the periods 1961-1990 (dotted lines), 2021-2050 (solid lines)
and 2071-2100 (dashed lines). Line thickness indicates whether the summer threshold
temperatures for spawning was set to 16.5°C (thin lines) or 17°C (thick lines). The winter

threshold temperature for mortality was 1°C in all cases.
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Figure 4

Simulated distribution of the Pacific oyster (Crassostrea gigas) in inner Oslofjord (Norway),
given climate scenarios for the periods 2021-2031 and 2071-2081. Field observations of C.
gigas presence are shown as filled circles. The division into sub-areas is shown.

Figure 5

Number of established oyster populations (adults) within 7 sub-areas of the study site (outer
sub-areas: 1 and 2, mid sub-areas: 3 and 4, inner sub-areas: 5-7) over a 10 year period given
climate scenario 2021- (a) and 2071 — (b) and number of settled oyster larvae per year within
the same sub-areas and simulation period given climate scenario 2021- (c) and 2071 — (d).

The numbers are standardized per km coastline.

Supplementary Figures

Supplementary Figure 1. Fraction of warm summer days and cold winter days at open mid-
fjord stations, i.e. DK1-Vestfjorden, Bn2-Oslo and Ep1-Bunnefjorden, for the two climate
scenarios 2021- and 2071-. For geographical position, cf Figure 1.
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