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Abstract Ecological impacts caused by invasive

alien species can be severe but may vary depending

upon environmental conditions. Many European pop-

ulations of the native mussel, Mytilus edulis, have

been invaded by the Pacific oyster, Crassostrea

(Magallana) gigas. Although widespread invasions

have occurred, interactions between M. edulis and C.

gigas have largely been investigated with regards to

competition for space and food as well as effects on

species assemblages. Experimental investigation of

competitive interactions on physiological responses of

the two species requires further exploration. To this

end, we used a 12-month field manipulation experi-

ment to examine growth rates, mortality and condition

indices of the two species occurring in monospecific

and heterospecific groups. Growth rates and mortality

of both species were similar in monospecific and

heterospecific groups, whereas condition indices were

significantly reduced for both species in heterospecific

groups. Growth rates and condition indices also

differed amongst experimental sites, potentially due

to differing water motion. Shell weight-length rela-

tionships did not explain the observed differences in

condition for either species. We show that coexistence

between the two species may occur but could be

detrimental for both species. We also provide a

preliminary viewpoint that water motion can mediate

competitive interactions between these species.

Keywords Bivalve � Condition Index � Interspecific
competition � Introduced species � Organism health �
Oyster

Introduction

The rate of introductions of invasive alien species

(IAS) is ever increasing (Seebens et al., 2017, 2018),

potentially threatening biodiversity and ecosystem
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functioning (Bax et al., 2003; Molnar et al., 2008;

Simberloff et al., 2013). Interconnectivity between

regions is one of the largest sources of marine IAS

across the globe (Molnar et al., 2008; Ricciardi et al.,

2017), which may become exacerbated with faster

ships and climate change revealing inter-ocean short-

cuts (Miller & Ruiz, 2014). Introductions of IAS can

induce competition with taxonomically and trophi-

cally analogous native species for resources such as

space (Connell, 1961) and food (Bergstrom & Men-

singer, 2009). Success of IAS is often related to their

superior competitive ability to exploit resources,

which in turn can reduce the fitness of inferior

competitors and eventually result in competitive

exclusion (Byers, 2000; Carlton et al., 1999). How-

ever, asymmetries in competitive ability as well as

susceptibility to biotic interactions can lead to the

coexistence of species with similar niches (Heard &

Sax, 2013). Quantifying IAS success and impacts has

shown success through the use of methodologies such

as comparative functional responses (Dick et al.,

2017), but such methods do not measure effects of

invaders on native species physiology and health.

Identifying such physiological effects requires manip-

ulative experiments (Zwerschke et al., 2018), how-

ever, these can be challenging and require a number of

variables to be measured to fully understand invader

impacts (Kumschick et al., 2014).

The Pacific oyster, Crassostrea (Magallana) gigas

(Thunberg, 1793) (Salvi & Mariottini, 2017, but see

Bayne et al., 2017), after introductions through

aquaculture activities, has become one of the most

globalised marine invertebrates (Herbert et al., 2016).

Successful range expansion of C. gigas has increased

the threats to native bivalve species. The Wadden Sea,

for example, has seen mass colonisation onto beds of

the native blue mussel,Mytilus edulis Linnaeus, 1758,

causing shifts in assemblages of reef associated fauna

(Kochmann et al., 2008). As mussels provide an

important and abundant food resource for a range of

intertidal and subtidal predators including birds, sea

stars and crabs (Ebling et al., 1964; Paine, 1974; Nehls

et al., 1997), declines in numbers may have significant

consequences for higher trophic levels. On the other

hand, oyster reefs can provide refuge for mussels from

predation threats potentially allowing increased sur-

vival (Eschweiler & Christensen, 2011). In addition,

multiple cases of oyster invasion on mussel beds has

led to coexisting populations (Diederich, 2005; Holm

et al., 2016; Reise et al., 2017), yet, the lack of

competitive exclusion of mussels has postulated

further questions regarding interactions between the

two.

Invasions by C. gigas have been shown to alter

benthic species assemblages (Guy et al., 2018),

sediment chemistry and ecosystem functioning (Green

et al., 2012, 2013) for a range of native habitats

including mussel beds, soft sediment beds, and native

oyster reefs. Although several negative impacts of C.

gigas have been documented, they are suggested to be

context dependent (Padilla, 2010). That is, a myriad of

biotic and abiotic factors are likely to alter the

magnitude of the invasion success and ecological

impacts exerted by invaders (Alexander et al., 2012;

Laverty et al., 2015; Joyce et al., 2019a; 2020). For

example, Green & Crowe (2014) showed that C. gigas

increased biodiversity compared to mudflats, whereas

Walles et al. (2015) demonstrated that C. gigas reef

formation increased coastal protection of tidal flats

from erosion owing to their ecosystem engineering

effects.

Although a range of ecological impacts of C. gigas

are apparent, investigations of competitive interac-

tions and effects on the physiological state of troph-

ically similar native species are lacking. For many

sessile species, investigations of competition largely

observe space as the most important factor and focus

on growth rates or density (Connell, 1961; Konar &

Iken, 2005). Although space is a primary resource for

such organisms, their ability to grow relies on their

ability to ingest food from the surrounding environ-

ment. Plankton resources are thought to be plentiful in

coastal environments, nonetheless, seston depletion

can occur in close proximity to bivalve beds (Dolmer,

2000; Vismann et al., 2016). This, in turn, may result

in interspecific competition for resources and thus,

competitive interactions are more complex than

identifying the ability of an organism to occupy space.

Further, as bivalve shell and flesh growth are not

directly related (Hilbish, 1986), quantifying growth

rates alone may achieve a poor assessment of popu-

lation health, therefore, documenting condition

indices is essential to fully understand competitive

interactions.

Observations in Europe show that M. edulis and C.

gigas colonise similar areas and patterns of coexis-

tence are emerging (Diederich, 2005; Reise et al.,

2017). Although resource segregation between many
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filter feeding species has been found (Dubois et al.,

2007), some competition between M. edulis and C.

gigas for plankton resources may occur due to

overlapping particle retention size (Ward & Shum-

way, 2004) and similar retention efficiency for partic-

ular phytoplankton species (Bougrier et al., 1997).

Further competition can occur through intraguild

predation. Troost et al. (2008) showed that both

species filterM. edulis larvae more efficiently from the

water column compared to larvae of C. gigas.

Experimental investigations have shown differential

effects of the two species on ecosystem functioning

and how various environmental factors may affect

biological responses of both species in isolation

(Diederich, 2006; Kochmann et al., 2008; Kochmann

& Crowe, 2014). Interactions and impacts of invading

C. gigas with native species have been investigated

with regards to feeding (Joyce et al., 2019b), parasite

loading (Goedknegt et al., 2017), competition for

space (Padilla, 2010) and have been shown to be

largely context dependent (Krassoi et al., 2008;

Zwerschke et al., 2018). Although such interactions

of C. gigas with native mussels have been investi-

gated, direct competitive interactions on their physi-

ological responses regarding co-occurrence are not

fully understood (but see Eschweiler & Christensen,

2011).

Here, we thus conducted a field manipulation

experiment to identify competitive interactions

between the native blue mussel, Mytilus edulis, and

the invasive Pacific oyster, Crassostrea gigas, by

comparing their growth rates, mortality and condition

indices when occurring in monospecific cultures

compared to heterospecific cultures. Key environmen-

tal conditions including seawater particulate matter

and temperature were measured throughout the exper-

imental period to identify whether key variables

differed amongst the experimental replicate sites.

Knowledge of the competitive interactions between

M. edulis and C. gigas, as well as how they can change

with environmental conditions, will facilitate the

quantification and potential prediction of ecological

impacts of invasions.

Methods

Study area and experimental setup

This experiment was conducted on the intertidal rocky

shores of Strangford Lough, Northern Ireland, and the

surrounding area. One site was located within the main

body of the Lough (Killyleagh; KL; 54� 240 0300 N, 5�
380 2500 W), one site was within the narrow inlet to the

Lough (Walter Shore; WS; 54� 230 0500 N, 5� 330 2500
W) and one site was outside the Lough on the Irish Sea

coast (Ballyhornan; BH; 54� 180 2400 N, 5� 320 3600
W). Occurrence of M. edulis at the sites is common,

however, extensive beds such as those found on soft

sediment shores do not occur on these rocky shores.

Occurrence of C. gigas is rare at the selected sites, but

frequently occurs in the northern basin of Strangford

Lough (Zwerschke et al., 2017). The experiment was

conducted at the selected sites to incorporate environ-

mental variability allowing for greater generalisation

of the results. The use of a field experiment setting

allows the organisms to be subject to more realistic

environmental conditions than in a laboratory setting,

however, the precision of the laboratory is somewhat

lost in this trade-off.

Blue mussels, M. edulis (mean shell length ± SD:

22.8 ± 1.6 mm), were collected from a rocky shore

within Strangford Lough (54o 280 11.200 N, 5o 320

25.400 W) and Pacific oysters, C. gigas (mean shell

length ± SD: 18.4 ± 1.0 mm), were obtained from

Guernsey Sea Farms Ltd (July 2017). Note that as the

experiment was designed to examine the effects of

species presence on performance, and not to compare

absolute differences in growth and condition between

the two species, it was not necessary to use animals of

the same size and age. In the laboratory, individuals

were dabbed dry, weighed and shell length was

measured to the nearest 0.1 mm with digital calipers.

To identify individuals throughout the experiment,

shells were marked randomly with either a coloured

plastic stone attached to the shell with cyanoacrylate

glue or with nail varnish covered with a layer of

cyanoacrylate.

Perspex plates (25 9 25 cm) had 26 individuals of

either mussels only, oysters only, or a mixture of 13

mussels and 13 oysters attached for placement in the

field. This density is lower than long-established beds

(e.g. Vismann et al., 2016; Reise et al., 2017) but is not

uncommon (Dolmer, 2000) and similar densities have
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been used in previous experimental manipulations

(Kochmann & Crowe, 2014; Zwerschke et al., 2018).

Mussels were placed on Perspex plates and kept

submerged in running seawater to allow natural

attachment with byssus threads. Oysters were attached

cupped valve down using Milliput� (Dolgellau, UK)

2-part epoxy and were attached in random positions on

the plate and oriented randomly (i.e. not all facing the

same way). The natural attachment of mussels to the

experimental plates led to some clumping and a less

uniform distribution than for oysters, however, plate

density remained the same. The manipulation of

species treatments using experimental plates rather

than manipulation on natural substrates was unavoid-

able as the likelihood of recapturing the organisms in

the highly dynamic environment is very low. Exper-

imental plates were covered with a rigid plastic cage

(5 cm height 9 25 cm 9 25 cm, mesh size 1 cm)

lined with a fine plastic mesh (mesh size * 0.3 cm) to

prevent loss of any detached animals. The combina-

tion of mesh materials was designed to have minimal

effects on internal water motion. Cages were secured

to the Perspex plates and animals were kept for\ 1

week in the laboratory on the plates before placement

at respective sites in August 2017. Cattle tags were

attached to plates to identify each plate. Here, uncaged

controls were not used as previous studies have shown

high mortality in uncaged treatments (Kochmann &

Crowe, 2014; Zwerschke et al., 2018) and therefore

would not be informative for this study. At each site, 3

replicate plates of each species combination were

attached to large rocks during spring low tides (n = 9

plates per site), totalling 27 experimental plates.

Experimental plates were placed at the top end of

the Laminaria digitata intertidal distribution zone at

the respective sites and were spaced at least 1 m apart.

This zone within the intertidal is common for occur-

rence of these species. Eachmonth, cages were cleared

of any fouling organisms to ensure sufficient water

flow through the cages. Further, every three months

fouling from the experimental plates as well as cages

were also cleared. No noticeable settlement of poten-

tially competing filter feeders such as barnacles or

mussel spat occurred. Although predators (crabs and

whelks) were excluded from direct contact with the

study organisms, they were present at all experimental

sites, but densities were not quantified.

After 12 months, animal lengths were measured

using digital calipers to calculate relative growth rates.

The flesh and shell of all remaining live animals were

separated and dried at 60�C for[ 48 h, until weights

remained stable and condition indices were calculated

according to Walne (1976) as:

CI ¼ Dry fleshweight ðgÞ
Dry shell weight (gÞ � 100

to be compared between experimental species com-

position type for mussels and oysters, separately.

Mortality was also quantified for each experimental

plate.

Due to storm events, only 1 replicate plate per

species composition remained at the BH site but these

plates were included in the analyses. At both the WS

and KL sites, all replicates remained after 1 year of

field exposure.

Environmental variables

As a proxy for food availability, monthly water

samples were collected at each site to assess average

yearly seston quality including total particulate matter

(TPM), organic particulate matter (OPM) and the

organic percentage of the total particulate matter

(OPM/TPM). Water samples were filtered through

pre-combusted, pre-weighed glass fibre GF-F filters,

rinsed with two 10 ml samples of ammonium formate

to remove salts from the filter, and dried at 60�C for

48 h. Filters were left to cool for 1 h in a desiccator at

room temperature and re-weighed for TPM content.

Filters were then combusted at 450�C for 6 h, left to

cool at 60�C over-night, cooled for 1 h in a desiccator

and re-weighed for OPM content.

During the experiment, Odyssey temperature log-

gers (Dataflow Systems Pty Ltd., Christchurch, New

Zealand) were placed alongside growth plates at the

respective sites which recorded temperature every

10 min.

Data analyses

Growth rates, mortality and condition indices were

assessed after 1 year of growth. Data for each species

were analysed separately due to large morphological

differences between the species. Growth rates of

mussels are lower than those of oysters and the focus

of the study was to investigate the effects of

interspecific competition on the growth rates of
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mussels and oysters rather than determine absolute

differences in their growth rates.

Growth rates and condition indices were analysed

using random intercept linear mixed-effects models

with regards to the fixed factor ‘species composition’

(i.e. monospecific or heterospecific). Mortality for

each species was assessed using a generalised linear

mixed-effects model with a binomial distribution with

‘species composition’ included as a fixed factor. Shell

weights were analysed using mixed-effects models

with regards to the fixed factors ‘shell length’ (con-

tinuous) and ‘species composition’. All mixed-effects

models included the random factor of ‘experimental

plate’ nested within ‘site’ to account for the ecological

variability between plates and sites. Models were fit

and the estimates of regression coefficients were

obtained using the R package ‘lme4’ (Bates et al.,

2015). Likelihood ratio tests were used to compare

models with and without the fixed factor to determine

its statistical significance (Zuur et al., 2009). Statisti-

cal significance of the random effects (i.e. site) was

assessed using likelihood ratio tests via the ‘ranova’

function in the package ‘lmerTest’ (Kuznetsova et al.,

2017). Visual inspection of Q–Q plots and residual

versus fitted values confirmed assumptions were met

for all models (Zuur et al., 2009).

Seawater total particulate matter (TPM) and

organic particulate matter (OPM) and seston quality

(i.e. organic percentage of TPM) between sites were

examined using linear models. Normality and

homoscedasticity assumptions were assessed visually

using Q–Q plots and residual plots, respectively, and

data were log transformed where necessary to meet

assumptions.

Temperature data were not included in analyses of

growth, condition indices or mortality due to logger

malfunctioning and data loss. Instead, median and

quantile temperatures were plotted to visualise differ-

ences amongst sites and seasons.

All analyses were undertaken in R v3.4.2 (R

Development Core Team, 2017).

Results

Growth rates

Growth rates of bothM. edulis (p = 0.31, Table 1) and

C. gigas (p = 0.846, Table 1) were not significantly

affected by species composition. For C. gigas, growth

rates differed significantly amongst experimental sites

(Table 1) with growth rates at KL * 25% and

* 16% higher than at WS and BH, respectively

(Fig. 1).

Mortality

Species composition had no effect on final mortality of

either M. edulis or C. gigas (Table 2); however,

mortality of M. edulis (average * 60%) was greater

than C. gigas (average * 15%) in all treatments.

Condition indices and shell weights

Both species showed significantly reduced condition

indices when occurring in heterospecific plates com-

pared to monospecific plates (Table 1). Monospecific

cultures had condition indices * 15% and * 13%

greater than those in heterospecific cultures for M.

edulis and C. gigas, respectively (Fig. 2). Both species

also showed significant differences in condition

indices amongst experimental sites. For M. edulis,

condition indices at BH were * 20% and * 22%

lower than at WS and KL, respectively (Fig. 3). For C.

gigas, condition indices at the BH were * 25% lower

than at WS and * 35% lower than at KL (Fig. 2).

Shell weight-length relationships for both species

were unaffected by species composition (Table 1).

Experimental site was found to have no effect on shell

weight-length relationships forM. edulis, however, C.

gigas weight-length relationships differed amongst

sites. For C. gigas, shell weights for individuals of

similar lengths were greater at KL compared to both

BH and WS (Fig. 3; Table 1).

Environmental variables

Average total particulate matter (TPM) and organic

particulate matter (OPM) measured * 5 mg L-1

and * 1.3 mg L-1, respectively. Neither differed

amongst sites (TPM - F2,96 = 2.19, p[ 0.05; OPM –

F2,96 = 0.64, p[ 0.05) but both were most variable at

WS (Fig. 4). Seston quality (i.e. organic percentage of

TPM) was on average 27% and was similar amongst

sites (F2,96 = 2.46, p[ 0.05).

Where temperature data were returned, daily aver-

age temperature quantiles overlapped with median

values between sites during all seasons other than
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Table 1 Linear mixed-effects models of species composition

(fixed factor, monospecific vs heterospecific), experimental

plate (random factor) and site (random factor) on growth rates

and condition indices of M. edulis and C. gigas, as well as

outputs for the effects of shell length, species composition,

experimental plate and site on shell weights for both species

Crassostrea gigas Mytilus edulis

b t P b t P

Growth rate

Species composition 0.00008501 1.015 0.306 0.00003445 0.301 0.846

Experimental plate 1 0.043

Site <0.001 1

Condition indices

Species composition 2 0.12171 2 2.801 <0.001 2 1.4459 2 3.159 0.0119

Experimental plate 0.3427 1

Site 0.0013 0.0294

Shell weight

Shell length 0.15851 8.641 <0.001 0.18329 14.586 <0.001

Species composition - 0.32108 - 0.211 0.833 0.56987 0.861 0.392

Length * composition 0.00588 0.2 0.841 - 0.02283 - 1.27 0.207

Experimental plate 0.99 0.5605

Site 0.0087 1

Results show effects on heterospecific plates compared to monospecific plates. Statistical significance for factors is based on

likelihood ratio tests with significant factors (p\ 0.05) shown in bold

Fig. 1 Mean length Relative Growth Rates (± SE) of M. edulis and C. gigas at the experimental sites, Ballyhornan (BH; n = 1),

Killyleagh (KL; n = 3) and Walter Shore (WS; n = 3) and between species compositions. Note differences in y axes scales
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summer (Fig. 5). During summer, quantiles of tem-

peratures did not overlap between sites but were

within 1�C of each other (15.6�C and 14.6�C,
respectively).

Discussion

Introductions of invasive alien species (IAS) have the

potential to induce detrimental effects on recipient

ecosystems (Bax et al., 2003; Molnar et al., 2008;

Simberloff et al., 2013). New introductions can lead to

competition between native species and IAS for

resources such as food and space, thus reducing the

health of native species. Here, a field manipulation

experiment identified that co-occurrence of the native

Mytilus edulis and invasive Crassostrea gigas

bivalves did not affect their growth rates or mortality,

but significantly reduced their body condition in

comparison to monocultures. Growth rates of C.

gigas, and condition indices of both species, also

differed significantly amongst experimental sites, with

both species showing reductions in these responses on

the open coast compared to more protected areas.

These results suggest that coexistence may indeed be

possible due to a lack of competitive effects on growth

rates, however, reductions in the condition indices of

both species could lead to reduced health of bivalve

populations and community wide ecological impacts.

Although growth rates and mortality were unaf-

fected by species composition, competitive interac-

tions were observed through measured condition

indices. Similar growth and mortality of both species

between the tested species compositions concurs with

recent documented patterns of coexistence (Holm

et al., 2016; Reise et al., 2017). However, growth rates

alone do not reflect the health of bivalve populations as

shell and tissue growth are not consistent with each

other (Fréchette & Bourget, 1985; Hilbish, 1986;

Borrero & Hilbish, 1988). Bivalve condition indices

Table 2 Generalised linear mixed-effects models of species

composition (fixed factor, monospecific vs heterospecific) on

the mortality of M. edulis and C. gigas

Mortality Species composition

b z p

C. gigas 0.1924 0.511 0.6113

M. edulis - 3.802 - 1.035 0.3117

Results show effects of heterospecific plates compared to

monospecific plates. Statistical significance for factors is based

on likelihood ratio tests

Fig. 2 Mean condition indices (± SE) of M. edulis and C. gigas after 12 months at the experimental sites, Ballyhornan (BH; n = 1),

Killyleagh (KL; n = 3) and Walter Shore (WS; n = 3) and between species compositions. Note differences in y axes scales
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relates the amount of flesh to the amount of shell

giving an important indication of their allocation of

energy to tissue or shell production (Seed & Suchanek,

1992). Reduced condition indices for both species

when occurring in heterospecific groups may be due to

competition for plankton resources which can occur

when beds become food limited (e.g. Dolmer, 2000;

Vismann et al., 2016) and is more likely in areas with

low currents as it is the bulk water flow that

replenishes plankton. Although it has been suggested

that the two species do not compete for food resources

(Dubois et al. 2007), even though their particle

retention sizes overlap (Bougrier et al., 1997), we

show here that coexistence between the two species

may be detrimental for their health.

Condition indices were also observed to differ

amongst the experimental sites. Previous studies

around Strangford Lough have shown that differences

in water motion occur within a relatively small area

(Kregting & Elsäber, 2014; Kregting et al., 2016;

Millar et al., 2020), which can play an important role

in species morphology (Steffani & Branch, 2003;

Millar et al., 2020). Our results show that the condition

of M. edulis was greatest at sites with restricted water

motion or unidirectional currents (KL & WS,

respectively), compared to areas where waves domi-

nate (BH; see Millar et al., 2020 for hydrodynamic

characterisation of sites). Condition of C. gigas was

also greatest at KL compared to both other sites,

suggesting a preference for areas where little water

motion occurs. A possible mechanism driving the

difference in condition indices for both species

amongst sites relates water motion to feeding ability,

as feeding of the two species has been shown to

respond differently to changes in flow velocity (Joyce

et al., 2019b). Increased flow velocity can reduce the

feeding ability of filter feeders (Jørgensen et al., 1986;

Wildish et al., 1987), which may drive the observed

reduction in growth and condition of both species in

waves. In currents, however, the semi-sessileM. edulis

can direct their siphons away from the incoming flow

to allow continuous feeding (Newell et al., 2001),

supporting the species-specific responses observed in

high currents. Although this experiment was not

replicated across multiple sites within each type of

water motion, we believe that this is a strong starting

point in determining the differential effects of water

motion type (i.e. waves vs currents) on physiological

responses of coastal bivalves.

Fig. 3 Regression models of shell weight (g) as a function of

shell length (mm) at the experimental sites. Data are pooled

across species combination treatments due to the lack of effect

on weight-length relationships. BH = Ballyhornan; KL = Kil-

lyleagh; WS = Walter Shore
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Whilst we provide an indication of the effects of

water motion on the physiological responses of these

organisms, other drivers such as food availability

should not be ruled out. Our results suggest that food

availability was similar amongst experimental sites,

however, daily fluctuations in seston and chlorophyll

concentrations were not captured by the snapshot

sampling events. To further clarify the effects of water

motion and food availability on bivalve physiological

responses, continuous sampling and measurement of

hydrodynamics and plankton availability should be

conducted alongside experimental trials.

Bivalves may allocate more energy to shell pro-

duction/thickening for protection in response to

predator occurrence and chemical cues (Scherer &

Smee, 2017) or in highly energetic environments

(Akester & Martel, 2000) leading to a reduced

condition index. Here, predators were present at all

experimental sites (personal observation), but their

abundances were not quantified and could have

influenced the results through defensive responses to

chemical cues (Scherer & Smee, 2017). Although

shell production for C. gigas differed amongst sites,

the similar shell production byM. edulis amongst sites

suggests that predator cues did not induce behavioural

or morphological defences and are unlikely the driver

of the differences in condition indices found here.

Also, the lack of difference in shell weight-length

relationships for both species with regards to species

composition, suggests that shell production as a form

of competitive response did not occur. Additionally,

C. gigas showed a greater shell weight-length rela-

tionship at KL compared to the other sites, which

would reduce the calculated condition indices. Yet, it

is at KL where the greatest condition indices were

observed, thus, the difference in the observed condi-

tion indices amongst the experimental sites is due to

differences in tissue production rather than shell

thickening.

Fig. 4 Median values for seawater total particulate matter

(TPM; top), organic particulate matter (AFDW; middle), and

seston quality (AFDW/TPM; bottom) at the experimental sites.

Boxes represent the 25th and 75th quantiles, bars show standard

deviation and dots denote outliers

Fig. 5 Median daily average temperatures at experimental sites

during different seasons. Boxes represent the 25th and 75th

quantiles, bars show standard deviation and dots denote outliers

123

Hydrobiologia



The environmental repercussions of coexistence

and competition between native and invasive species

has been shown to be a powerful driver behind

ecological change from both a community and

ecosystem perspective (Grosholz, 2002). Beds of M.

edulis are important biogenic habitats considered

under the EU habitats directive (EU Commission,

1992) and provide an abundant food source for a range

of coastal predators (Ebling et al., 1964; Paine, 1974;

Nehls et al., 2006). Native invertebrate predators

select native M. edulis over invasive C. gigas (Joyce

et al., 2019a), therefore, reductions in condition may

lead to reduced energy transfer to higher trophic

levels. Further, flesh weights to calculate condition

indices measured here included gonadal tissue of the

animals which indirectly provides information regard-

ing reproductive fitness (Seed & Suchanek, 1992). As

larval supply is key for recruitment and persistence of

biogenic reefs (Knights &Walters, 2010), the inferred

reduction in reproductive fitness of both species under

coexistence could have implications for both species.

With regards toM. edulis, reduced reproductive output

may affect their ability to persist in some areas,

whereas reduced output from C. gigas may eventually

reduce their invasion potential in these habitats.

Although C. gigas also showed reduced condition

when occurring alongside M. edulis, the implications

for such effects are not as pressing owing to the greater

reproductive superiority of C. gigas (Troost, 2010).

The differences in condition index between species

compositions does not only have implications for the

dominance of one species over another in an invasion

scenario (Nehls et al., 2006), but could have significant

consequences for aquaculture. Decreased fish landings

has increased the pressure on the aquaculture sector to

meet the shortfall (Granada et al., 2016). As available

licensed spaces for cultures decrease, an increasing

number of growers are likely to combine shore lays of

M. edulis with trestle grown C. gigas (Abate et al.,

2018). The results presented here suggest that the

combined culture of these species may not be the best

fit for successful production.

Overall, we have shown that coexistence between

M. edulis and C. gigas is indeed possible but

potentially costly for both species, with possible

ecological ramifications. We also show that different

environmental contexts (e.g. type of hydrodynamic

motion) may induce different physiological responses

both within and between species. Such investigations

are gathering momentum regarding marine macroal-

gae (Bekkby et al., 2014; Kregting et al., 2015; Millar

et al., 2020), however, the effects of different water

motion type on marine bivalve growth, fitness and

physiology remains understudied. Thus, we suggest

that physiological responses and species interactions

should be further investigated under such environ-

mental contexts.
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