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ABSTRACT 

At the base of stock assessments, used to monitor inv asive aqua tic species and to sustainably harvest stocks, 
ar e estima tes of bod y gro wth, a key parameter r egula ting animal popula tions. Ho w e ver, due to lack of da ta, 
obtaining these estimates can be challenging, but analytical approaches f or ‘da ta-poor’ situa tions have been 

de veloped. Curr ently, the Pacific oyster ( Magallana gigas ) is spreading in northern Europe and a need for 
management strategies to control the invasion is evident. Using methods developed for data-poor situations, 
the von Bertalanffy growth function and electronic length-frequency analysis, we analysed 17,289 length 

measurements of wild Pacific oysters collected between 2007 and 2018 at five sites in Sweden to estimate 
its growth in temperate waters. We identified two distinct growth patterns, where individuals in habitats 
with high bivalve density grow faster in length compared to those in less dense habitats. Additionally, we 
f ound tha t Pacific oyster popula tions in Sw eden ar e still gro wing to war ds their asymptotic lengths and tha t 
gro wth is r educed but not stopped during colder months. We conclude that our analysis constitutes the basis 
f or futur e stock assessment and management of the species in ar eas with feral popula tions of commercial 
interest. 
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INTRODUCTION 

Estimates of body growth in fish and aquatic invertebrate popu- 
la tions provide inf orma tion r egar ding life-history traits and form 

the base of many stock assessments ( Lor enz en, 2016 ; Schwamborn, 
Mildenberger & Taylor, 2019 ). Stock assessment models are pri- 
marily used to sustainably manage commercially exploited popula- 
tions ( Pauly & David, 1981 ; Methot Jr. & Wetzel, 2013 ), but they 
also allo w f or the monitoring of inv asions, such as the case of the 
rapa whelk ( Rapana venosa ) in the Black Sea ( GFCM, 2022 ). 

Se veral challenges ar e associa ted with the estima tion of bod y 
gro wth f or stock assessments. First, depending on the study species, 
differ ent biological da ta can be collected f or this purpose, such as 
tagging-r ecaptur e da ta and periodic mar kings on scales , otoliths 
and skeletons ( Pauly & David, 1981 ). Ho w e ver, due to logistic dif- 
ficulties and expensive field work associated with the collection of 
these data, many fisheries are referred to as ‘data-poor’, meaning 
that only size-frequency (e.g. catch, length and weight) data are 
av ailab le, and w her e little is known about the dynamics of specific 
e xploited popula tions ( Do wling et al. , 2015 ). A second challenge is 
the notion of phenotypic plasticity in growth. Plastic growth pat- 

terns vary in response to biotic and abiotic factors ( Brett, 1979 ), 
w her e the phenotype e xpr essed changes depending on the condi- 
tions a t differ ent spa tial loca tions, the time of year, and impacts 
of metapopula tions ( Kritz er & Davies, 2005 ; Pig liucci, Mur ren & 

Sc hlic hting, 2006 ; Nussey, Wilson & Brommer, 2007 ). As a result, 
gro wth pa tterns of popula tions of the same species, and e ven sepa- 
rate components of the same stock, can vary over time and across 
loca tions. Furthermor e, plastic gro wth pa tterns can affect the siz e 
structure of a population as well as its dynamics and productivity 
( Stearns & Koella, 1986 ; Heino, Dieckmann & Godø, 2002 ). 

Analytical appr oaches hav e been dev eloped f or da ta-poor situa- 
tions, w her e siz e-fr equency da ta can be used to model gro wth. Se v- 
eral length-structured methods for estimating growth are a vailable , 
w her e the most common is the fitting of growth curves to length- 
a t-age da ta. The von Bertalanffy growth function ( von Bertalanffy, 
1938 ) is routinely used for this purpose since it is known to con- 
form to the growth pattern of many fish and aquatic inverte- 
brate species ( Gosling, 2007 ; Mildenberger, 2017 ). The von Berta- 
lanffy growth function assumes that growth is rapid during the 
first few years, slows down over time and levels off at older ages 
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 von Bertalanffy, 1938 ). Additionally, the von Bertalanffy growth 

unction captures some aspects of phenotypic plasticity through its 
onsiderations of seasonal effects on growth ( Somers, 1988 ), bioen- 
rgetics and scaling relationships ( von Bertalanffy, 1938 ; Lorenzen, 
016 ). The standard approach to estimate growth parameters from 

ength-fr equency da ta is through electronic length-frequency anal- 
sis (ELEFAN; Pauly, 1980 , 1987 ; Pauly & David, 1981 ; Ga y anilo 
 Pauly, 1997 ). Several packages for the statistical environment 
, such as TropfishR ( Mildenberger, Taylor & Wolff, 2017a , b ; 
ildenberger, 2017 ) and fishboot ( Schwamborn, Mildenberger & 

aylor, 2018 ), allow for more functionality of the ELEFAN com- 
ared to older software (i.e. FiSAT II; Gayanilo et al. , 1996 ). 
The Pacific oyster Magallana gigas (Thunberg, 1793), previously 

art of the genus Crassostrea but moved to the genus Magallana in 

017 by Salvi & Moariottini (2017 , 2021) , is one of the worlds’ 
ost successful invasiv e species , largely due to its popularity within 

he aquaculture industry ( Wrange et al. , 2010 ; Strand & Lindegarth, 
014 ; Laugen et al. , 2015 ). The species was first introduced to Scan- 
inavia through cultiv a tion in Denmark in the 1970s and cultiva- 
ion trials in Sw eden betw een 1973 and 1976. The trials in Swe- 
en concluded that cultivation was possible; however, no spawning 
nd no na tural r ecruitment was observed ( Ekelund, Håkansson & 

aamer, 1977 ). After production was discontinued in Denmark in 

he 1990s, the oysters w er e abandoned with the belief that the cold 
aters of the North Sea would be too stressful for their physiology 

 Wrange et al. , 2010 ). Ho w e ver, the Pacific oyster has thereafter es- 
ablished permanent populations in all countries of Scandinavia. In 

weden, the species was first sighted in 2007 ( Wrange et al. , 2010 ) 
nd by 2014, more than 250 locations with Pacific oyster popula- 
ions containing a total biomass between 100,000 and 500,000 tons 
ave been identified along the northern Swedish west coast ( Strand 
 Lindegarth, 2014 ). 
The European framework for the mitigation of alien species (EU 

 egula tion no. 1143/2014) incorporates management strategies for 
he pr e vention, early detection and rapid eradica tion of an inv asive 
pecies. The Pacific oyster has been present in northern Europe for 
. 15 years and the estab lished popula tions ar e no longer feasib le 
o eradicate ( Mortensen et al. , 2019 , 2022 ). Additionally, densities 
f Pacific oysters are expected to increase at already colonized sites 
nd the species is predicted to disperse further north in Scandi- 
avia, along the Norwegian coast ( Wrange et al. , 2010 ; Dolmer et 
l. , 2014 ; Strand & Lindegarth, 2014 ; Laugen et al. , 2015 ). At the 
ime of writing, no management strategy to control the Pacific oys- 
er invasion is in place in Scandinavia and the approach has been 

o accept the species as an integrated part of the marine ecosystem 

 Mortensen et al. , 2022 ). Ho w e ver, due to its potential negative im- 
acts on native species ( Nehls et al. , 2006 ; Troost et al. , 2009 ) and 
 ecr ea tional activities ( Mortensen et al. , 2022 ), there is a need to 
onitor its dispersal. A strategy under consideration inv olv es de- 

eloping a monitoring programme to detect expanding local popu- 
ations and to identify w her e site-specific efforts, such as manual re- 

oval, can be implemented to avoid dispersal to new areas ( Dolmer 
t al. , 2014 ). Additionally, since the Pacific oyster is an important 
quaculture species, there is a growing interest in harvesting the 
opulations both to control the invasion ( Mortensen et al. , 2019 , 
022 ) and to cr ea te a benefit for local economies. 
Since the settlement of the Pacific oyster in Sweden in 2007, 

ength-fr equency measur ements of individual oysters and site- 
pecific densities have been collected on a yearly basis from five 
ocations on the Swedish west coast, a core area of the invasion. As 
 r esult, w e have access to a time series of length-measurements and 
ensities from wild oysters over an 11-year period (2007–2018, ex- 
luding 2012). This time series provides an e x cellent opportunity to 
stima te the gro wth ra te of the Pacific oysters at these five locations 
nd to test the applicability of statistical tools developed for data- 
oor fish stocks, including functions in R packages TropfishR and 
shboot . Furthermore, it allows us to apply the methods to a species 

hat has displayed a plastic growth pattern ( Nehring, 2011 ), which 

presents an additional difficulty when analysing length-frequency
distributions f or estima ting gro wth. In particular, Pacific oysters that
shar e habita t with many other biv alv es , in ar eas w her e competi-
tion for food and space is likely to be high, will mostly grow long
and narro w, w hile individuals tha t live in ar eas with lo w biv alve
density will mostly grow shorter and wider ( Dolmer et al. , 2014 ;
Strand & Lindegarth, 2014 ). The aims of this study were, there-
f or e, to (1) model the growth of Pacific oysters in Sweden and es-
tab lish a length-a t-age r ela tionship, (2) investiga te heterogeneity in
growth and density across populations to understand the impor-
tance of site-specific management strategies and (3) to test the ap-
plicability of ELEFAN to wild Pacific oysters with a plastic growth
pa ttern. By estima ting the gro wth ra te of wild Pacific oyster pop-
ulations through length-at-age relationships, we can use the infor-
mation as the basis for future management and stock assessments
of the species. 

MATERIAL AND METHODS 

Study area 

Throughout 11 years of data collection (2007–2018, excluding
2012), five locations along the Swedish west coast have been
sampled mostly during the northern hemisphere summer (June–
August) and occasionally during spring (May) and autumn (Octo-
ber) ( Fig. 1 ). 

Data collection 

At each sample location, an outer perimeter of the oyster popula-
tion was first established by using an aquascope. This outer perime-
ter was, for practical reasons, determined as either where the wa-
ter became too deep for sampling ( > 0.8 m) or w her e the oysters
could no longer be seen and, thus, w er e assumed to be absent. Sec-
ond, two to three transects were laid parallel or perpendicular to
the shore to capture a wide range of oyster lengths and densities at
var ying de pths. A quadrat of 0.5 × 0.5 m was used with a 1-m inter-
val along the transect lines. The quadrat was placed on the bottom
and all oysters within the squar e w er e measur ed to the near est 1.0
mm with a Vernier calliper from the umbo to the outer edge of the
shell (the maximum outer shell length) ( Fig. 2 ; Table 1 ). At locations
w her e the oyster density was higher, a 0.25 × 0.25 m quadrat was
used and placed on the bottom at 2-m intervals. After being mea-
sured, each oyster was returned to the water close to the quadrat
to avoid changing the natural composition of the population. Addi-
tionally, oyster density was measured as the number of individuals
per m 

2 for each site and year. 

Electr onic length-fr equency analysis 

ELEFAN was first described b y P auly & David (1981) and com-
prises several analytical steps, in which the first procedure involves
fitting growth model parameters from the progression of length-
frequency modes through time. This procedure uses the logarith-
mic von Bertalanffy growth function to convert length-frequency
data into age composition by expressing the length of the organism
( L ) as a function of its age ( t ) 

L ( t ) = L ∞ 

(
1 − e −K ( t −t 0 ) 

)
w her e L ∞ 

is the average asymptotic length; K is the growth con-
stant, w hich estima tes the e xponential ra te of ho w fast the popula-
tion is approaching L ∞ 

year −1 (curv a tur e parameter); and t 0 is the
hypothetical age when the organism has zero length (initial condi-
tion parameter). 

Ho w e v er, Pacific o ysters f ollo w a seasonal gro wth pa ttern due to
ann ual fluctua tions of environmental factor s ( Gagner y et al. , 2003 ;
Diederich, 2006 ; Cardoso et al. , 2007 ; Pogoda, Buck & Hagen,
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GROWTH OF INVASIVE PACIFIC OYSTER 

Figur e 1. Fiv e data collection points on the northern Sw edish w est coast. Site names: (1) Svallhagen, (2) Kockholmen, (3) Sältången, (4) Getevik and (5) 
Smalsundet. The distance between Svallhagen and Smalsundet is roughly 39.2 km. Sites were sampled between 2007 and 2018 (excluding 2012). 
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2011 ; Góngora-Gómez et al. , 2017 ). It is ther ef or e important to 
analyse the growth of Pacific oysters under these conditions. By in- 
corporating a sine curve with a wavelength of 1 year, we can fit 
a seasonally oscillating von Bertalanffy growth function ( Somers, 
1988 ) 

L ( t ) = L ∞ 

{
1 − e −( k ( t −t 0 ) + S ( t ) − S ( t0 ) ) 

}

with S ( t ) = 

(
CK 

2 π

)
sin 

( 2 π ( t − t s ) ) 

so S ( t0 ) = 

(
CK 

2 π

)
sin 

( 2 π ( t 0 − t s ) ) 

w her e the parameter t s determines the time of year, r ela tive to the 
age of recruitment ( t = 0 ), where the first sinusoidal oscillation be- 
gins, and the parameter C sets the amplitude of the decrease in 

gro wth a t the depth of the gro wth oscilla tion (r eferr ed to as the 
‘winter point’). At the winter point, the increase in mean length of 
an organism can be completely halted ( C = 1 ), unaffected ( C = 0 ) 
or reduced, but not stopped ( 0 < C < 1 ). If C > 1 , the organism 

is assumed to be shrinking. Ho w e ver, ann ual shrinkage is unlikely 
for most organisms ( Pauly & Gaschütz, 1979 ) and length loss due to 
wear and tear of oyster shells is, most likely, lo w er than the annual 
gro wth. Ther ef or e, C = 1 has been proposed as the upper limit for 
this parameter. 

Electronic length frequency analysis using R 

The R-packages TropfishR ( Mildenberger et al. , 2017a , b ; 
Mildenberger, 2017 ) and fishboot ( Schwamborn et al. , 2018 ) of- 
fer single-species stock assessments, including electronic length- 

frequency analysis, and a straightforward incorporation of poten- 
tial seasonal changes in growth ( Supplementary Material Fig. S1 
illustra tes the procedur es belo w f or r eaders unfamiliar with this 
analysis). Furthermore, fishboot provides confidence limits around 
the growth estimates, which were not provided by older software 
( Schwamborn et al. , 2019 ). 

To estimate Pacific oyster growth curves, we used TropfishR and 
fishboot in R v. 3.6.3 (R Core Team, 2024 ). The growth estima- 
tion is done in four distinct steps: the first three use TropfishR 

and the fourth uses fishboot . The first step transforms individ- 
ual length measurements of the study population(s) into length- 
fr equency da ta. The second step identifies cohorts that can be 
traced through time. To r estructur e the length-fr equency da ta gen- 
erated in the previous step, scores are assigned to intervals of length- 
frequencies dependent on their de via tion from a moving a verage . 
The size of the length interval (bin size) is then divided by the mov- 
ing a verage . The bin siz e and the v alue f or the moving average 
are selected by the user and we detail the choices we made for 
our model system in the next section. The third step inv olv es se- 
lecting settings for a seasonally oscillating von Bertalanffy growth 

function, and the parameter values we chose for this model sys- 
tem are also detailed in the section below (Parameterization). The 
fourth and last step is fitting growth curves through the cohorts of 
the r estructur ed length-fr equency da ta until the curves with the 
highest score and the ‘best’ parameter combinations of the sea- 
sonally oscillating growth function have been identified using boot- 
strapped functions from the fishboot package. These bootstrapped 
versions of the ELEFAN functions r esample da ta with replace- 
ment to obtain uncertainty estimates around the predicted growth 

curv es . See the section Performance of growth curves below for 
details. 
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Figure 2. Shell length-frequencies of Pacific oysters for each sampling location and pooled across sites from a time series of data collected along the 
northern part of the Swedish west coast (2007–2018, e x cluding 2012). Note that the limit on the y -axis is 1,500 observ a tions f or the individual sites and 3,500 
observ a tions f or the combined da ta. 

Tab le 1. Sampling sites , sample sizes , measured shell lengths (minim um, median and maxim um lengths in mm), parameters f or estima ting cohorts and 
starting parameters for a seasonally oscillating von Bertalanffy growth model, from a study of shell growth of the invasive Pacific oyster on the Swedish west 
coast (sampled 2007–2018, e x cept 2012). 

Empirical shell lengths (mm) Cohort definition ∗ von Bertalanffy growth model parameters + 

Site N Min. Med. Max. Bin MA Lwr Upr K t _ anchor C t s 

Svallhagen 3,492 1 70 275 10 137.5 

Kockholmen 3,925 1 39 231 10 115.5 

Sältången 1,667 1 63 177 10 5, 7, 9 88.5 400 0.01–1.00 0.50–0.75 0–1 0–1 

Getevik 4,487 3 70 250 15 125 

Smalsundet 3,718 4 67 240 10 120 

∗Cohort definitions: bin, width of the interval of length–frequency data; MA, values for the moving average applied to the length frequency data for cohort definition. 
+ Model parameters: lower (Lwr) and upper (Upr) limits for the asymptotic length; K , growth constant ( K year −1 ); t , time of year that the oysters settle; C , amplitude 
of the growth oscillation; and ts , time of year that the growth turns positive after the winter point. 
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We estimated Pacific o yster gr o wth in tw o differ ent sets of 
nalyses to e xplor e w hether ther e was strong e vidence of site- 
pecific gro wth pa tterns. First, we combined the data, assuming a 
omogeneous gro wth pa ttern acr oss all fiv e sites . Then, to allow 

iffer ences in gro wth betw een sites to e x ert an effect, w e ran sep- 
ra te models f or each of the five locations. During the recon- 
truction of the length-frequency data, the choice of length inter- 
als was based on the proposed method by Wolf (1989) , where 
he length of the largest individual in each sample is divided by 
he number of modal groups assumed to be present at each site. 
or three of our sites, Kockholmen, Smalsundet and Sältången, 
e used a bin size of 10 mm, while for Getevik, Svallhagen and 

he combined sites, we used a bin width of 15 mm ( Table 1 ). 
he moving average was selected on the rule of thumb devel- 

oped by Taylor & Mildenberger (2017) , where the chosen value
should appr o xima te the n umber of bins spanning the youngest co-
hort width. All samples identified the optimal moving average as
5. Ho w e ver, in their sensitivity analysis, Taylor & Mildenberger
(2017 ) f ound tha t higher moving average settings in the TropfishR
package resulted in growth curves with better fits. Ther ef or e, w e
tested moving averages of 5, 7 and 9 ( Table 1 ). Last, the fish-
boot package provides tw o ‘optimiza tion’ calcula tions f or fitting
the von Bertalanffy growth function ( ELEFAN_SA_boot , based on
a generaliz ed simula ted annealing and ELEFAN_GA_boot , based
on a genetic algorithm). Both functions allow for the incorpora-
tion of seasonal growth parameters and a simultaneous search for
the seasonally oscillating von Bertalanffy growth function param-
eter combinations within the same state space. To increase the
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GROWTH OF INVASIVE PACIFIC OYSTER 

Table 2. Length-at-age relationships (mm) at four age stages for the Pacific oyster and the estimated coefficients for the von Bertalanffy growth parameters. 

Length-at-age relationships Estimated coefficients for the von Bertalanffy growth parameters 

Site Age 1 Age 3 Age 5 Age 11 L K t_anchor C t s Rn score 

Svallhagen 15 100 165 270 354.0 0.14 0.73 0.70 0.60 0.16 

Kockholmen 15 70 115 200 284.2 0.12 0.71 0.79 0.60 0.22 

Sältången 10 60 110 190 281.9 0.11 0.71 0.66 0.50 0.22 

Getevik 15 120 180 250 266.7 0.27 0.70 0.77 0.50 0.17 

Smalsundet 15 60 100 195 375.3 0.07 0.69 0.65 0.69 0.19 

Combined sites 70 190 250 295 297.8 0.38 0.54 0.76 0.64 0.15 

D
ow

nloaded
likelihood of obtaining optimal gr owth curv es , we ran both op- 
timization functions, each with a moving average setting of 5, 7 
and 9. In total, six analyses w er e run for each of the five study 
sites and for the combined data (36 in total). Additionally, we used 
bootstrapping to assess uncertainty in the fitted curv es . This pr oce- 
dur e samples da ta using r eplacement and can ther ef or e help ascer- 
tain the extent to which parameters may depend on the inclusion 

of rare observations. 

Parameterization 

T he initial ste p when running ELEFAN with fishboot is to specify 
input v alues f or the five parameters of the seasonally oscillating von 

Bertalanffy growth function. T hese parameter s are the asymptotic 
length ( L ∞ 

), the growth constant ( K ), the time of year that the oysters 
settle ( t_anchor , ‘anchor time’, used by fishboot instead of t 0 ), the 
amplitude of the growth oscillation ( C ), and the time of year that 
the growth turns positive after the winter point ( t s ) ( Table 1 ). Note 
that the seasonally oscillating von Bertalanffy growth function in 

the fishboot package uses age instead of time as in the traditional 
equation ( Schwamborn et al. , 2018 ). If prior knowledge of the life 
histor y parameter s of the stud y popula tion is av ailab le, this can be 
used to provide a more specific and targeted analysis. For the Pacific 
oyster, the parameter for the time of year that the species settles in 

Sw eden ( t_anc hor ) was kno wn prior to the analysis. 
t_anc hor : Pr e vious studies sho w tha t most Pacific oysters settle 

in Sweden between middle to late August ( Strand & Lindegarth, 
2014 ), and the parameter t_anchor was ther ef or e given a search 

range between the 1 July and the 1 October (0.5–0.75; Table 2 ). An 

additional month was added to the search range to cover a larger 
parameter space. 

K : Since we do not know how fast the population grows towards 
the asymptotic length, the growth constant was given a wide search 

range between 0 and 1. 
C and t s : The impacts of season on the growth of the Pacific oyster 

popula tions w er e also unkno wn and these parameters w er e given 

their full search ranges (0–1). 
L ∞ 

: Most commonly, it is recommended to fix the asymptotic 
length prior to the analysis ( Ga y anilo, Sparr e & Pauly, 1996 ; Sparr e 
& Vanema, 1998 ; Taylor & Mildenberger, 2017 ), often by using the 
largest individual in the sample. However, this approach has been 

criticized as it increases the risk of underestimating the maximum 

size of the oysters by assuming a r ela tionship a priori between the 
largest individual in a sample and the maximum length of the pop- 
ulation ( Schwamborn, 2018 ; Schwamborn et al. , 2019 ). To avoid a 
search range too narrow for the asymptotic length for the Pacific 
oysters in Sweden, the lo w er limit was set as half the size of the 
maximum length of the oysters at each site and the upper limit was 
based on the historically lar gest r ecor d of a Pacific oyster, 400 mm 

( Nehring, 2011 ). 
In total, 200 bootstrapped runs w er e perf ormed f or each of 

the 36 growth estimations and the curve with the best parameter 

combinations was identified through maximum density (i.e. the 
combination of values that was selected most often by the model). 
Furthermor e, the perf ormance of each curve was assessed by 
its ability to capture the growth pattern in the reconstructed 
length-fr equency da ta. 

RESULTS 

In total, more than 3,000 oyster length measur ements w er e anal- 
ysed for each of the study sites (except Sältången with 1,677) and the 
combined site data included 17,289 observations ( Table 1 ). Most of 
the oysters w er e f ound within a siz e range of 5–100 mm ( Fig. 2 ),
w her e the largest oyster measured 275 mm and was found at site 
Svallhagen. The median oyster length ranged between 61 and 70 
mm, e x cept a t site Kockholmen, w hich had a median length of 
39 mm. Out of the 17,289 observ a tions, only 85 individuals w er e 
longer than 200 mm and 67 of these w er e f ound a t Sv allhagen. 
In contrast, no individuals larger than 200 mm w er e r ecor ded a t 
Sältången. 

Growth curves 

Out of the 36 analyses, 29 growth curves w er e r ejected based on 

(1) having growth patterns that indicated that the oysters were lim- 
ited to a maximum length far below the size of the largest indi- 
vidual at the site in question or (2) indicating that the largest oys- 
ters at each site were very young ( ≤7 years) (i.e. the curve esti- 
mated a very fast growth rate). Since the Pacific oysters settled in 

Sweden in 2007, we know that the largest oysters were at least 
11 years old in 2018. An average age of 7 years or less for the 
largest individuals was, therefore, not biologically plausible in our 
study. In addition, the ELEFAN in the TropfishR and fishboot pack- 
ages have a goodness-of-fit measure (i.e. the Rn score). We did 
not rely on this measure when assessing the growth curves since 
some of the curves with the highest Rn scores were the curves 
tha t indica ted a maxim um length too short or a maxim um age 
too young when compared to prior knowledge of the species in 

the ar ea. Ho w e ver, w e r eport this v alue in the r esults f or clar-
ity and transparency. For an illustration of rejected curv es , see 
Supplementary Material Figure S1 . 

The optimized ELEFAN function based on the genetic algo- 
rithm ( ELEFAN_GA_boot; from the R package fishboot ) r epea t- 
edly suggested gro wth pa tterns tha t w er e too fast and most of 
the rejected curves were estimated using this function. The al- 
gorithm based on the simulated annealing ( ELEFAN_SA_boot ) 
estima ted gro wth pa tterns tha t did align with prior knowledge 
that the oldest oysters would be around 11 years old. Higher 
moving average settings (7 and 9) produced curves with poorer 
fits to prior e xpecta tions and most of the retained curves had a 
moving average setting of 5, the lo w est v alue tested. Se ven of 
the 36 gr owth curv es managed to pr oduce curv es that matched 
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H. PARTOFT ET AL . 

Figure 3. Estimated length-at-age relationships for the Pacific oyster in each of the five sites along the Swedish west coast. The thick black line represents 
the best estimate identified through maximum density and the grey lines are the other 199 runs of the bootstrapped ELEFAN. All curves are estimated using 
the simulated annealing function and a moving average setting of 5. 
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rior e xpecta tions and fitted the da ta w ell. For br e vity and clar- 
ty, we display one curve from each location, all estimated using 
he simulated annealing function and a moving average setting 
f 5 ( Fig. 3 ). The other two curves that performed well were the 
imulated annealing with a moving average of 9 at Kockholmen 

nd the genetic algorithm with a moving average setting of 5 at 
etevik. 
None of the growth curves estima ted f or the combined site data 
anaged to capture a reasonable growth pattern and all six curves 
 er e, ther ef or e, e x cluded since they estima ted tha t the lar gest oys- 

ers in the data were too young. 

ength-at-age relationships 

w o gro wth pa tterns emer ged from the se ven r etained curv es , 
 her e Pacific oysters a t Gete vik and Sv allhagen shar e a similar tra- 

ectory and individuals at Kockholmen, Sältången and Smalsundet 
hare another ( Fig. 3 ; Table 2 ). During the first year after settlement, 
ysters at all five sites reach sizes between 10 and 15 mm. Ho w e ver, 
t 2 years-old, the populations start to diverge and individuals at 
etevik and Svallhagen continuously show faster lengthening rates 

ompared to populations at Kockholmen, Sältången and Smalsun- 

det ( Fig. 3 ; Table 2 ). The curve for the combined sites estimated
contin uously lar ger siz es of the oysters a t each age (i.e. a faster
gro wth pa ttern) ( Tab le 2 ), w hich further r eflects its poor fit. The
estima ted siz e a t age 11 years f or all sites is close to the largest oys-
ter measured (assumed to be 11 years-old) for each population in
the sample data ( Tables 1 and 2 ). 

Seasonal von Bertalanffy growth function parameters 

The maximum length ( L ∞ 

) of the Pacific oysters across the
five sites on the Sw edish w est coast ranged between 266.7 and
375.3 mm, a difference of 108.6 mm ( Table 2 ). With an es-
tima ted gro wth constant ( K ) of 0.27 year −1 , the gro wth ra te
was fastest at Getevik. Kockholmen, Sältången, Smalsundet and
Svallhagen had relatively slower growth rates between 0.07 and
0.14 year −1 . The curve for the combined da ta estima ted the
gro wth ra te a t 0.34 year −1 , w hich is faster than any of the es-
tima tes f or the separa ted five sites ( Tab le 2 ). The windo w f or
the time of year that the Pacific oyster settles ( t_anchor ) in Swe-
den was estimated to be narrow, between 0.69 and 0.73, trans-
lating to a time of settlement at the end of September. The
gr owth curv e for the combined sites suggested a time of settle-
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GROWTH OF INVASIVE PACIFIC OYSTER 

Figure 4. The corr ela tion betw een the gro wth constant ( K ) from the length-a t-age r ela tionships of the Pacific oysters estima ted through the ELEFAN and 
the density of the species (ind./m 

2 ) at each of the five sample sites on the Swedish west coast ( r 2 = 0.639, P < 0.05). 
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ment in mid-July (0.54; Table 2 ). The first parameter that mea- 
sured the impact of season, the depth of the growth oscilla- 
tion ( C ), suggested that the growth of the oysters slo ws do wn, 
but is not halted, during the colder months of the year (0.65 
and 0.79; Table 2 ). The second seasonal parameter, the time of 
year when the growth turns positive after the winter point ( t s ), 
indica ted tha t this occurs betw een 1 July and la te September 
(0.50–0.69; Table 2 ). All parameter values quoted are based on 

the simulated annealing function with a moving average setting 
of 5. 

Finally, the estimated growth constant ( K ) was positiv ely cor - 
r ela ted with the median density of Pacific o ysters ov er the sam- 
pled years, which indicates that individuals growing in dense 
habita ts gro w faster in length than those in less dense habita ts 
( Fig. 4 ; r 2 = 0.64, P < 0.05). 

DISCUSSION 

Her e, w e have estima ted length-a t-age r ela tionships f or five popu- 
lations of wild Pacific oysters in the core area of its northernmost 
distribution range in Europe and demonstrated heterogeneity in 

gr owth acr oss sites . Combining the observ a tions from all popula- 
tions did not produce a growth curve that could adequately cap- 
ture the growth pattern at individual sites, and the results there- 
f or e indica te tha t site-specific management stra tegies ar e impor- 
tant to consider when developing a monitoring programme for the 
species’ continued dispersal. Furthermore, the identified differences 
in growth between sites show that the analytical method used man- 
aged to capture phenotypic plasticity between the populations. In 

the paragraphs below, we comment on the implications of our work 
in terms of both methodology and the potential causal e xplana tions 
f or differ ences in gro wth betw een sites. 

Tw o gro wth pa tterns appear among the five loca tions, a faster 
initial growth at site Getevik and Svallhagen, and a slower initial 
gro wth a t Kockholmen, Sältången and Smalsundet. Consequently, 
this indicates that the length-at-age relationship varies among Pa- 
cific oyster sites in Sweden. At the age of 1 year, sites share simi- 
lar predicted lengths of 10–15 mm; ho w e ver, a t age 2 years, oys- 
ters a t Gete vik and Sv allhagen a ttain lengths betw een 60 and 75 
mm, while oysters at Kockholmen, Sältången and Smalsundet only 
reach lengths of 35–40 mm. The pattern of longer oysters at Gete- 
vik and Svallhagen continues through the years and at age 11 years 
(the maximum age of the oysters in 2018); the oysters here attain 

lengths between 250 and 270 mm, whilst oysters at Kockholmen, 

Sältången and Smalsundet reach lengths between 190 and 200 mm. 
Moreover, the analysis indicates that individuals growing in dense 
habita ts gro w faster in length compared those in less dense habitats. 

All six gr owth curv es created to assess homogeneity between sites 
(using combined data from all locations) provided poor fits to the 
data and conflict with known properties of the populations because 
they suggested a maximum age of the oldest oysters tha t w er e too 
y oung ( < 7 y ears) in 2018. Furthermore, the failure of these curves 
to capture an appropriate growth pattern is evident when compar- 
ing the suggested length-at-age relationship of the combined data to 
those of the individual sites. The r ela tionship f or the combined sites 
suggests a faster gro wth pa ttern to those of the individual locations. 
While the individual sites have lengths of 10–15 mm at year one, 
the curve for the combined data estimates a length of 70 mm. Simi- 
larly, at age 2 years, where the growth curves for the individual sites 
suggest lengths between 35 and 75 mm, the combined sites predict 
lengths of 140 mm. This pattern continues up to the 11-year mark. 
This indicates that one curve cannot adequately capture the growth 

pattern along the whole coastline and is further e vidence tha t ther e 
are differing growth patterns present between sites. 

The continuously higher length-at-age relationships for the pop- 
ula tions a t Gete vik and Sv allhagen and the failur e of the combined 
da ta to captur e a biologically r easonab le gro wth pa ttern could have 
tw o e xplana tions. First, the differences could be due to higher bi- 
valve densities at Getevik and Svallhagen ( Fig. 4 ) and reflect plastic 
changes in shell shape that appear as heightened growth in length- 
fr equency da ta. Shell gro wth of Pacific o ysters is v ery plastic and 
is impacted by oyster density and substrate, with more elongated 
shells in areas with high densities or soft-bottom substrates com- 
par ed to ar eas with lo w er densities or firm substra tes (e.g. sand and 
shell hash; own observations). The substrate conditions at the sur- 
v e yed sites w er e similar, hence, the observed higher initial asymp- 
totic lengths ( L ∞ 

) in the ELEFAN for Getevik and Svallhagen are 
likely a result of high oyster densities at these sites, resulting in 

longer shells compared to locations with lower oyster densities. Sub- 
sequently, since the ELEFAN infers age from length, the model as- 
sumes that longer oysters are older than the r ounder ones , which 

need not necessarily be true. Future size-frequency data collection 

should consider measuring multiple dimensions of individual oys- 
ters (e.g. length, height and width) to better model w hole-bod y 
gro wth. Alterna tively, studies using ELEFAN should sample pop- 
ula tion le vels a t v arying densities so that the partial effect of den- 
sity can be directly estimated and accounted for. Second, previ- 
ous studies that have identified heterogeneity in growth between 

sites have attributed these differences to environmental v ariab les 
7 
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 Askew, 1972 ; Gagnery et al. , 2003 ; Diederich, 2006 ; Harding & 

ann, 2006 ; Cardoso et al. , 2007 ; Pogoda et al. , 2011 ; Strand et al. , 
012 ). In this study, water depth, substrate, sea temperature, salinity 
nd e xposur e did not differ much between the sites. The maximum 

epth ranged between 105 and 148 cm, the substrates were ‘walk- 
ble’ sand and shell hash that became softer with depth, sea tem- 
era tur e and salinity sho w ed no major shifts over the distance be- 
ween the sites ( Baltic Sea Physics Analysis and Forecast, 2024 ) and 
ave e xposur e e v alua ted from the SAKU da ta ( Na turvår dsv er ket, 
006 ) was e xtr emely shelter ed or very sheltered. Lastly, food avail- 
bility would not have been of general concern since the area 
s rather eutrophicated. Even if food availability could be a lim- 
ting factor among the high-density popula tions, w e assume this 
ondition would cause slower growth rates than the ones observed 
t the sites with lower oyster densities. Due to the similar environ- 
ental conditions acr oss sites , the estimated faster growth patterns 
 t Gete vik and Sv allhagen ar e most likely a r esult of higher oyster 
ensities at these locations. 
Looking at the length-at-age relationship of all populations at age 

1 years, all estimates are similar to the largest individual measured 
t each site. This shows that the ELEFAN has managed to cap- 
ur e r easonab le maximum lengths a t each site f or the oldest indi- 
iduals. Furthermore, at 11 years-old, populations at Kockholmen, 
ältången and Smalsundet indica te tha t the oysters are still growing 
o war ds their asymptotic lengths ( L ∞ 

), suggesting that the popula- 
ions on the Sw edish w est coast ma y be able to a ttain lar ger siz es 
han w ha t has curr ently been measur ed. Gete vik seems to be an ex- 
eption, since its curve has alr ead y taper ed off close to its maximum 

ength of 266.7 mm at 11 years old. In line with the criticism by 
chwamborn et al. (2018 , 2019) , the fact that the asymptotic length 

s still increasing at the maximum age in 2018 shows the impor- 
ance of not unduly restricting the maximum lengths of the pop- 
lations prior to implementing ELEFAN. If we would have relied 
n the size of the largest individual in each population, we would 
ave set an upper size limit too small, and the ELEFAN would 
ot have been allo w ed to investigate parameter combinations with 

igher maxim um lengths . All populations in our study have pre- 
icted asymptotic lengths longer than the largest individual at each 

ite. 
The gr owth curv e f or Sv allhagen is initially steeper than the 

ther sites , b ut its estimated gr owth constant ( K = 0.14 year −1 ) is 
imilar to that of Kockholmen ( K = 0.12 year −1 ) and Sältången 

 K = 0.11 year −1 ). Besides the effect of density on growth, these 
imilarities could be explained by the compensatory relationship 
etween the asymptotic length parameter ( L ∞ 

) and the growth con- 
tant ( K ). A higher asymptotic length is often associated with a lo w er 
rowth constant. Conversely, a lo w er maximum length is often cou- 
led with a higher growth constant. The maximum length at Svall- 
agen was estimated as 354.0 mm and the predictions for Kockhol- 
en and Sältången w er e 284.2 and 281.9 mm, respectively. There- 

 or e, oysters at Kockholmen and Sältången are expected to reach 

heir asymptotic length sooner than the individuals a t Sv allhagen, 
hich has resulted in similar growth constant values for the three 

ites. 
All five populations show a noticeable impact of season, which 

ligns with pr e vious studies, which have reported changes in Pacific 
 yster gr o wth r ela ted to the time of year (e.g. Cardoso et al. , 2007 ; 
óngora-Gómez et al. , 2017 ). The parameter associated with the 

mplitude of the decrease in growth at the depth of the growth 

scillation ( C ) was estimated between 0.65 and 0.79 and indicates 
ha t the gro wth of the Pacific oysters is reduced, but not stopped, 
uring the colder months in northern Europe. The second seasonal 
arameter, the time of the year that the growth turns positive after 
he winter point ( t s ), indicated that this happens between 1 July and 
ate September, which is relatively late in the year. 

The curves generally provided an adequate fit to the data and 
rior knowledge of the species. However, the parameter for the time 
f year that the oysters settle on the Swedish west coast ( t_anchor ) was 

estima ted f or la te September f or all fiv e sites . Pr e vious studies have
f ound tha t Pacific oysters in Sw eden often settle in high densities in
July and August ( Dunér Holthuis et al. , 2014 ). Ho w e ver, the spawn-
ing time of the oysters ( Mann, 1979 ) and larval development time
to settlement ( Helm & Bourne, 2004 ) are also known to vary with
abiotic conditions (i.e. tempera tur e). In accor dance, the spawning
time of Pacific oysters has been observed to vary between years in
Sweden, with earlier spawning, two spawning events (beginning of
July and end of August) occurring during e xtr emely warm years (as
in Dunér Holthuis et al. , 2014 ), and later spawning (end of August)
under more normal conditions ( Lewis et al. , 2023 ). This is well in
accordance with the model predictions given the expected devel-
opment time of the oyster larvae of 16–20 days ( Helm & Bourne,
2004 ). Ho w e ver, factors impacting popula tion d ynamics ma y also
affect model predictions. In the current data, two occasions with
mass mortalities w er e observed; one during the winter 2009/2010,
which was a very harsh winter that killed many oysters ( Strand et al. ,
2012 ), and one during summer/autumn 2014 w her e the first oyster
herpes virus outbreak was observed and documented ( Mortensen et
al. , 2016 ), leaving populations of smaller sizes for the sampling the
f ollo wing year(s). 

Success of TropfishR and fishboot 

Using TropfishR ( Mildenberger et al. , 2017a , b ; Mildenberger,
2017c ) and fishboot ( Schwamborn et al. , 2018 ), we identified at least
one growth curve for each site that provided a biologically reason-
ab le gro wth pa ttern. Six out of the se v en accepted curv es w er e esti-
mated using the bootstrap function based on the simulated anneal-
ing ( ELEFAN_SA_boot ). The function based on the genetic algo-
rithm ( ELEFAN_GA_boot ) continuously suggested growth patterns
tha t w er e not plausib le. Ho w e v er, other studies hav e found the GA
function to provide the best estimates of growth ( Taylor & Milden-
berger, 2017 ), which suggests that the choice of the ELEFAN func-
tion could depend on the study species. Additionally, contrary to
Ta ylor & Mildenber ger (2017 ), higher moving average settings in
our analysis did not result in gr owth curv es with better fits, since
those settings suggested the oysters w er e much younger than we
know them to be. Most of the accepted curves (six out of seven)
in the curr ent stud y had a moving average setting of 5, the lo w est
value tested. 

In their demonstration of the TropfishR package, Taylor &
Mildenberger (2017 ) concluded that the two optimization functions
( ELEF AN_SA and ELEF AN_GA ) did manage to pr oduce curv es
with high Rn scor es. Ho w e v er, the y also concluded that there is no
guarantee that ‘true’ seasonally oscillating von Bertalanffy growth
parameter combinations will result in the highest Rn score. We sug-
gest that an important step in this methodology lies in the visual
inspection of how fitted curves align with observ a tions and prior
e xpecta tions . Ev en if a gro wth pa ttern seems r easonab le and the
curve obtains a high goodness-of-fit score, it does not necessarily
mean that the fit of the curve to the data is good. A critical as-
pect of the analysis is, ther ef or e, to e v alua te ho w w ell the growth
curves fit the r econstructed length-fr equency da ta and ho w w ell
they match prior information about the growth of the analysed
species. 

CONCLUSION 

We have predicted length-at-age relationships for the Pacific oyster
in Sw eden tha t can be used both f or futur e stock assessments of this
species in northern Europe, including estimations of recruitment
patterns, mortality and sustainable harvesting yields, and for de-
signing mitiga tion efforts . Thr ough the length-a t-age r ela tionships,
w e f ound tha t the o ysters gr o w a t differ ent ra tes a t differ ent lo-
cations. Since the environmental conditions did not differ much
across the sites in this study, we assume that the different growth
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GROWTH OF INVASIVE PACIFIC OYSTER 
pa tterns ar e mostly linked to biv alve density. We conclude, ther e- 
f or e, tha t site-specific management may be important, w her e high- 
density sites should be prioritized to reduce the ecological impact 
and repr oductiv e standing stock of the o ysters . Because of poten- 
tial plasticity in gro wth f orm, w e also suggest tha t futur e studies of 
Pacific oyster growth should collect measurements of additional di- 
mensions of the o ysters , such as width and height to facilitate more 
meaningful contrasts of growth and plasticity across populations. 
The use of the R packages TropfishR and fishboot was successful 
in estimating growth patterns for the wild Pacific oyster in northern 

Europe. Ho w e ver, since 29 out of 36 growth curves w er e e x cluded 
due to suggesting non-r easonab le gro wth pa tterns, an important 
aspect of using these methods lies in the e v alua tion of ho w w ell the 
curve fits the reconstructed length-frequency data. 

SUPPLEMENTARY MATERIAL 

Supplementary material is available at Journal of Molluscan Studies
online. 
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Pacific oyster ( Cr assostr ea gigas ) invasion in Scandinavian coastal waters 
in a changing climate: impact on local ecosystem services. In: Biological 
invasions in changing ecosystems . (J. Canning-Clode, ed.), pp. 230–252. De 
Gruyter Open, Poland. 

LEWIS , L. , WRANGE, A.-L., FABIOUX, C., SÜHNEL, S. & STRAND, 
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