
5522  |  	﻿�  Ecology and Evolution. 2021;11:5522–5532.www.ecolevol.org

 

Received: 3 November 2020  |  Revised: 12 February 2021  |  Accepted: 2 March 2021

DOI: 10.1002/ece3.7451  

O R I G I N A L  R E S E A R C H

Identifying high-density areas of oysters using species 
distribution modeling: Lessons for conservation of the native 
Ostrea edulis and management of the invasive Magallana 
(Crassostrea) gigas in Sweden

Per Bergström1  |   Linnea Thorngren1 |   Åsa Strand2 |   Mats Lindegarth1

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2021 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

1Department of Marine Sciences –Tjärnö, 
University of Gothenburg, Tjärnö, Sweden
2IVL Swedish Environmental Research 
Institute, Fiskebäckskil, Sweden

Correspondence
Per Bergström, Department of Marine 
Sciences – Tjärnö, University of Gothenburg, 
Tjärnö, SE-452 96 Strömstad, Sweden.
Email: per.bergstrom@marine.gu.se

Funding information
The Swedish Mariculture Research Center; 
The County Administrative Board, Grant/
Award Number: 29947-2013-1; University 
of Gothenburg graduate school in marine 
environmental research; Rådman och fru 
Ernst Collianders stiftelse för välgörande 
ändamål

Abstract
Aim: Understanding spatial patterns of the distribution of adult native oyster, Ostrea 
edulis, and the invasive Magallana (Crassostrea) gigas is important for management of 
these populations. The aim of this study was to use ensemble SDM’s to (a) identify 
and predict conservation hotspots, (b) assess the current level of protection for O. 
edulis, and (c) quantify the amount of overlap between the two species where inter-
actions with M. gigas are most likely.
Location: Skagerrak, Sweden.
Methods: We used data collected by video at depths from 0.5 to 10 m in 436 sites. 
Models of occurrence and densities >1 m−2 were fitted and assessed using ensemble 
methods (“biomod2” package). Models of high-density hotspots were used to predict, 
map, and quantify areal extent of the species in order to assess the degree of overlap 
with protected areas and the potential for interactions between the two species.
Results: Both species were widely distributed in the region. Observations of high-
density habitats, mainly occurring at depths of ≈3 and 0.5  m for O. edulis and M. 
gigas, respectively, were found in 4% and 2% of the sites. Models provided useful 
predictions for both species (AUC  =  0.85–0.99; sensitivity  =  0.74–1.0; specific-
ity = 0.72–0.97). High-density areas occupy roughly 15 km2 each with substantial 
overlap between species. 50% of these are protected only by fisheries regulations, 
44% are found in Natura 2000 reserves and 6% of the predicted O. edulis enjoys 
protection in a national park.
Main conclusions: Data collection by video in combination with SDM’s provides a re-
alistic approach for large-scale quantification of spatial patterns of marine population 
and habitats. O. edulis and M. gigas are common in the area, but a large proportion 
of the most valuable O. edulis habitats are not found in protected areas. The overlap 
between species suggests that efforts to manage the invasive M. gigas need to be 
integrated with management actions to conserve the native O. edulis.
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1  | INTRODUC TION

Many important structural and functional components of benthic 
marine ecosystems, such as mussel- and oyster beds, seagrass mead-
ows and coral reefs, are currently in global decline and threatened 
by local extinction and fragmentation (Airoldi & Beck,  2007; Beck 
et al., 2011; Harwell et al., 2011). The reasons for these impacts are 
complex and varies among regions and habitats, but it is clear that in-
creasing and more diverse human pressures contributes substantially 
to habitat loss and deterioration and that the current status do not 
reflect the true ecological potential of these habitats (Costello, 2014; 
Halpern et al., 2008). In response to this, protection and sustainable 
management of habitats and their associated ecosystem services has 
received increasing attention in policies developed around the world 
(CEQ, 2010; European Commission, 2010, 2014).

One habitat of special concern in Europe is the biogenic reefs 
(OSPAR framework (Council of the European Union, 1998), the Marine 
Strategy Framework Directive (European Commission,  2008), the 
Habitat Directive (Council of the European Union, 1992). Biogenic 
reefs are aggregations of living or dead organisms, for example, 
bivalves, worms, or corals, which act as “ecological engineers” by 
creating three-dimensional habitat for associated species in benthic 
ecosystems across the globe (Jones et  al.,  1994). This contributes 
to increased ecosystem resilience and supports a wide range of 
ecosystem services (Fletcher et  al.,  2011). Bivalve reefs also con-
tribute to regulating services (see Zu Ermgassen et al., 2020 for an 
extensive review of services provided by shellfish), such as having 
the potential to improve water quality (Grizzle et al., 2018; Kreeger 
et al., 2018; Parker & Bricker, 2020), as well as cultural and provi-
sioning ecosystem services, for example, through fisheries and aqua-
culture (Grabowski & Peterson, 2007; Laugen et al., 2015; Ruesink 
et al., 2005). Despite recognition of its importance and the following 
development of protective policies, bivalves such as the European 
flat oyster (Ostrea edulis Linnaeus, 1758) has suffered substantial 
population decline. A few centuries ago, they formed extensive beds 
and were an important part of the ecosystems along the European 
and Mediterranean coasts (Beck et al., 2011 and references therein). 
This situation has now changed due to overexploitation, habitat 
destruction, and pathogens; these habitats are presently consid-
ered as one of the most endangered in European waters (Airoldi & 
Beck, 2007; Beck et al., 2011).

Even though the core distribution of O. edulis is found along the 
European Atlantic coast and into the Mediterranean, it is well known 
that the species also occur and may form dense beds in Swedish 
parts of the Skagerrak. Until recently, however, the prevalence, 
abundance, and environmental preferences of this population have 
been poorly studied and not quantitatively documented. Thorngren 
et  al.,  (2019) concluded that the abundance of the Swedish popu-
lation was in fact substantial in a European context. Furthermore, 

the study confirmed recent observations that the invasive oyster 
Magallana (Crassostrea) gigas (Thunberg, 1793), hereafter M. gigas, 
is now established along the Swedish west coast (Faust et al., 2017; 
Laugen et al., 2015; Mortensen et al., 2016; Strand et al., 2012), po-
tentially in habitats and locations where O. edulis thrives (Laugen 
et al., 2015). These results suggest that management of O. edulis in 
the region can benefit greatly from a better understanding of factors 
determining the spatial distribution of high-density beds and niche 
overlap between the two species. The latter is particularly interest-
ing from a management point of view because the native O. edulis 
is protected under OSPAR and European habitats directive (Council 
of the European Union, 1992, 1998), while the alien M. gigas is con-
sidered invasive and potentially harmful (Zwerschke et  al.,  2018). 
Nevertheless, the most important legal instrument directly regulat-
ing the exploitation of oysters, the Swedish “fisheries-law”, does not 
distinguish between the two species and fishing rights are reserved 
to the landowner (§ 9, SFS 1993:787). Similarly, in protected areas 
along the coast (e.g., Kosterhavet National Park (KNP) and numerous 
Natura 2000 reserves), both species enjoy the same level of protec-
tion, which means that they cannot be collected without landowner 
permits. The landowner of national parks in Sweden is always the 
state and in theory this means that both species enjoy full protec-
tion in the KNP. However, the full implementation and compliance to 
these regulations cannot always be taken for granted.

Understanding patterns and processes associated with high-
density areas of the native O. edulis, the invasive M. gigas and the 
interactions between the two are important components in future 
sustainable management of these populations and the biogenic reefs 
that they provide. Therefore, the aim of this study was to assess and 
model the distributions of the two species in coastal Skagerrak. We 
used data from an extensive field study in combination with spe-
cies distribution models (SDM) to identify and predict conserva-
tion hotspots, that is, areas and conditions most likely to have high 
densities of the native O. edulis, and areas where competitive inter-
actions from high densities of the invasive M.  gigas is most likely. 
Furthermore, we used the predicted distributions to analyze the 
degree to which these populations and reefs are encompassed by 
protected areas. These analyses will provide new knowledge on the 
spatial distribution, environmental requirements, and potential in-
teractions of the two species and shed further light on challenges 
associated with management of these valuable habitats.

2  | METHODS

2.1 | Study area and data collection

The study was carried out along the part of the Swedish west coast 
where the majority of the Swedish native flat oyster population 
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occurs (Figure  1). This coastal area is characterized by small tidal 
range (±0.2 m), fluctuating salinities (commonly 20–30 psu in sur-
face water), naturally fragmented habitats, and a wide range of wave 
exposure conditions.

Data on oyster abundance from two studies performed in 
2013 and 2014 were used, one study covering the whole stretch 
of the coast mentioned above and one concentrated to the KNP 
(Lindegarth et al., 2014; Thorngren et al., 2019). Both studies used 
identical field protocols based on towed video transects and sub-
sequent image analyses of oyster density and habitat characteris-
tics (see Thorngren et al., 2017 for detailed description of methods). 
Survey sites were selected by randomized, stratified sampling result-
ing in 436 sites across the region (Area 1–4 and Koster, Figure 1) and 
three depth intervals (0.5–3, 3–6, and 6–10 m).

Four predictor variables reflecting physical and chemical as-
pects (depth, exposure, salinity, and bottom substrate) known to 
affect the composition of benthic organisms and habitats in general, 
and the distribution of oysters in particular, were used (Lindegarth 
et  al.,  2014; Snickars et  al.,  2014). Observations of depth were 
obtained from field measurements, and bottom substrates were 
estimated from filmed transects. Wave exposure was extracted 

from a modeled national map of exposure (Swedish Environmental 
Protection Agency, 2006) and subsequently transformed into depth-
attenuated exposure according to Bekkby et  al.  (2008). Minimum 
salinity for each site was obtained from an interpolated GIS layer 
(Bergström, unpublished; based on >20,000 measurements from 
1988 to 2018 in Skagerrak and Kattegat retrieved from ICES [https://
www.ices.dk/marin​e-data/datas​et-colle​ction​s/Pages/​defau​lt.aspx]).

2.2 | Ensemble modeling of oysters

An ensemble modeling approach was used to model and predict 
the spatial distributions of Ostrea edulis and Magallana gigas. Both 
presence versus absence of single oysters, as well as of high-
density areas (defined as ≥1 oyster m−2) were modeled. Empirical 
models were implemented in the R software (R Core Team, 2017) 
using the “BIOMOD2” packages (Thuiller et al., 2016). Ensemble 
models were based on nine different methods using default param-
eters: Random Forest, Generalized Boosting Models, Multivariate 
Regression Splines, Generalized Linear Models, Surface Range 
Envelope, Artificial Neural Networks, Classification Tree Analysis, 

F I G U R E  1   Study site and sample distribution. (a) Overview of sampled areas and (b) close-up of sampled locations around the more 
densely sampled Koster archipelago situated within the Kosterhavet National Park

https://www.ices.dk/marine-data/dataset-collections/Pages/default.aspx
https://www.ices.dk/marine-data/dataset-collections/Pages/default.aspx


     |  5525BERGSTRÖM et al.

Generalized Additive Model, and Flexible Discriminant Analysis. 
Models were assessed using a 100-fold cross-validation and ran-
domly splitting the data into training (70%) and test data (30%) for 
model calibration and testing, respectively, allowing for evaluation 
of model accuracy and predictive performance using internal and 
external validation. Performance of models was assessed using 
area under receiver operating curve (AUC), sensitivity, and speci-
ficity (Pearson, 2007). Only models above a critical AUC value of 
0.7 were included and combined into the final ensemble models to 
ensure the inclusion of only statistically reliable models (Hosmer 
& Lemeshow, 2000). Ensemble models were evaluated using the 
same performance statistics as individual models (i.e., AUC, sen-
sitivity, and specificity). The functional relationships between the 
environmental predictors (depth, exposure, salinity, and bottom 
substrate) and the probability occurrence were further explored 
using analyses of variable importance and partial dependence 
plots.

The purpose of the models was twofold. Models were fitted 
and tested to assess the importance and predictive power of all 
four environmental variables. Secondly, models were used to create 
full-covering spatial predictions in order to assess the distribution 
of high-density oyster areas, that is, densities of >1 m−2. In contrast 
to depth, exposure, and salinity, data on bottom substrate were ob-
tained from the videos and as a comprehensive map of substrate 
information in the region is not available, only the models without 
substrate were used for the spatial predictions (i.e., predict of distri-
bution in nonsampled areas).

2.3 | Spatial prediction and protection of high-
density areas

The fitted models of high-density occurrence for the two species 
were applied to high-resolution (15 × 15 m) raster layers of depth, 
depth-attenuated exposure, and minimum salinity. This generated 
predictions of probabilities of occurrence of high-density areas and 
maps of occurrence were created using the default cutoff values 
(calculated to maximize sensitivity and specificity). The maps were 
used to assess the areal extent and level of protection of essential 
oyster habitats. Thus, predictive maps of high-density areas of O. 
edulis and M. gigas were used (a) to estimate the total area and (b) to 
estimate the overlap among species and with GIS maps of the KNP 
and Swedish Natura 2000 areas (http://gpt.vic-metria.nu/data/land/
SCI_Rikst​ackan​de.zip).

The predicted extent of high-density areas was compared with 
the extent inferred from observed frequencies within strata. The 
representative data from the field studies were used in combination 
with GIS information on the areal extent of depth strata within the 
five areas (Figure 1). Because random, representative samples were 
allocated separately to depth strata in the two studies, frequencies 
of high-density areas (p̂st), and variances (s2

st
) were calculated sepa-

rately for depth strata within each study before they were combined 
into weighted estimates of (p̂W) and variances V ( p̂W ) according to 
procedures for stratified sampling described in Cochran (1977):

and

where the variance within a stratum, s2
st

, is approximated as 
p̂st ∗

(

1 − p̂st
)

∕nst, Wst is the weight (areal proportion) of a stratum and 
nst is the number of samples within a stratum. Finally, the total extent 
of observed high-density areas in the region and its associated error 
was calculated as:

where AreaTotal is the total extent of the area investigated with repre-
sentative samples.

3  | RESULTS

3.1 | Prevalence of occurrence and high-density 
occurrence

Ostrea edulis and Magallana gigas were found in 159 and 67 tran-
sects (18% and 8%) of all transects, respectively (Table 1; Figure 2a). 
One striking observation is that all sites colonized by M. gigas also 
contained O. edulis. The largest densities observed for O. edulis and 
M. gigas were 31.6 and 52.5 individuals m−2, respectively. Although 
there were smaller patches with large densities, average densities in 
the transects were ≥1 m−2 only in 34 and 18 transects (4% and 2% of 
the all transects and 21% and 27% of transects containing oysters). 
The largest frequencies of high-density sites were found in areas 2 
and 3 for both species.

(1)p̂W = St{
̂∑

Wst ∗ p̂st

(2)V ( p̂W ) = St{
̂∑ W

2
st
∗ s2

st

nst

(3)p̂W ∗ AreaTotal ±

√

V (pW ) ∗ AreaTotal

Species Response Area 1 Area 2 Area 3 Area 4 Koster Total

O. edulis Presence 16.0 26.0 17.1 11.7 18.3 18.3

High 3.8 10.4 2.1 0.8 2.9 3.9

M. gigas Presence 8.5 15.6 16.4 5.8 1.1 7.7

High 3.8 5.2 3.6 0.8 0 2.1

Both species Presence 8.5 15.4 16.4 5.8 1.1 7.7

TA B L E  1   Prevalence (%) of oysters 
(present) and of high-density (≥1 oyster 
m-2) sites for Ostrea edulis and Magallana 
gigas in different areas

http://gpt.vic-metria.nu/data/land/SCI_Rikstackande.zip
http://gpt.vic-metria.nu/data/land/SCI_Rikstackande.zip
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Despite the low number of high-density sites, the contribution 
of these few sites to the overall population was very important for 
both species (Figure 2b). Assuming a representative frequency dis-
tribution and plotting the cumulative distribution of abundance of 
the two species, it was observed that roughly 85% of the O. edulis 
and ~90% of the M. gigas populations were found at densities ≥1 
individuals m−2 and that ~40% of both populations are found at 
densities of ten oysters per m−2 or higher (Figure 2b). Apart from 
revealing the great importance of a few sites where oysters were 
particularly abundant, this information was also used to provide 
a definition of high-density areas. Despite the fact that “oyster 
beds” for conservation purposes often are defined as having 
densities ≥5  individuals m−2 (Haelters & Kerckhof, 2009), a more 
inclusive definition (i.e., ≥1  m−2) was used in this study, thereby 

involving <5% of the sites but 85%–90% of the population of the 
two species.

3.2 | Fitting species distribution models

Ensemble models performed generally well for O. edulis using depth, 
exposure, and salinity as explanatory variables (AUC 0.85–0.95), 
but excellent (AUC 0.9–1.0) with the addition of sediment proper-
ties (percentage gravel, Table 2). A similar pattern was observed in 
the M. gigas models were the AUC increased slightly when includ-
ing substrate (Table  2). Similarly, the sensitivity and specificity of 
the models increased when including substrate as an explanatory 
variable. Generally, the high-density models performed better than 

F I G U R E  2   Cumulative proportion of 
(a) sites and (b) relative population size as 
function of density (living individuals m−2) 
in samples from the Swedish west coast. 
Note the logarithmic x-axes and that the 
y-axis are truncated in (a). Both plots show 
only sites containing oysters. O. edulis and 
M. gigas were only found in 19% and 8% of 
the sampled sites (see Figure 2a)
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the presence models irrespectively of the inclusion of substrate, and 
high-density models were generally better at finding true positives 
than true negatives, that is, were better at finding the places with 
oysters (presence or high density) than sites without (Table 2). This 
was particularly true for O. edulis where the specificity was ≈0.8 for 
occurrence and high-density models.

Analyses of variable importance suggested that substrate (i.e., 
gravel) were the most important factor for O. edulis (0.49–0.52) fol-
lowed by depth (0.28–0.47 in the ensemble modeling; Table 3). For 
M. gigas, the pattern was different with depth being most important 
(0.57–0.65; Table 3). For models without substrate, depth was the 
most important predictor (0.63–0.79) but also exposure and salinity 
contributed somewhat (Table 3).

The functional relationship between the environmental pre-
dictors and the probability of high-density occurrences of oysters 
showed a peak for O. edulis around 3–3.5 m depth with decreasing 
probability both toward the surface and down to 5 m, below which 
the partial dependence was almost zero (Figure 3). The pattern was 
similar for M. gigas although with an increasingly higher partial de-
pendence at shallow depths (0.5 m). The partial dependence of O. 
edulis peaked around 15% gravel in the sediment after which it de-
creased and remained stable toward higher percentages (Figure 3). 
The partial dependence of M. gigas increased with increasing gravel 
content up to ~15% and then remained stable toward higher per-
centages (Figure 3). Furthermore, the probability of occurrence of 
high-density areas of both O. edulis and M. gigas showed a tendency 
to decrease with increasing level of depth-attenuated exposure and 
to increase with increasing minimum salinity, O. edulis in the range of 
15–21 psu after which it slowly decreases while M. gigas increased 
continuously in the whole measured range.

3.3 | Spatial prediction of high-density areas

In order to estimate the overall areal extent and to map local occur-
rences of population hotspots and likely locations of biogenic reefs, 
we used models of high-density occurrence to predict the distribu-
tions of both species. A total of 15 km2 of high-density (>1 ind. M−2) 
occurrences of O. edulis areas was predicted in the investigated re-
gion (Table 4). Overall this amounts to ~10% of the total area included 

in the study. Approximately 25% of this area (~3.75 km2) contained 
densities exceeding 5 individuals m−2 (corresponding to the OSPAR 
definition on “oyster beds”). Although both model and observations 
are subject to uncertainties, it appears that the model performed 
reasonably well obtaining roughly the same areal extent in the dif-
ferent areas compared with observations (Figure 4). In three of the 
areas, estimated errors of observed data overlap the predicted ex-
tent of high-density areas, while in the two southern areas 3 and 
4, the model appears to overestimate the extent. This also means 
that the total predicted area is 48% larger than the observed. For 
M. gigas, the total area was similar to that of O. edulis, but predic-
tions appeared to underestimate the distribution of high-density 
areas compared with observations in area 1 and 3 (Figure 4). Both 
predictions and observations show that the distribution of oysters 
in the Koster area is different from the northern coastal areas 1 and 
2, with lower frequencies of high-density areas of the oyster species 
at Koster.

3.4 | Levels of protection

Spatial predictions suggest that ~50% of the high-density areas of 
O. edulis were located in areas without any other protection than 
that implemented by the landowners fishing rights (Table 4). Six % of 
the high-density areas were covered by the strictest level of protec-
tion by being included in the KNP. The remaining 44% were found in 
Natura 2000 areas. The actual level of protection achieved by this 
type of MPA is complex. Landowners right to fishing still applies to 
these areas and may be entitled to compensation by the state if this 
right is retracted. This had to date not been applied but such meas-
ures are under discussion. In terms of other activities, for example, 
exploitation or construction work, Natura 2000 offer significant 
protection if the oyster bed exceeds 10% oyster coverage.

As explained above, the Swedish legal system does not distin-
guish between the two species and thus the invasive M. gigas in 
theory enjoys the same level of protection as O. edulis. The total 
high-density area of M. gigas was predicted to be ~15 km2 (Table 4). 
Both models and observations showed that there were few high-
density areas in the KNP (3%), while 54% was found in Natura 2000 
areas. Thus, at this stage it appears that the potential for interactions 

Species Response

AUC

Sensitivity 
(“true 
positives”)

Specificity 
(“true 
negatives”) Cutoff

+S −S +S −S +S −S +S −S

O. edulis Presence 0.88 0.85 0.84 0.74 0.76 0.77 0.27 0.32

High 0.97 0.95 0.93 0.96 0.93 0.82 0.14 0.10

M. gigas Presence 0.94 0.91 0.91 0.96 0.86 0.72 0.16 0.12

High 0.99 0.99 1.00 1.00 0.96 0.97 0.13 0.14

Note: Bold numbers are statistics representing models used for predictions. Presence = occurrence 
of oyster, High ≥ 1 oyster m−2.

TA B L E  2   Model performance of 
ensemble models for Ostrea edulis and 
Magallana gigas with substrate (+S) and 
without substrate (−S) properties using 
external validation on test data
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between the two species do not occur in the national park to any 
larger degree, while the potential is a little stronger in Natura 2000 
areas. In fact, ~65% of the areas predicted to contain high densities 
of O. edulis (~6.6 km2) in Natura 2000 areas are also likely to have 
high densities of M. gigas (~4.3 km2). The corresponding proportion 
in the KNP is 30%.

4  | DISCUSSION

Recent analyses of the population of the European flat oyster, 
Ostrea edulis, in the Swedish Skagerrak area have shown that, 
despite its peripheral location in relation to the species’ biogeo-
graphic distribution, the densities and population size in this re-
gion are substantial compared with other European locations 
(Thorngren et  al.,  2019; for other examples of remaining strong 

populations of O. edulis see Allison et al., 2020; Lown et al., 2020). 
These analyses also demonstrated strong spatial variability in 
abundance within the area and, importantly, that rare high-density 
oyster beds contribute disproportionally to the total population 
size. In this study, we provide further support for conservation 
and sustainable management of oysters, particularly of the valu-
able high-density beds. This is achieved by modeling the spatial 
distribution of oysters and analyzing the factors driving the pat-
terns of O. edulis, including its overlap with the invasive Pacific 
oyster, Magallana gigas. These analyses provide new insights about 
(a) the ecology of and interactions among the two species in the 
Skagerrak region, (b) the utility of SDM as a tool for management 
of vulnerable species and habitats, and (c) the status of current 
protective measures of the Swedish oyster populations.

Several new ecological insights can be derived about the Swedish 
oyster populations from the observations and models presented 

Species Response

% 
Gravel Exposure Depth

Minimum 
salinity

+S +S −S +S −S +S −S

O. edulis Presence 0.52 0.12 0.21 0.28 0.68 0.08 0.21

High 0.49 0.17 0.29 0.47 0.69 0.06 0.18

M. gigas Presence 0.16 0.23 0.26 0.65 0.79 0.10 0.12

High 0.16 0.26 0.32 0.57 0.63 0.36 0.46

TA B L E  3   Variable importance of 
predictors in ensemble models with 
substrate (+S) and without (−S) properties. 
Presence = occurrence of oyster, High ≥ 1 
oyster m−2

F I G U R E  3   Partial dependence plots for the four predictors for the occurrence of Ostrea edulis and Magallana gigas high densities. Dashed 
lines = M. gigas, Solid lines = O. edulis. Observations marked as black tics on x-axis
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here. Both species are widespread at depths shallower than 5 m, and 
the distribution is closely related to environmental factors in the area. 
The bottom substrate, represented by % cover of gravelly substrates, 
was the most important predictor for O. edulis. The probability of 
finding high-density areas was highest at gravel contents of 15% or 
more. Following substrate, depth was generally the most important 
predictor for both species. In this study, the optimal depth of the two 
species was ~3–3.5 and 0.5 m for O. edulis and M. gigas, respectively. 
It is, however, worth mentioning that M. gigas also extensively col-
onize habitats at depths shallower than 0.5 m (Strand et al., 2012), 
which were not sampled here. Therefore, this study only partly ac-
counts for the M. gigas distribution. O. edulis on the other hand does 
not occur at shallower depths than 0.5 m. Similarly, <0.2% were found 
at depths below 7 m, and while no samples were taken deeper than 
10 m, we are not aware of any Swedish data on occurrence in deeper 
areas in contrast to reports from other European coasts (Kerckhof 
et al., 2018; Olsen, 1883; Smaal et al., 2015 and references therein).

Despite differences in optimal depth distribution between the 
native O. edulis and the invasive M. gigas significant overlap was ob-
served in geographic location and depth distribution as well as for 
other habitat preferences, for example, substrate, exposure, and salin-
ity. This suggests that there is a potential for various types of ecologi-
cal interactions among the two species. The nature of the interactions 
between O. edulis and M. gigas are, however, poorly understood and 

is suggested to range from negative (Ruesink et al., 2005; Zwerschke 
et  al.,  2018) to facilitative (Christianen et  al.,  2018; Zwerschke 
et al., 2018), and are dependent on context. The interactive effects in 
Swedish waters and elsewhere remains to be evaluated.

The power and utility of various types of SDM’s in fundamental 
marine ecology and conservation is increasingly demonstrated (Bučas 
et al., 2013; Lindegarth et al., 2014; Melo-Merino et al., 2020; Reiss 
et al., 2011). Recent development of extremely flexible modeling ap-
proaches and accessible software now provide powerful algorithms 
for fitting data and predictions. Provided that proper attention is 
given to avoid overfitting and violating critical assumptions, the per-
formance of models depends largely on the quantity and quality of 
data, spatial and temporal resolution, and the identification of power-
ful predictors directly or indirectly linked to driving mechanistic pro-
cesses (Guisan et al., 2007; Mannocci et al., 2017; Yates et al., 2018). In 
this study, it was evident that including predictors reflecting bottom 
substrate had the potential to improve performance and in particu-
lar specificity of high-density O. edulis models. Thus, further research 
into the mechanistic links behind this pattern is warranted. However, 
due to lack of comprehensive GIS layers of substrate characteristics, 
this correlative link could not be used for predictive purposes.

Still, models fitted without substrate performed sufficiently 
well to provide useful spatial predictions for both species (i.e., 
AUC  ≥  0.85). This was particularly true for models of high-density 
sites. Although this apparent enhanced performance may be caused 
by the lower prevalence of high-density sites (Santika, 2011), it may 
also reflect the fact that the environmental conditions in high-density 
sites are closer to optimal than those harboring occasional speci-
mens. Furthermore, it is also likely that sampling at low densities will 
result in data with an increased rate of false negatives (Thorngren 
et al., 2017), which may affect models negatively. Irrespective of the 
reasons for the relative success of high-density models, the result is 
encouraging considering the great importance of hotspot areas for 
understanding the conservation status and scope for sustainable use 
of O. edulis and the potential consequences of the invasive M. gigas 
in the region (Thorngren et al., 2019). The high sensitivity of models 
(>95% for high-density models) means that they successfully identify 
and predict true occurrences. The slightly lower specificity (>80%) 
means that the occurrences and area of population hotspots are likely 

TA B L E  4   Total area extent (km2) and per cent of predicted high-
density (≥1 oyster m−2) areas of Ostrea edulis, Magallana gigas, and 
their overlap with and without different levels of nature protection

Species
Total 
area Estimate

National 
Park

Natura 
2000

No 
protection

O. edulis 14.97 Area 0.89 6.64 7.44

% 6 44 50

M. gigas 14.52 Area 0.50 7.69 6.34

% 3 54 43

Both 7.68 Area 0.27 4.33 3.09

% 4 56 40

Note: The total area included in the study was 121 km2. No 
protection = no other protection than the one implemented by the 
landowners fishing rights.

F I G U R E  4   Observed and predicted extent of high-density areas within the five subareas in the surveyed region. (±SE) ■ = predicted area
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somewhat overestimated, particularly in Areas 3 and 4. At this point, 
we can only speculate about the reason for this. Further sampling and 
modeling are needed to verify this pattern, understand its causes, 
and eventually refine models. One potential explanation, however, 
could be that these areas have a less extensive archipelago compared 
with those in the north, thus affecting the retention of larvae and 
causing lower recruitment. In terms of locating valuable sites for con-
servation or monitoring efforts, this weakness is not critical.

Although there are important issues regarding the efficiency 
and legal implications of the different levels of protection, models 
and spatial predictions offer unique opportunities for coherent as-
sessment of the geographic distribution of the two oyster species 
along the Swedish Skagerrak coast, which have not been possible 
before. In this study, we conclude that ~6% of the important O. edulis 
hotspots are covered by the highest level of protection within the 
state owned KNP, 44% of the population is protected by Natura 
2000, and 50% of the high-density areas are not covered by any 
other protection than that provided by the fishing restrictions im-
posed by landowners fishing rights. Consequently, with more than 
80% of the flat oyster population found in less than 7% of the sam-
pled sites, it is of particular importance to identify, manage, and 
protect these specific locations for the viability of the population. 
Additionally, even though the OSPAR member states are expected 
to protect, conserve, and expand the populations of flat oyster beds, 
the actual protection offered by Natura 2000 is debatable consider-
ing the unregulated harvest that is conducted in the areas. Although 
the overall fishing pressure is currently low, there are no guaran-
tees against complete removal of local populations following an 
agreement with a landowner under the current Swedish regulations. 
Thorngren et al. (2019) estimated that the yearly harvest of O. edulis, 
mainly collected by hand, is <1% of the adult population in Sweden 
which is well within the limit of harvest (~5%) to still sustain a viable 
oyster population (Lown et al., 2020). Thus, the overall level of ex-
ploitation appears to be largely sustainable, although the status of 
individual oyster beds still needs to be protected from overfishing, 
anchoring, and other potential causes of degradation as destruction 
and loss of dense beds may cause severe and irreversible damage 
or slow recovery (Berghahn & Ruth, 2005; Eno et al., 2013), both as 
a consequence of reduced availability of settlement substrate and 
reduced broodstock densities (Guy et al., 2018; Korringa, 1952).

Finally, because the Swedish legal system does not distinguish 
between the two oyster species, the invasive M. gigas in theory is 
covered by the same level of protection as the native O. edulis. The 
observed data and the models suggest that high-density areas of 
the two species often overlap and consequently the level of protec-
tion for M. gigas is similar to that of O. edulis. Approximately 50% of 
the high-density areas for M. gigas coincide with areas that are also 
hotspots for O. edulis. The substantial overlap in high-density areas 
means that measures implemented to reduce the invasive M. gigas 
must not jeopardize the integrity of co-occurring populations and 
valuable habitats for O. edulis and, importantly, highlights the need 
to specify separate management objectives for the native and non-
native oysters.

5  | CONCLUSION

We believe that this study provides an important contribution of 
knowledge regarding the current conservation status and future en-
hancements of management actions to protect the native flat oys-
ters in Sweden. In particular, it provides new quantitative knowledge 
about environmental requirements, extent of habitats, and overlap 
among the two species. Furthermore, the focus on identifying hot-
spots is particularly useful for future efforts to monitor, protect, and 
restore particularly valuable sites for the Swedish native oyster pop-
ulation, and because this is one of few relatively intact populations in 
Europe, the importance of the findings is also of wider significance. 
Finally, from a more general perspective, we believe that the study 
demonstrates a coherent and generally applicable approach involv-
ing planning and execution of a cost-efficient sampling program, 
modeling, and spatial prediction of habitat-forming species of high 
conservation relevance over extensive spatial scales. At large scales 
and at depths not easily observed from surface, representative 
sampling and empirical modeling approaches such as this one not 
only provide a robust assessment of population, but may in fact be 
the only realistic option. In spatially less extensive areas, however, 
a complete inventory may be possible (although quantitative esti-
mates abundance probably would require subsampling). Considering 
the accelerating threats of habitat destruction, climate change, and 
invasive non-native species in the marine environment, the need for 
such approaches is likely to be increasingly urgent also in a wider 
context (Airoldi & Beck,  2007; Beck et  al.,  2011; Gerovasileiou 
et al., 2019; Lotze et al., 2006; Ruesink et al., 2005).

ACKNOWLEDG MENT
This research was funded by the University of Gothenburg graduate 
school in marine environmental research, The Swedish Mariculture 
Research Center (SWEMARC), the County Administrative Board 
through grant no: 29947-2013-1 and by “Rådman och fru Ernst 
Collianders stiftelse för välgörande ändamål”. Sampling within the 
KNP was performed within the framework of the “Permit on sci-
entific research and collection of red-listed species in Kosterhavet 
National Park in the municipalities of Strömstad and Tanum” given 
by the County Administration Board of Västra Götaland (Permit no 
521-1553-2104). We also thank Thomas Holthuis Dunér for assis-
tance in field.

CONFLIC T OF INTERE S T
The authors declare that the research was conducted in the absence 
of any commercial or financial relationships that could be construed 
as a potential conflict of interest.

AUTHOR CONTRIBUTION
Per Bergström: Conceptualization (equal); Formal analysis (equal); 
Methodology (equal); Writing-original draft (equal); Writing-review 
& editing (equal). Linnea Thorngren: Conceptualization (equal); 
Data curation (lead); Funding acquisition (supporting); Methodology 
(equal); Writing-original draft (equal); Writing-review & editing 



     |  5531BERGSTRÖM et al.

(equal). Åsa Strand: Writing-original draft (supporting); Writing-
review & editing (equal). Mats Lindegarth: Conceptualization (equal); 
Formal analysis (equal); Funding acquisition (lead); Methodology 
(equal); Resources (lead); Writing-original draft (equal); Writing-
review & editing (equal).

DATA AVAIL ABILIT Y S TATEMENT
All data from Thorngren et  al.  (2019) are available through the 
Open Science Framework https://osf.io/jgpxw/​?view_only=d070b​
45802​a4426​da028​efffd​e3d0f76. Additional data used for mod-
eling is available through the Open Science Framework https://osf.
io/3agqp/​?view_only=f2287​b4c2c​b041a​eaca0​4cf66​c560103.

ORCID
Per Bergström   https://orcid.org/0000-0002-3737-6541 

R E FE R E N C E S
Airoldi, L., & Beck, M. W. (2007). Loss, status and trends for coastal 

marine habitats of Europe. Oceanography and Marine Biology, 45, 
345–405.

Allison, S., Hardy, M., Hayward, K., Cameron, T. C., & Underwood, G. J. 
C. (2020). Strongholds of Ostrea edulis populations in estuaries in 
Essex, SE England and their association with traditional oyster aqua-
culture: Evidence to support a MPA designation. Journal of the Marine 
Biological Association of the United Kingdom, 100, 27–36.

Beck, M. W., Brumbaugh, R. D., Airoldi, L., Carranza, A., Coen, L. D., 
Crawford, C., Defeo, O., Edgar, G. J., Hancock, B., Kay, M. C., Lenihan, 
H. S., Luckenbach, M. W., Toropova, C. L., Zhang, G., & Guo, X. 
(2011). Oyster Reefs at risk and recommendations for conservation, 
restoration, and management. BioScience, 61, 107–116. https://doi.
org/10.1525/bio.2011.61.2.5

Bekkby, T., Isachsen, P. E., Isaeus, M., & Bakkestuen, V. (2008). GIS 
modeling of wave exposure at the seabed: A depth-attenuated 
wave exposure model. Marine Geodesy, 31, 117–127. https://doi.
org/10.1080/01490​41080​2053674

Berghahn, R., & Ruth, M. (2005). The disappearance of oysters from 
the Wadden Sea: A cautionary tale for no-take zones. Aquatic 
Conservation-Marine and Freshwater Ecosystems, 15, 91–104. https://
doi.org/10.1002/aqc.635

Bučas, M., Bergström, U., Downie, A.-L., Sundblad, G., von Gullström, 
M., Numers, M., & Lindegarth, M. (2013). Empirical modelling of 
benthic species distribution, abundance, and diversity in the Baltic 
Seas: Evaluating the scope for predictive mapping using differ-
ent modelling approaches. ICES Journal of Marince Science, 70, 
1233–1243.

CEQ (2010). Final recommendations of the Interagency Ocean Policy Task 
Force. White House Council on Environmental Quality.

Christianen, M. J. A., Lengkeek, W., Bergsma, J. H., Coolen, J. W. P., 
Didderen, K., Dorenbosch, M., Driessen, F. M. F., Kamermans, P., 
Reuchlin-Hugenholtz, E., Sas, H., Smaal, A., van den Wijngaard, K. 
A., & van der Have, T. M. (2018). Return of the native facilitated by 
the invasive? Population composition, substrate preferences and 
epibenthic species richness of a recently discovered shellfish reef 
with native European flat oysters (Ostrea edulis) in the North Sea. 
Marine Biology Research, 14, 590–597.

Cochran (1977). Sampling techniques (3rd ed.). Wiley.
Costello, M. J. (2014). Long live Marine Reserves: A review of experi-

ences and benefits. Biological Conservation, 176, 289–296. https://
doi.org/10.1016/j.biocon.2014.04.023

Council of the European Union (1992). Council Directive 92/43/EEC 
of 21 May 1992 on the conservation of natural habitats and of 

wild fauna and flora. DG11/B/03. Official Journal of the European 
Communities L 206.

Council of the European Union (1998). Council Decicion 98/249/EC of 7 
October 1997 on the conclusion of the Convention for the protec-
tion of marine environment of the north-east Atlantic. Official Journal 
of the European Communities L 104.

Eno, N. C., Frid, H., Ramsay, K., Sharp, R. A. M., Brazier, D. P., Hearn, S., 
Dernie, K. M., Robinson, K. A., Paramor, O. A. L., & Robinson, L. A. 
(2013). Assessing the sensitivity of habitats to fishing: From seabed 
maps to sensitivity maps. Journal of Fish Biology, 83, 826–846.

European Commission (2008). Directive 2008/56/EC of the European 
parliament and of the council of 17 June 2008 establishing a 
Framework for community action in the field of Marine envi-
ronmental policy (Marine strategy framework directive). Official 
Journal of the European Union, Bruxelles, 164, 19–40. http://eur-lex.
europa.eu/legal​-conte​nt/EN/TXT/PDF/?uri=CELEX​:32008​L0056​
&from=EN

European Commission (2010). Maritime spatial planning in the EU achieve-
ments and future development. European Commission.

European Commission (2014). Directive 2014/89/EU of the European 
Parliament and the Council of 23 July 2014 establishing a framework for 
maritime spatial planning.

Faust, E., André, C., Meurling, S., Kochmann, J., Christiansen, H., Jensen, 
L. F., Charrier, G., Laugen, A. T., & Strand, Å. (2017). Origin and route 
of establishment of the invasive Pacific oyster Crassostrea gigas in 
Scandinavia. Marine Ecology Progress Series, 575, 95–106. https://doi.
org/10.3354/meps1​2219

Fletcher, S., Saunders, J., & Herbert, R. J. H. (2011). A review of the eco-
system services provided by broad-scale marine habitats in England’s 
MPA network. Journal of Coastal Research. Special issue 64. In 
Proceedings of the 11th International Coastal Symposium ICS2011 (pp. 
378–383).

Gerovasileiou, V., Smith, C. J., Sevastou, K., Papadopoulou, N., Dailianis, 
T., Bekkby, T., Fiorentino, D., McOwen, C. J., Amaro, T., Bengil, E. G. 
T., Bilan, M., Boström, C., Carreiro-Silva, M., Cebrian, E., Cerrano, C., 
Danovaro, R., Fraschetti, S., Gagnon, K., Gambi, C., … Scrimgeour, R. 
(2019). Habitat mapping in the European Seas – is it fit for purpose in 
the marine restoration agenda? Marine Policy, 106, 103521. https://
doi.org/10.1016/j.marpol.2019.103521

Grabowski, J. H., & Peterson, C. H. (2007). Restoring oyster reefs to re-
cover ecosystem services. 281–298 Ecosystem Engineers – Plants to 
Protists.

Grizzle, R., Rasmussen, A., Martignette, A. J., Ward, K., & Coen, L. D. 
(2018). Mapping seston depletion over an intertidal eastern oyster 
(Crassostrea virginica) reef: Implications for restoration of multiple 
habitats. Estuarine, Coastal and Shelf Science, 212, 265–272. https://
doi.org/10.1016/j.ecss.2018.07.013

Guisan, A., Zimmermann, N. E., Elith, J., Graham, C. H., Phillips, S., & 
Peterson, A. T. (2007). What matters for predicting the occurrence 
of trees: Techniques, data, or species’ characteristics? Ecological 
Monographs, 77, 615–630.

Guy, C., Smyth, D., & Roberts, D. (2018). The importance of population 
density and inter-individual distance in conserving the European 
oyster Ostrea edulis. Journal of the Marine Biological Association of the 
United Kingdom, 99, 587–593.

Haelters, J., & Kerckhof, F. (2009). Background document for Ostrea edulis 
and Ostrea edulis beds. OSPAR Biodiversity Series publication.

Halpern, B. S., Walbridge, S., Selkoe, K. A., Kappel, C. V., Micheli, F., 
D'Agrosa, C., Bruno, J. F., Casey, K. S., Ebert, C., Fox, H. E., Fujita, R., 
Heinemann, D., Lenihan, H. S., Madin, E. M. P., Perry, M. T., Selig, E. 
R., Spalding, M., Steneck, R., & Watson, R. (2008). A global map of 
human impact on marine ecosystems. Science, 319, 948–952. https://
doi.org/10.1126/scien​ce.1149345

Harwell, H. D., Posey, M. H., & Alphin, T. D. (2011). Landscape aspects of 
oyster reefs: Effects of fragmentation on habitat utilization. Journal 

https://osf.io/jgpxw/?view_only=d070b45802a4426da028efffde3d0f76
https://osf.io/jgpxw/?view_only=d070b45802a4426da028efffde3d0f76
https://osf.io/3agqp/?view_only=f2287b4c2cb041aeaca04cf66c560103
https://osf.io/3agqp/?view_only=f2287b4c2cb041aeaca04cf66c560103
https://orcid.org/0000-0002-3737-6541
https://orcid.org/0000-0002-3737-6541
https://doi.org/10.1525/bio.2011.61.2.5
https://doi.org/10.1525/bio.2011.61.2.5
https://doi.org/10.1080/01490410802053674
https://doi.org/10.1080/01490410802053674
https://doi.org/10.1002/aqc.635
https://doi.org/10.1002/aqc.635
https://doi.org/10.1016/j.biocon.2014.04.023
https://doi.org/10.1016/j.biocon.2014.04.023
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32008L0056&from=EN
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32008L0056&from=EN
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32008L0056&from=EN
https://doi.org/10.3354/meps12219
https://doi.org/10.3354/meps12219
https://doi.org/10.1016/j.marpol.2019.103521
https://doi.org/10.1016/j.marpol.2019.103521
https://doi.org/10.1016/j.ecss.2018.07.013
https://doi.org/10.1016/j.ecss.2018.07.013
https://doi.org/10.1126/science.1149345
https://doi.org/10.1126/science.1149345


5532  |     BERGSTRÖM et al.

of Experimental Marine Biology and Ecology, 409, 30–41. https://doi.
org/10.1016/j.jembe.2011.07.036

Hosmer, D. W., & Lemeshow, S. (2000). Applied logistic regression (2nd 
ed.). Wiley.

Jones, C. G., Lawton, J. H., & Shachak, M. (1994). Organisms as ecosystem 
engineers. Oikos, 69, 373–386. https://doi.org/10.2307/3545850

Kerckhof, F., Coolen, J. W. P., Rumes, B., & Degraer, S. (2018). Recent 
findings of wild European flat oysters Ostrea edulis (Linnaeus, 1758) 
in Belgian and Dutch offshore waters: New perspectives for offsore 
oyster reef restoration in the southern North Sea. Belgian Journal of 
Zoology, 148, 13–24.

Korringa, P. (1952). Recent advances in oyster biology. The Quarterly 
Review of Biology, 27, 266–308. https://doi.org/10.1086/399023

Kreeger, D. A., Gatenby, C. M., & Bergstrom, P. W. (2018). Restoration 
potential of several native species of bivalve molluscs for water 
quality improvement in mid-Atlantic watersheds. Journal of Shellfish 
Research, 37, 1121–1157.

Laugen, A. T., Hollander, J., Obst, M., & Strand, Å. (2015). The pacific oys-
ter (Crassostrea gigas) invasion in Scandinavian coastal waters: Impact 
on local ecosystem services. In J. Canning-Clode (Ed.), Biological inva-
sions in changing ecosystems - vectors, ecological impacts, management 
and predictions (pp. 230–252). De Gruyter Open.

Lindegarth, M., Dunér Holthuis, T., Thorngren, L., Bergström, P., & 
Lindegarth, S. (2014). Ostron (Ostrea edulis) i Kosterhavets national-
park: Kvantitativa skattningar och modellering av förekomst och totalt 
antal. Report no. 2014:43. (In Swedish).

Lotze, H. K., Lenihan, H. S., Bourque, B. J., Bradbury, R. H., Cooke, R. G., 
Kay, M. C., Kidwell, S. M., Kirby, M. X., Peterson, C. H., & Jackson, J. 
B. C. (2006). Depletion, degradation, and recovery potential of estu-
aries and coastal seas. Science, 312, 1806–1809.

Lown, A. E., Hepburn, L. J., Dyer, R., & Cameron, T. C. (2020). From in-
dividual vital rates to population dynamics: An integral projection 
model for European native oysters in a marine protected area. Aquatic 
Conservation: Marine and Freshwater Ecosystems, 30, 2191–2206.

Mannocci, L., Boustany, A. M., Roberts, J. J., Palacios, D. M., Dunn, D. C., 
Halpin, P. N., Viehman, S., Moxley, J., Cleary, J., Bailey, H., Bograd, S. 
J., Becker, E. A., Gardner, B., Hartog, J. R., Hazen, E. L., Ferguson, M. 
C., Forney, K. A., Kinlan, B. P., Oliver, M. J., … Winship, A. J. (2017). 
Temporal resolutions in species distribution models of highly mobile 
marine animals: Recommendations for ecologists and managers. 
Diversity and Distributions, 23, 1098–1109.

Melo-Merino, S. M., Reyes-Bonilla, H., & Lira-Noriega, A. (2020). 
Ecological Niche models and species distribution models in marine 
environments: A literature review and spatial analysis of evidence. 
Ecological Modelling, 415, 108837.

Mortensen, S., Strand, Å., Bodvin, T., Alfjorden, A., Skar, C. K., Jelmert, 
A., Aspán, A., Sælemyr, L., Naustvoll, L.-J., & Albertsen, J. (2016). 
Summer mortalities and detection of ostreid herpesvirus micro-
variant in Pacific oyster Crassostrea gigas in Sweden and Norway. 
Diseases of Aquatic Organisms, 117, 171–176.

Olsen, O. T. (1883). The piscatorial atlas of the North Sea, English and St. 
George’s channels, illustrating the fishing ports, boats, gear, species of 
fish (how, where, and when caught), and other information concerning 
fish and fisheries (pp. 50). London: Taylor and Francis.

Parker, M., & Bricker, S. (2020). Sustainable oyster aquaculture, water 
quality improvements, and ecosystem service value potential in 
Maryland Chesapeake Bay. Journal of Shellfish Research, 39, 269–281.

Pearson, R. G. (2007). Species' distribution modeling for conservation edu-
cators and practitioners. American Museum of Natural History.

R Core Team (2017). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Reiss, H., Conze, S., König, K., Neumann, H., & Kröncke, I. (2011). Species 
distribution modelling of marine benthos: A North Sea case study. 
Marine Ecology Progress Series, 442, 71–82.

Ruesink, J. L., Lenihan, H. S., Trimble, A. C., Heiman, K. W., Micheli, F., 
Byers, J. E., & Kay, M. C. (2005). Introduction of non-native oys-
ters: Ecosystem effects and restoration implications. Annual Review 
of Ecology Evolution and Systematics, 36, 643–689. https://doi.
org/10.1146/annur​ev.ecols​ys.36.102003.152638

Santika, T. (2011). Assessing the effect of prevalence on the predic-
tive performance of species distribution models using simulated 
data. Global Ecology and Biogeography, 20, 181–192. https://doi.
org/10.1111/j.1466-8238.2010.00581.x

Smaal, A. C., van der Kamermans, P., Have, T., Engelsman, M., & Sas, S. 
(2015). Feasibility of Flat Oyster (Ostrea edulis L.) restoration in the 
Dutch part of the North Sea. Report C028/15.

Snickars, M., Gullström, M., Sundblad, G., Bergström, U., Downie, A.-I., 
Lindegarth, M., & Mattila, J. (2014). Species-environment relation-
ships and potential for distribution modelling in coastal waters. 
Journal of Sea Research, 85, 116–125. https://doi.org/10.1016/j.
seares.2013.04.008

Strand, Å., Blanda, E., Bodvin, T., Davids, J. K., Jensen, L. F., Holm-
Hansen, T. H., & Dolmer, P. (2012). Impact of an icy winter on the 
Pacific oyster (Crassostrea gigas Thunberg, 1793) populations in 
Scandinavia. Aquatic Invasions, 7, 433–440. https://doi.org/10.3391/
ai.2012.7.3.014

Swedish Environmental Protection Agency (2006). Sammanställning och 
analys av kustnära undervattensmiljö. (In Swedish).

Thorngren, L., Bergström, P., Holthuis, T. D., & Lindegarth, M. (2019). 
Assessment of the population of Ostrea edulis in Sweden: A marginal 
population of significance? Ecology and Evolution, 9, 13877–13888. 
https://doi.org/10.1002/ece3.5824

Thorngren, L., Holthuis, T. D., Lindegarth, S., & Lindegarth, M. (2017). 
Developing methods for assessing abundance and distribution of 
European oysters (Ostrea edulis) using towed video. PLoS One, 12(11), 
e0187870. https://doi.org/10.1371/journ​al.pone.0187870

Thuiller, W., Georges, D., Engler, R., & Breimer, F. (2016). BIOMOD2 - 
Ensemble platform for species distribution modeling.

Yates, K. L., Bouchet, P. J., Caley, M. J., Mengersen, K., Randin, C. F., 
Parnell, S., Fielding, A. H., Bamford, A. J., Ban, S., Barbosa, A. M., 
Dormann, C. F., Elith, J., Embling, C. B., Ervin, G. N., Fisher, R., Gould, 
S., Graf, R. F., Gregr, E. J., Halpin, P. N., … Sequeira, A. M. M. (2018). 
Outstanding challenges in the transferability of ecological models. 
Trends in Ecology & Evolution, 33, 790–802. https://doi.org/10.1016/j.
tree.2018.08.001

Zu Ermgassen, P. S. E., Thurstan, R. H., Corrales, J., Alleway, H., Carranza, 
A., Dankers, N., DeAngelis, B., Hancock, B., Kent, F., McLeod, I., 
Pogoda, B., Liu, Q., & Sanderson, W. G. (2020). The benefits of bi-
valve reef restoration: A global synthesis of underrepresented spe-
cies. Aquatic Conservation: Marine and Freshwater Ecosystems, 30, 
2050–2065. https://doi.org/10.1002/aqc.3410

Zwerschke, N., van Rein, H., Harrod, C., Reddin, C., Emmerson, M. C., 
Roberts, D., & O'Connor, N. E. (2018). Competition between co-
occurring invasive and native consumers switches between habi-
tats. Functional Ecology, 32, 2717–2729. https://doi.org/10.1111/13
65-2435.13211

How to cite this article: Bergström P, Thorngren L, Strand Å, 
Lindegarth M. Identifying high-density areas of oysters using 
species distribution modeling: Lessons for conservation of 
the native Ostrea edulis and management of the invasive 
Magallana (Crassostrea) gigas in Sweden. Ecol Evol. 
2021;11:5522–5532. https://doi.org/10.1002/ece3.7451

https://doi.org/10.1016/j.jembe.2011.07.036
https://doi.org/10.1016/j.jembe.2011.07.036
https://doi.org/10.2307/3545850
https://doi.org/10.1086/399023
https://doi.org/10.1146/annurev.ecolsys.36.102003.152638
https://doi.org/10.1146/annurev.ecolsys.36.102003.152638
https://doi.org/10.1111/j.1466-8238.2010.00581.x
https://doi.org/10.1111/j.1466-8238.2010.00581.x
https://doi.org/10.1016/j.seares.2013.04.008
https://doi.org/10.1016/j.seares.2013.04.008
https://doi.org/10.3391/ai.2012.7.3.014
https://doi.org/10.3391/ai.2012.7.3.014
https://doi.org/10.1002/ece3.5824
https://doi.org/10.1371/journal.pone.0187870
https://doi.org/10.1016/j.tree.2018.08.001
https://doi.org/10.1016/j.tree.2018.08.001
https://doi.org/10.1002/aqc.3410
https://doi.org/10.1111/1365-2435.13211
https://doi.org/10.1111/1365-2435.13211
https://doi.org/10.1002/ece3.7451

