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Abstract
The shipworm, Teredo navalis, is absent from most of the Baltic Sea. In the last 20 years, in-

creased frequency of T. navalis has been reported along the southern Baltic Sea coasts of

Denmark, Germany, and Sweden, indicating possible range-extensions into previously un-

occupied areas. We evaluated the effects of historical and projected near-future changes in

salinity, temperature, and oxygen on the risk of spread of T. navalis in the Baltic. Specifically,

we developed a simple, GIS-based, mechanistic climate envelope model to predict the spa-

tial distribution of favourable conditions for adult reproduction and larval metamorphosis of

T. navalis, based on published environmental tolerances to these factors. In addition, we

used a high-resolution three-dimensional hydrographic model to simulate the probability of

spread of T. navalis larvae within the study area. Climate envelope modeling showed that

projected near-future climate change is not likely to change the overall distribution of T.
navalis in the region, but will prolong the breeding season and increase the risk of shipworm

establishment at the margins of the current range. Dispersal simulations indicated that the

majority of larvae were philopatric, but those that spread over a wider area typically spread

to areas unfavourable for their survival. Overall, therefore, we found no substantive evi-

dence for climate-change related shifts in the distribution of T. navalis in the Baltic Sea, and

no evidence for increased risk of spread in the near-future.

Introduction
There is a worldwide trend towards range expansions in terrestrial and marine systems [1–4],
which are being driven – at least in part – by anthropogenically-mediated introductions and
global climate change e.g. [5–9]. Poleward range expansions (and in some cases range-contrac-
tions poleward from low-latitude limits) have been reported in concert with rising seawater
temperature in multiple species including algae [10], plankton [11,12], corals [13], molluscs
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[8], echinoderms [14], fish [15], and cetaceans [16], although this pattern is not universal (e.g.
[17,18]). Within the molluscs, range expansions have been reported for bivalves [12,19], gas-
tropods [18,20–23], and most recently for shipworms [24].

Understanding the factors that determine changes in the distribution of species is crucial for
predicting impacts of climate change [25]. Several methods to model these relationships have
been developed (reviewed by [26]). One common approach is to identify the environmental
factors that correlate with the current geographical range to create an overall “climate enve-
lope” (e.g. [27]). Typically, these models correlate the current geographical distribution (usual-
ly presence-absence data) of a species with corresponding distributions of relevant climate
variables to infer the species’ environmental requirements. The interpretation of such models
is under debate, not least because they identify the current niche – a product of environmental
tolerances plus dispersal patterns, species interactions, etc. (i.e. the “realised niche”, sensu
Hutchinson [28]), rather than the potential niche in a different, and perhaps novel, climate/en-
vironment (the “idealised niche”, [28]; [29–32]). In contrast, mechanistic models use knowl-
edge of a species’ physiological tolerances to model the idealised niche. These mechanistic
models have the benefit of being independent of non-climate factors that can influence the
present distribution [30], but may still ignore environmentally-driven plasticity. Regardless of
the model type, factors that determine dispersal within the modelled area are rarely included
[33], and yet such factors are crucial for the majority of marine organisms whose larvae dis-
perse on ocean currents [34].

Shipworms (Mollusca: Teredinidae) burrow into exposed wood in the oceans, and conse-
quently have few predators and primarily compete for resources with other shipworms [35].
Their distribution has therefore been suggested to be largely determined by physiological toler-
ances to environmental variables (temperature, salinity, and dissolved oxygen), dispersal by
ocean currents (as larvae and adults), and the availability of wood, their primary habitat and
food [36]. Thus, they are perhaps ideal subjects for mechanistic climate envelope modeling.

The common shipworm, Teredo navalis L., has a global distribution [36] and broad envi-
ronmental tolerance limits [24,35]. Tolerance ranges vary with life-cycle stage, age, condition
of the animal, and exposure time, and adults can survive in a completely closed burrow for at
least 6 weeks [37–40]. Range expansions of shipworms have recently been reported on the east-
ern and western boundaries of the Atlantic [41,42] as well as in the Baltic Sea, [24,43,44]. These
expansions can have substantial socioeconomic impacts: shipworm damage to coastal struc-
tures costs billions of dollars a year [45,46], and endangers underwater cultural heritage [47].

Dispersal of Teredo navalis occurs during the pelagic larval stage, as juveniles/adults in drift-
wood, and through anthropogenic translocation in the hulls of wooden ships and/or in ballast
water [5,48]. Sexually mature T. navalis release 50,000–2,000,000 feeding planktonic “D-stage”
larvae at each spawning event [35], which then feed and grow in the plankton for 17–34 days,
depending on food and temperature [49–52]. After this time larvae are competent to settle and
metamorphose onto exposed wood, although they can delay settlement for a further 3 weeks
[53].

The distribution of T. navalis in the Baltic Sea system (Baltic, Kattegat, Skagerrak) is limited.
This system is characterized by a stable horizontal salinity gradient from marine waters (*32
PSU) where the Skagerrak meets the North Sea to almost freshwater (*3 PSU) in the northern
Gulf of Bothnia, some 1600 km distant [54]. Circulation in the Baltic is complex with fresh
water input at the surface and deeper exchange of North Sea water through the Kattegat [55],
which leads to near-permanent stratification of the central Baltic and natural hypoxia in deeper
more saline waters. Teredo navalis is absent from regions of the Baltic where salinities are� 8
PSU (i.e. the central and northern Baltic). Above 8 PSU, however, T. navalis is common and is
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frequently found in the more saline and well-mixed waters of the Kattegat and Skagerrak
[56,57].

The aim of this study was to model the likelihood of Teredo navalis spreading eastward into
the Baltic Sea as a result of projected climate-change during the period 2009–2020. A secondary
aim was to identify areas vulnerable to shipworm invasion. We further explored correlations
between model predictions and reported shipworm distribution, and the environmental factors
that most contribute to changes in that distribution. This was achieved using a biophysical dis-
persal simulation model together with a mechanistic GIS-based climate envelope model based
on known physiological tolerances of T. navalis.

Material and Methods

Climate envelope model
We parameterised our mechanistic model with data on temperature, salinity, and oxygen satu-
ration tolerances for reproduction and larval metamorphosis, which we obtained from the lit-
erature (Table 1).

Temperature
In the Atlantic, T. navalis is reported to spawn at temperatures� 11°C resulting in a long
spawning season, which starts in early summer and lasts until autumn [49,51,52,59]. Corre-
spondingly, larval swimming performance is markedly reduced below 10°C [60] and metamor-
phosis of larvae is reported to only occur above 12°C [61]. We therefore chose 11° and 12°C as
the respective thermal tolerance limits for adult reproduction and larval metamorphosis.

Salinity
Adult T. navalis can tolerate a wide range of salinities, although rates of (filter) feeding and
wood-boring are reduced at salinities< 7 PSU [42]. Spawning has been reported to occur at
10–35 PSU [62] in the laboratory, which corresponds well with observations of spawning in
the Baltic Sea (salinities> 8–10 PSU [43]). On the basis of these data we selected 8 PSU as the
functional lower limit for reproduction of adult T. navalis. Salinities< 5 PSU are lethal to lar-
vae, and larval swimming is strongly reduced below 10 PSU [60]. Metamorphosis of larvae has
only been observed at salinities� 8 PSU [43,57], and therefore we chose the latter value as the
limiting salinity tolerance for larvae.

Oxygen
Hypoxic, or anoxic, “dead zones” are increasingly being recognised as an important aspect of
marine climate change [63], and the Baltic is no exception to this [64,65]. The effects of

Table 1. Climate envelope parameters used for modeling.

Variable Larval metamorphosis and adult reproduction Adult reproduction only

Temperature (°C) � 12 � 11

Salinity (PSU) � 8 � 8

Oxygen (mg O2 l
-1) � 4 � 4

Data are lower tolerance limits for metamorphosis of larvae and reproduction of adults of T. navalis based on literature from Atlantic and Baltic waters (see

text for details). Tolerance limits for larval metamorphosis and adult reproduction were used to parameterise the “Surface layer” models, whereas

tolerance limits for adult reproduction only were used to parameterise the “Bottom layer” models.

doi:10.1371/journal.pone.0119217.t001
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changing oxygen tension on T. navalis are, however, difficult to predict because hypoxia/anoxia
tolerance data for T. navalis are very limited. The few data available indicate that adults can
seal their burrows and survive many weeks under anoxic conditions [66], and that oxygen con-
sumption of actively respiring adults varies widely [38,40,67,68]. In the absence of further in-
formation we set the minimum oxygen requirement for adult reproduction and larval
metamorphosis in T. navalis to 4 mg O2 l

−1 – a level that has been shown to impede, or limit,
these traits in other bivalves [69–72] (Table 1).

The model
Hydrological data for the bioclimate envelope model were obtained from the Danish Hydro-
logical Institute. Data were obtained from a regional climate model in the MIKE 3 numerical
modelling system for 3D flows to produce a nested grid with a spatial resolution of 3 nautical
miles in the area Skagerrak – SE Sweden, and 9 nautical miles in the rest of the Baltic Sea.
Model output was converted to ASCII files, binned into monthly averages and combined in dif-
ferent algebraic combinations based on Table 1. The output covered two temporal periods: a
"hindcast" period (1980–2008) and a "predicted" period (2009–2020) (model data were ob-
tained in 2009/2010; more details are available at [83]). Output for the modelled water body
was then binned into two layers: a "Surface layer" comprising the upper 9 m of the water col-
umn, and a “Bottom layer” comprising the lowest 2m of the water column (in waters� 9 m
deep these two layers overlapped). A climate envelope model for the Surface layer was created
by classifying each grid in each time-step as either “favourable” or “unfavourable” for adult re-
production and larval metamorphosis, depending on whether or not modeled values of tem-
perature, salinity and oxygen content exceeded the combined lower bounds of tolerance for
those traits (first column, Table 1). An equivalent model for the "Bottom layer" was parame-
terised using lower tolerance limits only for reproduction of adults (second column, Table 1).
The intention was to model the potential for successful reproduction and establishment of
shipworm larvae in the “Surface layer” – the primary settlement site for T. navalis larvae [58],
the likelihood that source populations of larvae may exist in deeper waters (“Bottom layer”),
and the potential for decadal changes in the degree of coupling between occurrence of favour-
able conditions in the two layers.

ASCII files were processed in GIS "ModelBuilder" (ESRI ArcMap) to produce maps indicat-
ing the frequency of occurrence of favourable conditions in each grid cell over different
time periods.

Model validation
Model results were cross-validated against known shipworm infestation status on wooden pan-
els along the Swedish coast and around the island of Bornholm (Denmark) during the years
2006–2012 (this study), and on groynes along the coast of Germany in 1993–1996 [43].

Simulation of larval dispersal
Dispersal of T. navalis larvae was simulated with a biophysical model based on velocity fields
from an ocean circulation model, using a particle-tracking routine to generate dispersal trajec-
tories. Velocity fields were modelled with the 3-dimensional ocean circulation model BaltiX
[73]. BaltiX is a regional model for the Baltic Sea, Kattegat, Skagerrak and the North Sea (con-
figured from the NEMO ocean engine [74]). BaltiX was applied in hindcast mode for 8 years
(1995–2002) with a horizontal resolution of 3.704 km (2 nm), a vertical resolution of 3–22 m,
and a temporal baroclinic resolution of 6 min. Dispersal in surface waters (0–12 m) was simu-
lated as particle trajectories lasting for 30 days in May –October calculated with the Lagrangian
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trajectory model TRACMASS, based on Döös [75]. As there are no available data detailing di-
urnal or ontogenetic changes in shipworm larval behaviour, larvae were modeled as passive
particles. Trajectories were simulated in off-line mode using the velocity fields generated by the
BaltiX model with a 3-hour update. Dispersal from selected grid cells to waters with a depth
above 100 m in the Baltic Sea, the Danish Straits and the Kattegat was simulated by releasing
98 particles distributed across each grid cell and distributed between 0–12 m depth. This was
repeated at 6 time points within each year and repeated for all 8 years resulting in a total of
4704 trajectories per grid cell. Dispersal probabilities from the selected grid cells to receiving
grid cells (depth�100 m) were calculated as the proportion of trajectories starting at grid cell j
and ending in grid cell i.

From simulated dispersal between all grid cells we calculated the dispersal probability from
4 release areas (Fig. 1). The first area, Klagshamn, is the most southerly site of infestation in
Sweden [57], and the second area, Hiddensee, is the most easterly infestation in Germany [43].
In addition we included two release areas further east into the Baltic Sea as reference areas, one
on the Swedish coast (Sydskåne) and one on the German coast (Rügen). Finally, we identified
the sources of larvae to the selected areas, i.e. the putative spawning sites of simulated larvae
that metamorphosed within the target areas (Fig. 2). Dispersal from and to the 4 target areas
was plotted by color-coding grid cells using the GIS software ESRI ArcMap.

Results

Climate envelope model for reproduction and larval metamorphosis
(“Surface layer”)
The occurrence of environmental conditions favourable for reproduction and larval metamor-
phosis of T. navalis varied markedly over space and time.

Overall results from the hindcast model (1980–2008) showed that favourable conditions
were prevalent (>75% of grid-cell months exceeding tolerance limits, dark blue areas, Fig. 3A)
throughout the Skagerrak and the western Baltic, absent in the south-eastern and central Baltic
(and in the remainder of the Baltic system, white areas, Fig. 3A), and showed a strong transi-
tional gradient (60–0%) between these two regions (yellow-green areas, Fig. 3A). Patterns for
the “forecast” period (2009–2020) were almost identical to those for “hindcast” (cf Fig. 3A, 3B),
although the smaller sample size of the forecast period (12 years) yielded coarser resolution
(Fig. 3B). The absence of favourable conditions in the eastern Baltic was driven by salinity,
which was< 8 PSU throughout this region. Salinities in the Skagerrak, Kattegat and western
Baltic were routinely> 8 PSU, and here temperature controlled the occurrence of favourable
conditions. Oxygen concentration was above the threshold value (4 mg O2 l

-1, Table 1)
throughout the modelled space and time, and was never a limiting factor.

The spatial distribution of favourable conditions for reproduction and metamorphosis var-
ied markedly with month of the reproductive period, but were also broadly similar in hindcast
and forecast results (Fig. 4). Favourable conditions were first observed in shallow inshore areas
of Denmark and Germany in May, spread to the Kattegat and central western Baltic by June,
and began to disappear by October. It is notable that the distribution of favourable conditions
was slightly more extensive in May of the forecast data (compared to hindcast data, Fig. 4), and
that there was a clear extension of favourable conditions later into the season in the western
Baltic in the forecast data (Fig. 4).

These data were analysed more closely by summarising model results for October in each of
four, approximately decadal, periods (1980–1989, 1990–1999, 2000–2008, 2009–2020). This
showed clearly that the prevalence of conditions favourable for reproduction and larval meta-
morphosis increased over time in the western Baltic, Kattegat and Skagerrak, (Fig. 5). Thus,
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although the model does not predict extended spatial distribution of T. navalis, it does predict
an extension in the reproductive and larval settlement season of T. navalis later into the au-
tumn. Investigation of the underlying data showed that this pattern was driven by inter-decadal
changes in surface water temperatures, rather than changes in salinity (data not shown).

Fig 1. Biophysical simulations showing dispersal of larvae from 4 Baltic locations. Relative larval dispersal probabilities predicted from a biophysical
model where larvae were released between May-October and drifted at a depth of 0–12 m for 30 days. Dispersal is shown for 4 seeding locations: (A)
Klagshamn, (B) Sydskåne, (C) Hiddensee, (D) Rügen.

doi:10.1371/journal.pone.0119217.g001
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Climate envelope model for reproduction only (“Bottom layer”)
Spatiotemporal scenarios (or patterns) of favourable conditions for adult reproduction (only)
were broadly similar to those we observed for adult reproduction and larval metamorphosis in
the Surface layer (cf Figs. 3, 6). In contrast to results for the Surface layer, there was no

Fig 2. Biophysical simulations showing sources of larvae to 4 Baltic locations. Relative strength of source areas delivering larvae to 4 target areas.
Larvae at the source areas were released between May-October and drifted at a depth of 0–12 m for 30 days. Sink areas are shown for 4 locations: (A)
Klagshamn, (B) Sydskåne, (C) Hiddensee, (D) Rügen.

doi:10.1371/journal.pone.0119217.g002
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indication of potentially prolonged reproductive seasons (cf Figs. 4, 7). Favourable conditions
for reproduction of adults first appeared early in the year (May) in shallow waters (< 25m) and
were found until late in the year (November) only in deeper waters (Fig. 7).

Model validation
Observed shipworm distribution (filled circles, Fig. 3A) corresponded to regions with> 60%
occurrence of favourable environmental conditions (Fig. 3A). The most southerly occurrence
of T. navalis in Sweden was at Falsterbo, at the southwestern tip of Sweden. Despite extensive
observations over recent years, (2006–2012), no shipworms of any species were observed along
the Swedish coast east of this point, or around the island of Bornholm (open circles, Fig. 3A).
On the north German coast, the most easterly known location of shipworms is at Hiddensee,
Germany [43] – an area where the modelled frequency of favourable environmental conditions
was still very high (Fig. 3A).

Dispersal simulations
The biophysical dispersal model showed that risk of spread of shipworm larvae into the Baltic
was relatively low, but nonetheless present. Modeled larval spread from the most easterly
known locations of substantial populations of T. navalis in the Baltic (Klagshamn and

Fig 3. Frequency of occurrence of environmental conditions favourable for adult reproduction and larval metamorphosis in the Surface layer (�
9m). Frequency of occurrence (percentage of all months over all years) in which mean salinity, temperature, and oxygen concentrations exceeded tolerance
limits for adult reproduction and larval metamorphosis in the upper 9m ("Surface layer") of the water column (Table 1). (A) "Hindcast" period 1980–2008 and
(B) "Forecast" period 2009–2020. Filled and empty black circles show infested and non-infested sites, respectively ([24,43,57], this study).

doi:10.1371/journal.pone.0119217.g003
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Hiddensee, Fig. 3A) showed some spread eastwards, but at low probabilities (< 0.005) and that
the majority of larvae dispersed locally, and to the west and north (Fig. 1A,C). We estimated
the likelihood that larvae might penetrate even further into the Baltic by modeling spread of
larvae from locations eastward of current range limits. Results of these models showed that lar-
vae released on the southern Swedish coast would mostly be swept to the west and south – i.e.
out of the Baltic (Fig. 1B), whereas larvae on the north German coast could disperse over a
wide area (Fig. 1D).

Model investigations of the sources of larvae recruiting to Klagshamn and Hiddensee
showed that recruitment was primarily local, with low probabilities of larvae being transported
from distant sites (Fig. 2A,C). Equivalent modeling of the origins of larvae recruiting to areas
eastward of current known range limits indicated that, in Sweden, these larvae would originate
even further east (Fig. 2B), or across a very wide area (Germany, Fig. 2D).

Fig 4. Monthly frequency of occurrence of environmental conditions favourable for adult reproduction and larval metamorphosis in the Surface
layer (� 9m).Monthly frequency of occurrence (percentage of all years) in which mean salinity, temperature, and oxygen concentrations exceeded tolerance
limits for adult reproduction and larval metamorphosis in the upper 9m ("Surface layer") of the water column (Table 1). Upper panels "Hindcast" period 1980–
2008; Lower panels "Forecast" period 2009–2020.

doi:10.1371/journal.pone.0119217.g004

Fig 5. Quasi-decadal patterns of occurrence of environmental conditions favourable for adult reproduction and larval metamorphosis in the
Surface layer (� 9m) in October. Frequency of occurrence (percentage of years) in which mean salinity, temperature, and oxygen concentrations in
October exceeded tolerance limits for adult reproduction and larval metamorphosis in the upper 9m ("Surface layer") of the water column (Table 1).

doi:10.1371/journal.pone.0119217.g005
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Discussion
Our climate envelope model results show clearly that over the last three decades, rising seawa-
ter temperatures in the Kattegat and southern Baltic have prolonged the breeding season of Te-
redo navalis into the autumn, and that this is likely to continue at least into the near-future
(Fig. 5). Consequently, there is increased risk of greater establishment of T. navalis at the

Fig 6. Frequency of occurrence of environmental conditions favourable for adult reproduction (only) in the Bottom layer, (lowest 2m). Frequency of
occurrence (percentage of all months over all years) in which mean salinity, temperature, and oxygen concentrations exceeded tolerance limits for adult
reproduction and larval metamorphosis in the lowest 2m of the water column ("Bottom layer", Table 1). (A) "Hindcast" period 1980–2008; (B) "Forecast"
period 2009–2020.

doi:10.1371/journal.pone.0119217.g006

Fig 7. Monthly frequency of occurrence of environmental conditions favourable for adult reproduction (only) in the bottom layer.Monthly frequency
of occurrence (percentage of all years) in which mean salinity, temperature, and oxygen concentrations exceeded tolerance limits for adult reproduction and
larval metamorphosis in the lowest 2m of the water column ("Bottom layer", Table 1). “Hindcast” period 1980–2008 (above) and “Forecast” period 2009–2020
(below).

doi:10.1371/journal.pone.0119217.g007
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eastern margins of the current distribution. This may lead to small extensions in the current
range. Our climate envelope model results did not support previous suggestions that T. navalis
is expanding into the Baltic [24,43], or that it is likely to do so as a result of near-future climate
change – indeed we found no substantive evidence for future range-expansions in the coming
decade (Figs. 3, 6). These latter results are reinforced by results from our dispersal simulations
(Figs. 1, 2), which indicated limited opportunities for further spread into the Baltic – especially
along the Swedish coast.

Our finding that over the last 30 years, the duration of the breeding season has extended
later into the year (Fig. 5) is reflected in independent observations from field surveys of T.
navalis in the area. In the 1970’s adult T. navalis in the Skagerrak/Kattegat region brooded lar-
vae from June to August [76] and larvae were observed to settle and recruit between July and
September [61]. Some thirty years later, adult brooding was observed both earlier and later in
the season (May to September, [43]), and larval recruitment was observed to last until the end
of October (in 2004–2006). These field observations provide important confirmatory support
for the results from our model, and provide supportive evidence that mechanistic climate enve-
lope models can provide valuable projections even when based on relatively few biological pa-
rameters (Table 1) [30].

Further support for our model comes from the observation that range-margins of T. navalis
in the Baltic corresponded very closely with the modeled limits of favourable conditions for re-
production in surface layers (Fig. 3A). Today, established shipworm populations are only
found in areas where the frequency of occurrence of favourable conditions is> 60% (i.e. the
majority of the summer months, and years, during which reproduction can take place, Fig. 3A,
Fig. 4). The absence of known shipworm populations in areas where favourable conditions are
less frequent (green-yellow, Fig. 3A) may indicate that temperature / salinity conditions in
those regions are favourable for too short a period to permit successful development and re-
cruitment of larval shipworms, and/or that these conditions exist in only some years. Under
the latter scenario, periodic outbreaks of T. navalismay occur in years with higher tempera-
tures or salinities – both of which favour reproduction (Table 1).

Simulations of potential for spread of T. navalis at the range-margins indicated that the
great majority of larvae released from Klagshamn (Sweden) and Hiddensee (Germany) were
retained close to these areas in the western Baltic (Fig. 1A,C), and that larvae recruiting to these
populations tended to have local origins (Fig. 2A,C). Interestingly, larvae released to the east of
current range margins had low probabilities of spread further east (Fig. 1B,D). Similarly, larvae
recruiting to these more easterly locations had moderate probabilities of originating from far-
ther east (Fig. 2B,D). These results suggest that even if T. navalis populations were able to
spread eastwards into southern Sweden, their larvae would be likely to be swept westwards dur-
ing their dispersal. Genetic analyses of shipworm populations would be a valuable addition to
our findings, and help greatly in clarifying the actual patterns of dispersal and population struc-
tures in this region.

On larger scales we found no evidence for substantive changes in the distribution of ship-
worms over time. With the exception of the prolonged breeding season in surface waters men-
tioned above (Fig. 5), spatiotemporal patterns of conditions favourable for shipworm
reproduction and metamorphosis were similar across all periods (hindcast and forecast) and
water layers (Surface and Bottom, Figs. 3A,B and 6A,B). This finding contrasts with a recent
claim that shipworms are indeed spreading into the Baltic Sea [24]. Borges et al.’s claim is
based on observations of shipworm distribution in the region and the supposition that T. nava-
lismay be able to adapt to salinities even lower than its current tolerance limit ([24] p. 7). Re-
garding distributions, records from Zingst (Germany) almost a century ago testify to
shipworm activity very close to the present range margin (Becker 1938, in [77]), and German
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observations from the 1990’s [43] and 2012 (Rostock University, pers. comm.) show variability
but no strong evidence for range shifts. Similarly, along the Swedish coast there is also no indi-
cation of range expansion: the southern margin of T. navalis’ distribution at Klagshamn has
not changed for the last thirty years (cf. [57] Fig. 3).

The suggestion that T. navalismay be able to adapt to lower salinities is interesting. That en-
vironmental tolerances do not change over time is an inherent assumption of correlative cli-
mate envelope models (used by Borges et al. [24]), and is typically also assumed (though not
required) in mechanistic models (used here). Incorporating adaptive capacity into mechanistic
climate envelope models is an exciting possibility [31], but doing this here would require
knowledge of the additive genetic variance for salinity tolerance in T. navalis populations in
the south-western Baltic – data that are currently lacking. Consequently any conclusions re-
garding the likelihood that T. navalis will adapt to salinity changes in this region must
remain speculative.

Several studies have highlighted the capacity for mechanistic climate envelope models to
provide robust predictions of species distributions, especially in novel climates arising from cli-
mate change [30,31]. Climate simulations for the Baltic Sea [78] project increased precipitation
and reduced salinity in the coming decades. As our modeling showed that salinity – rather
than temperature – tolerances determined the spatial limits for reproduction and metamor-
phosis in the southern Baltic, we suggest that there is very low risk of range-expansion of T.
navalis into the Baltic Sea during the coming decades.

Logistic constraints limited our ability to test our model for sensitivity to the chosen toler-
ance parameters (Table 1). Other authors have suggested that establishment of T. navalismay
be limited by salinities different from the values used here (9 PSU [79]; 7 PSU [24]; vs 8 PSU,
Table 1). As noted earlier, definitive data on salinity, temperature, and (especially) oxygen tol-
erances of T. navalis larvae from the southwestern Baltic are lacking (cf [60] for tolerances for
US populations of T. navalis). Nonetheless our choice of threshold values for modeling is at
least partly corroborated by the strong correspondence between observed distributions of T.
navalis and the modelled occurrence of favourable conditions for their reproduction and larval
metamorphosis (Fig. 3A).

Large numbers of archaeologically important wooden shipwrecks in the southern and east-
ern Baltic provide abundant, potentially suitable, habitat for wood boring pests [47]. To date
the risk that such wrecks may be attacked by shipworms has been mitigated by methods such
as in situ protection of wooden wrecks [80] – a method that not only preserves the historical re-
mains, but also might reduce further spread of shipworms. Other mitigation options that have
been discussed include removing ‘stepping stone’ nodes in shipworm connectivity matrices by,
for example, covering wooden structures with plastic. Such an approach might be interesting
to test on the wooden groynes around Hiddensee, where our biophysical model indicated high
local recruitment (Fig. 1C). A better understanding of the impacts of larval behaviour (which is
poorly understood) and passive dispersal of adults in driftwood are, however, required before
comprehensive connectivity models can be constructed and tested. In this context the role of
larval behaviour in dispersal [81,82], as well as more accurate, and population-specific, mea-
sures of salinity and temperature tolerances (Table 1) are required in order to refine the models
we present here.

In summary, we found that current climate change is causing an extension in the breeding
period of Teredo navalis in the western and southern Baltic, but that this has not resulted in a
range expansion of this species over the past 30 years, and is not likely to do so in the near-fu-
ture. Scenarios for the coming century suggest that freshening of the Baltic Sea will further con-
strain the distribution of T. navalis, lessening the threat to the considerable underwater
architectural heritage of the region.

No Range Extension of Shipworm, Teredo navalis, in the Baltic Sea

PLOS ONE | DOI:10.1371/journal.pone.0119217 March 13, 2015 12 / 16



Author Contributions
Conceived and designed the experiments: CA ZAH PJ JH. Performed the experiments: CA
ZAH PJ JH. Analyzed the data: CA ZAH PJ JH. Contributed reagents/materials/analysis tools:
ZAH PJ. Wrote the paper: CA ZAH PJ JH. Designed climate envelope model: ZAH. Designed
dispersal simulation: PJ.

References
1. Parmesan C. Ecological and evolutionary responses to recent climate change. Annual Review of Ecol-

ogy Evolution and Systematics. 2006; 37:637–69.

2. Harley CDG, Hughes AR, Hultgren KM, Miner BG, Sorte CJB, Thornber CS, et al. The impacts of cli-
mate change in coastal marine systems. Ecology Letters. 2006; 9(2):228–41. PMID: 16958887

3. CheungWWL, Lam VWY, Sarmiento JL, Kearney K, Watson R, Pauly D. Projecting global marine bio-
diversity impacts under climate change scenarios. Fish and Fisheries. 2009; 10(3):235–51. doi: 10.
1111/j.1467-2979.2008.00315.x

4. Parmesan C, Yohe G. A globally coherent fingerprint of climate change impacts across natural sys-
tems. Nature. 2003; 421(6918):37–42. doi: 10.1038/nature01286 PMID: 12511946

5. Rilov G, Crooks JA. Biological Invasions in Marine Systems. Berlin: Springer; 2009.

6. Wernberg T, Russell BD, Moore PJ, Ling SD, Smale DA, Campbell A, et al. Impacts of climate change
in a global hotspot for temperate marine biodiversity and ocean warming. Journal of Experimental Ma-
rine Biology and Ecology. 2011; 400(1–2):7–16. doi: 10.1016/j.jembe.2011.02.021

7. Langer MR, Weinmann AE, Lotters S, Bernhard JM, Rodder D. Climate-Driven Range Extension of
Amphistegina (Protista, Foraminiferida): Models of Current and Predicted Future Ranges. Plos One.
2013; 8(2). doi: 10.1371/journal.pone.0054443

8. Przeslawski R, Falkner I, Ashcroft MB, Hutchings P. Using rigorous selection criteria to investigate ma-
rine range shifts. Estuarine Coastal and Shelf Science. 2012; 113:205–12. doi: 10.1016/j.ecss.2012.
08.005

9. Serrano E, Coma R, Ribes M, Weitzmann B, Garcia M, Ballesteros E. Rapid Northward Spread of a
Zooxanthellate Coral Enhanced by Artificial Structures and SeaWarming in theWestern Mediterra-
nean. Plos One. 2013; 8(1). doi: 10.1371/journal.pone.0052739

10. Lima FP, Ribeiro PA, Queiroz N, Hawkins SJ, Santos AM. Do distributional shifts of northern and south-
ern species of algae match the warming pattern? Global Change Biology. 2007; 13(12):2592–604. doi:
10.1111/j.1365-2486.2007.01451.x

11. Beaugrand G, Luczak C, Edwards M. Rapid biogeographical plankton shifts in the North Atlantic
Ocean. Global Change Biology. 2009; 15(7):1790–803. doi: 10.1111/j.1365-2486.2009.01848.x

12. Beaugrand G, McQuatters-Gollop A, Edwards M, Goberville E. Long-term responses of North Atlantic
calcifying plankton to climate change. Nature Climate Change. 2013; 3(3):263–7. doi: 10.1038/
nclimate1753

13. Precht WF, Aronson RB. Climate flickers and range shifts of reef corals. Frontiers in Ecology and the
Environment. 2004; 2(6):307–14.

14. Ling SD, Johnson CR, Ridgway K, Hobday AJ, Haddon M. Climate-driven range extension of a sea ur-
chin: inferring future trends by analysis of recent population dynamics. Global Change Biology. 2009;
15(3):719–31. doi: 10.1111/j.1365-2486.2008.01734.x

15. Perry AL, Low PJ, Ellis JR, Reynolds JD. Climate change and distribution shifts in marine fishes. Sci-
ence. 2005; 308(5730):1912–5. doi: 10.1126/science.1111322 PMID: 15890845

16. MacLeod CD. Global climate change, range changes and potential implications for the conservation of
marine cetaceans: a review and synthesis. Endang Species Res. 2009; 7:125–36.

17. Rivadeneira MM, Fernández M. Shifts in southern endpoints of distribution in rocky intertidal species
along the south-eastern Pacific coast. Journal of Biogeography. 2005; 32(2):203–9. doi: 10.1111/j.
1365-2699.2004.01133.x

18. Lima FP, Ribeiro PA, Queiroz N, Xavier R, Tarroso P, Hawkins SJ, et al. Modelling past and present
geographical distribution of the marine gastropod Patella rustica as a tool for exploring responses to en-
vironmental change. Global Change Biology. 2007; 13(10):2065–77.

19. Lodola A, Nicolini L, Savini D, Deidun A, Occhipinti-Ambrogi A. Range expansion and biometric fea-
tures of Pinctada imbricata radiata (Bivalvia: Pteriidae) around Linosa Island, Central Mediterranean
Sea (Italy). Italian Journal of Zoology. 2013; 80(2):303–12. doi: 10.1080/11250003.2013.775363

No Range Extension of Shipworm, Teredo navalis, in the Baltic Sea

PLOS ONE | DOI:10.1371/journal.pone.0119217 March 13, 2015 13 / 16

http://www.ncbi.nlm.nih.gov/pubmed/16958887
http://dx.doi.org/10.1111/j.1467-2979.2008.00315.x
http://dx.doi.org/10.1111/j.1467-2979.2008.00315.x
http://dx.doi.org/10.1038/nature01286
http://www.ncbi.nlm.nih.gov/pubmed/12511946
http://dx.doi.org/10.1016/j.jembe.2011.02.021
http://dx.doi.org/10.1371/journal.pone.0054443
http://dx.doi.org/10.1016/j.ecss.2012.08.005
http://dx.doi.org/10.1016/j.ecss.2012.08.005
http://dx.doi.org/10.1371/journal.pone.0052739
http://dx.doi.org/10.1111/j.1365-2486.2007.01451.x
http://dx.doi.org/10.1111/j.1365-2486.2009.01848.x
http://dx.doi.org/10.1038/nclimate1753
http://dx.doi.org/10.1038/nclimate1753
http://dx.doi.org/10.1111/j.1365-2486.2008.01734.x
http://dx.doi.org/10.1126/science.1111322
http://www.ncbi.nlm.nih.gov/pubmed/15890845
http://dx.doi.org/10.1111/j.1365-2699.2004.01133.x
http://dx.doi.org/10.1111/j.1365-2699.2004.01133.x
http://dx.doi.org/10.1080/11250003.2013.775363


20. Couceiro L, Lopez L, Ruiz JM, Barreiro R. Population structure and range expansion: the case of the in-
vasive gastropod Cyclope neritea in northwest Iberian Peninsula. Integrative Zoology. 2012; 7(3):286–
98. doi: 10.1111/j.1749-4877.2012.00305.x PMID: 22938525

21. Goddard JHR, Foster NR. Range extensions of sacoglossan and nudibranch mollusks (Gastropoda:
Opisthobranchia) to Alaska. Veliger. 2002; 45(4):331–6.

22. Roginskaya IS, Grintsov VA. Range expansion of an alien invader—The nudibranch mollusk Doridella
obscura Verrill, 1870 (Opisthobranchia:Corambidae) in the Black Sea. Veliger. 1997; 40(2):160–4.

23. Simon-Bouhet B, Garcia-Meunier P, Viard F. Multiple introductions promote range expansion of the
mollusc Cyclope neritea (Nassariidae) in France: evidence frommitochondrial sequence data. Molecu-
lar Ecology. 2006; 15(6):1699–711. doi: 10.1111/j.1365-294X.2006.02881.x PMID: 16629822

24. Borges LMS, Merckelbach LM, Sampaio I, Cragg SM. Diversity, environmental requirements, and bio-
geography of bivalve wood-borers (Teredinidae) in European coastal waters. Frontiers in Zoology.
2014; 11. doi: 10.1186/1742-9994-11-13

25. Botkin DB, Saxe H, Araujo MB, Betts R, Bradshaw RHW, Cedhagen T, et al. Forecasting the effects of
global warming on biodiversity. Bioscience. 2007; 57(3):227–36. doi: 10.1641/b570306

26. Elith J, Leathwick JR. Species Distribution Models: Ecological Explanation and Prediction Across
Space and Time. Annual Review of Ecology Evolution and Systematics. Annual Review of Ecology
Evolution and Systematics. 402009. p. 677–97.

27. Guisan A, Zimmermann NE. Predictive habitat distribution models in ecology. Ecological Modelling.
2000; 135(2–3):147–86. doi: 10.1016/s0304-3800(00)00354-9

28. Hutchinson GE. Concluding remarks. Cold Spring Harbor Symposia on Quantitative Biology. 1957;
22:415–27.

29. Heikkinen RK, Luoto M, Araujo MB, Virkkala R, Thuiller W, Sykes MT. Methods and uncertainties in bio-
climatic envelope modelling under climate change. Progress in Physical Geography. 2006; 30(6):751–
77. doi: 10.1177/0309133306071957

30. Kearney M, Porter W. Mechanistic niche modelling: combining physiological and spatial data to predict
species' ranges. Ecology Letters. 2009; 12(4):334–50. doi: 10.1111/j.1461-0248.2008.01277.x PMID:
19292794

31. Robinson LM, Elith J, Hobday AJ, Pearson RG, Kendall BE, Possingham HP, et al. Pushing the limits in
marine species distribution modelling: lessons from the land present challenges and opportunities.
Global Ecology and Biogeography. 2011; 20(6):789–802. doi: 10.1111/J.1466-8238.2010.00636.X

32. Dormann CF, Schymanski SJ, Cabral J, Chuine I, GrahamC, Hartig F, et al. Correlation and process in
species distribution models: bridging a dichotomy. Journal of Biogeography. 2012; 39(12):2119–31.
doi: 10.1111/j.1365-2699.2011.02659.x PMID: 23267996

33. Araujo MB, Peterson AT. Uses and misuses of bioclimatic envelope modeling. Ecology. 2012; 93
(7):1527–39. PMID: 22919900

34. Gaylord B, Gaines SD. Temperature or transport? Range limits in marine species mediated solely by
flow. American Naturalist. 2000; 155(6):769–89. doi: 10.1086/303357 PMID: 10805643

35. Nair NB, Saraswathy M. The Biology of Wood-Boring Teredinid Molluscs. In: Frederick SR, Maurice Y,
editors. Advances in Marine Biology. Volume 9: Academic Press; 1971. p. 335–509.

36. Turner RD. A survey and illustrated catalogue of the Teredinidae. Cambridge, MA: Museum of Com-
parative Zoology, Harvard University; 1966.

37. Blum HF. On the effect of low salinity on Teredo navalis. University of California Publications in Zoolo-
gy. 1922; 224:349–68.

38. Soldatova IN. Oxygen consumption rate and size of the bivalve mollusk, Teredo navalis, L. Trans Inst
Oceanol. 1961; 59:161–6.

39. Hoagland KE. Effects of temperature, salinity and substratum on larvae of the shipworms Teredo
bartschii Clapp, and Teredo navalis Linnaeus (Bivalvia, Teredinidae). American Malacological Bulletin.
1986; 4(1):89–99.

40. Spicer JI, Stromberg JO. Metabolic responses to low salinity of the shipworm Teredo navalis (L.). Sar-
sia. 2003; 88(4):302–5. doi: 10.1080/00364820310002263

41. Leonel RMV, Lopes S, Aversari M. Distribution of wood-boring bivalves in the Mamanguape River estu-
ary, Paraiba, Brazil. Journal of the Marine Biological Association of the United Kingdom. 2002; 82
(6):1039–40. doi: 10.1017/s002531540200663x

42. Tuente U, Piepenburg D, Spindler M. Occurrence and settlement of the common shipworm Teredo
navalis (Bivalvia: Teredinidae) in Bremerhaven harbours, northern Germany. Helgoland Marine Re-
search. 2002; 56(2):87–94. doi: 10.1007/s10152-002-0101-7

No Range Extension of Shipworm, Teredo navalis, in the Baltic Sea

PLOS ONE | DOI:10.1371/journal.pone.0119217 March 13, 2015 14 / 16

http://dx.doi.org/10.1111/j.1749-4877.2012.00305.x
http://www.ncbi.nlm.nih.gov/pubmed/22938525
http://dx.doi.org/10.1111/j.1365-294X.2006.02881.x
http://www.ncbi.nlm.nih.gov/pubmed/16629822
http://dx.doi.org/10.1186/1742-9994-11-13
http://dx.doi.org/10.1641/b570306
http://dx.doi.org/10.1016/s0304-3800(00)00354-9
http://dx.doi.org/10.1177/0309133306071957
http://dx.doi.org/10.1111/j.1461-0248.2008.01277.x
http://www.ncbi.nlm.nih.gov/pubmed/19292794
http://dx.doi.org/10.1111/J.1466-8238.2010.00636.X
http://dx.doi.org/10.1111/j.1365-2699.2011.02659.x
http://www.ncbi.nlm.nih.gov/pubmed/23267996
http://www.ncbi.nlm.nih.gov/pubmed/22919900
http://dx.doi.org/10.1086/303357
http://www.ncbi.nlm.nih.gov/pubmed/10805643
http://dx.doi.org/10.1080/00364820310002263
http://dx.doi.org/10.1017/s002531540200663x
http://dx.doi.org/10.1007/s10152-002-0101-7


43. Sordyl VH, Boensch R, Gercken J, Gosselck F, Kreuzberg M, Schulze H. Dispersal and reproduction of
the shipworm Teredo navalis L. in coastal waters of Mecklenburg-Western Pomerania. Deutsche
Gewaesserkundliche Mitteilungen 1998; 42:142–9.

44. Cederlund CO. Monitoring, Safeguarding and Visualizing North-European Shipwreck Sites. Final Re-
port. EU Brussels, Belgium, 2004.

45. Wichmann G. Risk factor of water – Special Feature Issue. Munich: Munich Re Group, 2005.

46. Distel DL, Amin M, Burgoyne A, Linton E, Mamangkey G, Morrill W, et al. Molecular phylogeny of Phola-
doidea Lamarck, 1809 supports a single origin for xylotrophy (wood feeding) and xylotrophic bacterial
endosymbiosis in Bivalvia. Molecular Phylogenetics and Evolution. 2011; 61(2):245–54. doi: 10.1016/j.
ympev.2011.05.019 PMID: 21684342

47. Björdal C, Gregory D, Manders M, Al-Hamdani Z, Appelqvist C, Havenhand J, et al. Strategies for pro-
tection of wooden underwater cultural heritage in the Baltic Sea against marine borers. The EU Project
"Wreck Protect". Conservation & Mgmt of Arch Sites. 2012; 14:201–14.

48. Carlton JT. Molluscan invasions in marine and estuarine communities. Malacologia. 1999; 41(2):439–
54.

49. Grave BH. Natural history of shipworm, Teredo navalis, at Woods Hole, Massachusetts. Biological Bul-
letin. 1928; 55:260–82.

50. Imai T, Hatanaka M, Sato R. Breeding of marine timber-borer Teredo navalis L., in tanks and its use for
anti-boring test. Tohoku J Agric Res. 1950; 1:199–208.

51. Loosanoff VL, Davis HC. Rearing of bivalve mollusks. Adv Mar Biol. 1963; 1:1–130.

52. Culliney JL. Comparative larval development of shipworms Bankia gouldi and Teredo navalis. Marine
Biology. 1975; 29(3):245–51. doi: 10.1007/bf00391850

53. Scheltema RS. Dispersal of phytoplanktotrophic shipworm larvae (Bivalvia: Teredinidae) over long dis-
tances by ocean currents. Marine Biology. 1971; 11(1):5–11. doi: 10.1007/bf00348015

54. Bonsdorff E. Zoobenthic diversity-gradients in the Baltic Sea: Continuous post-glacial succession in a
stressed ecosystem. Journal of Experimental Marine Biology and Ecology. 2006; 330(1):383–91. doi:
10.1016/j.jembe.2005.12.041

55. Winsor P, Rodhe J, Omstedt A. Baltic Sea ocean climate: an analysis of 100 yr of hydrographic data
with focus on the freshwater budget. Climate Research. 2001; 18(1–2):5–15. doi: 10.3354/cr018005

56. Kristensen ES. Attacks by Teredo navalis L. in inner Danish waters in relation to environmental factors.
Vidensk Meddr dansk naturh Foren. 1969; 132:199–210.

57. Norman E. Geographical distribution and growth of wood-boring mollusks Teredo navalis L., Psiloter-
edo megotara (Hanley) and Xylophaga dorsalis (Turton) on the Swedish west-coast. Ophelia. 1977; 16
(2):233–50.

58. Norman E. The vertical distribution of the wood-boring molluscs Teredo navalis L., Psiloteredo mego-
tara H. and Xylophaga dorsalis T. on the Swedish west coast. Material und Organismen 11: 303–316.
Material und Organismen. 1976; 11:303–16.

59. Kühl H. Hydrography and biology of the Elbe estuary. Oceanogr Mar Biol Annu Rev. 1972; 10:225–
309.

60. Hoagland KE. Effects of temperature, salinity and substratum on larvae of the shipworms Teredo
bartschi and Teredo navalis (Bivalvia, Teredinidae). American Malacological Bulletin. 1986; 4(1):89–
99.

61. Norman E. The Time of Settlement on the SwedishWest Coast of theWood-boring Molluscs Teredo
navalis, Psiloteredo megotara and Xylophaga dorsalis. Material und Organismen. 1976; 3:531–42.

62. Soldatova IN. Effects of various salinities on the bivalve mollusk, Teredo navalis L. Trans Inst Oceanol.
1961; 59:167–83.

63. Diaz RJ, Rosenberg R. Spreading dead zones and consequences for marine ecosystems. Science.
2008; 321(5891):926–9. doi: 10.1126/science.1156401 PMID: 18703733

64. Neumann T. Towards a 3D-ecosystemmodel of the Baltic Sea. Journal of Marine Systems. 2000; 25
(3–4):405–19. doi: http://dx.doi.org/10.1016/S0924-7963(00)00030-0

65. Karlson K, Rosenberg R, Bonsdorff E. Temporal and spatial large-scale effects of eutrophication and
oxygen deficiency on benthic fauna in Scandinavian and Baltic waters—A review. In: Gibson RN,
Barnes M, Atkinson RJA, editors. Oceanography and Marine Biology, Vol 40. Oceanography and Ma-
rine Biology. 402002. p. 427–89.

66. Lane CE, Greenfield LJ. Physiology of the shipworm. American Journal of Physiology. 1952; 171
(3):741–2.

No Range Extension of Shipworm, Teredo navalis, in the Baltic Sea

PLOS ONE | DOI:10.1371/journal.pone.0119217 March 13, 2015 15 / 16

http://dx.doi.org/10.1016/j.ympev.2011.05.019
http://dx.doi.org/10.1016/j.ympev.2011.05.019
http://www.ncbi.nlm.nih.gov/pubmed/21684342
http://dx.doi.org/10.1007/bf00391850
http://dx.doi.org/10.1007/bf00348015
http://dx.doi.org/10.1016/j.jembe.2005.12.041
http://dx.doi.org/10.3354/cr018005
http://dx.doi.org/10.1126/science.1156401
http://www.ncbi.nlm.nih.gov/pubmed/18703733
http://dx.doi.org/10.1016/S0924-7963(00)00030-0


67. Gallager SM, Turner RD, Berg CJ. Physiological aspecits of wood consumption, growth, and reproduc-
tion in the shipworm Lyrodus pedicellatusQuatrefages (Bivalvia, Teredinidae). Journal of Experimental
Marine Biology and Ecology. 1981; 52(1):63–77. doi: 10.1016/0022-0981(81)90171-4

68. Mann R, Gallager SM. Physiological and biochemical energetics of larvae of Teredo navalis L. and
Bankia gouldi (Bartsch) (Bivalvia, Teredinidae). Journal of Experimental Marine Biology and Ecology.
1985; 85(3):211–28. doi: 10.1016/0022-0981(85)90159-5

69. LongWC, Brylawski BJ, Seitz RD. Behavioral effects of low dissolved oxygen on the bivalve Macoma
balthica. Journal of Experimental Marine Biology and Ecology. 2008; 359(1):34–9. doi: 10.1016/j.
jembe.2008.02.013

70. Chen JH, Mai KS, Ma HM, Wang XJ, Deng D, Liu XW, et al. Effects of dissolved oxygen on survival and
immune responses of scallop (Chlamys farreri Jones et Preston). Fish & Shellfish Immunology. 2007;
22(3):272–81. doi: 10.1016/j.fsi.2006.06.003

71. Baker SM, Mann R. Effects of hypoxia and anoxia on larval settlement, juvenile growth, and juvenile
survival of the oyster,Crassostrea virginica. Biol Bull. 1992; 182:265–9.

72. Morrison G. Dissolved oxygen requirements for embryonic and larval development of hardshell clam,
Mercenaria mercenaria. Journal of the Fisheries Research Board of Canada. 1971; 28(3):379–&.

73. Hordoir R, Dieterich C, Basu C, Dietze H, Meier HEM. Freshwater outflow of the Baltic Sea and trans-
port in the Norwegian current: a statistical correlation analysis based on a numerical experiment. Conti-
nental Shelf Research. 2013; 64:1–9.

74. Madec G. NEMOOcean Engine. France: IPSL, 2008.

75. Döös K. Inter-ocean exchange of water masses. Journal of Geophysical Research. 1995; 100:C7:
13499–514.

76. Kristensen ES. Observations on growth and life-cycle of the shipworm Teredo navalis L (Bivalvia: Mol-
lusca) in the Isefjord, Denmark. Ophelia. 1979; 18(2):235–42.

77. ClappWF, Kenk R. Marine borers: an annotated bibliography. Office of Naval Research, Office of the
Navy, 1963.

78. Meier HEM, Andersson HC, Arheimer B, Blenckner T, Chubarenko B, Donnelly C, et al. Comparing re-
constructed past variations and future projections of the Baltic Sea ecosystem-first results frommulti-
model ensemble simulations. Environmental Research Letters. 2012; 7(3). doi: 10.1088/1748-9326/7/
3/034005

79. Hoppe KN. Teredo navalis – the cryptogenic shipworm. In: Leppäkoski E, Gollasch S, editors. Invasive
aquatic species in Europe: Distribution, impacts and management: Kluwer; 2002. p. 116–9.

80. Bjordal CG, Nilsson T. Reburial of shipwrecks in marine sediments: a long-term study on wood degra-
dation. Journal of Archaeological Science. 2008; 35(4):862–72. doi: 10.1016/j.jas.2007.06.005

81. Levin LA. Recent progress in understanding larval dispersal: new directions and digressions. Integra-
tive and Comparative Biology. 2006; 46(3):282–97. doi: 10.1093/icb/icj024 PMID: 21672742

82. Shanks AL. Pelagic Larval Duration and Dispersal Distance Revisited. Biological Bulletin. 2009; 216
(3):373–85. PMID: 19556601

83. Uhrenholdt T. Delivery of modeled data for the years 1980–2008 and 2009–2020 (WreckProtect–
GEUS–FinalNote). Hørsholm, Denmark: DHI, 2010 Contract No.: DHI Report 11805776.

No Range Extension of Shipworm, Teredo navalis, in the Baltic Sea

PLOS ONE | DOI:10.1371/journal.pone.0119217 March 13, 2015 16 / 16

http://dx.doi.org/10.1016/0022-0981(81)90171-4
http://dx.doi.org/10.1016/0022-0981(85)90159-5
http://dx.doi.org/10.1016/j.jembe.2008.02.013
http://dx.doi.org/10.1016/j.jembe.2008.02.013
http://dx.doi.org/10.1016/j.fsi.2006.06.003
http://dx.doi.org/10.1088/1748-9326/7/3/034005
http://dx.doi.org/10.1088/1748-9326/7/3/034005
http://dx.doi.org/10.1016/j.jas.2007.06.005
http://dx.doi.org/10.1093/icb/icj024
http://www.ncbi.nlm.nih.gov/pubmed/21672742
http://www.ncbi.nlm.nih.gov/pubmed/19556601


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


