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Wooden groin systems on the southwestern Baltic Sea coast are a traditional and
important coastal-protection facility, but have been regularly infested and destroyed
by the wood-boring bivalve Teredo navalis since the early 1990s. The occurrence of
T navalis was presumed to be limited mainly by the prevailing low salinities. Recently,
a possible range expansion of this invasive species to the more eastern parts of the
Baltic Sea has been discussed. T. navalis larval settlement was therefore monitored at
the distribution boundary of the species in the Baltic Sea over a period of 4 years. At 7
stations along the prevailing salinity gradient on the Mecklenburg-western Pomeranian
coast, larval traps were installed at regular time intervals, while at the same time water
temperature and salinity were measured continuously every hour. Correlations between
measured abiotic parameters and borehole abundance of T. navalis were tested. For the
German Baltic Sea coast, no range expansion of T. navalis was confirmed. The salinity
and temperatures at the groin systems varied among the study years, and significant
correlations between T. navalis borehole abundance and salinity as well as temperature
were found. Higher summer temperatures favor the T. navalis borehole abundance on the
Mecklenburg-western Pomeranian coast, and may slightly shift the distribution border of
this species toward lower salinities.

Keywords: marine wood-borers, shipworm, Baltic sea, temperature, salinity

INTRODUCTION

Wooden groins have been an important and common coastal-protection measure in the
Mecklenburg-western Pomeranian section of the Baltic Sea coast for 150 years. Traditionally,
local pinewood was used until the beginning of the 1990s. At that time, the invasive shipworm
Teredo navalis Linnaeus 1758 (Bivalvia: Teredinidae) established stable reproductive populations
in the southern Baltic Sea, and since then has regularly destroyed the wooden coastal and
harbor infrastructure (Sordyl et al., 1998). However, it remains unknown which factors led to
the permanent establishment of this shipworm species on the Mecklenburg-western Pomeranian
Baltic Sea coast. Periodic mass outbreaks of T. navalis in the Baltic Sea were reported previously
from Denmark, Sweden, and Germany, during the 1930s and 1950s, each lasting for only a
few years (Bavendamm and Schmidt, 1948; Nakel, 1954; Hahn, 1956; Schiitz, 1961). However,
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since the 1990s pinewood groins have had to be renewed
regularly at intervals of 5-10 years, compared to 30-40
years previously (Michael Bugenhagen, StALU-MM: Staatliches
Amt fiir Landwirtschaft und Umwelt Mittleres Mecklenburg—
Governmental Agency for Agriculture and Environment Central
Mecklenburg-western Pomerania, personal communication).
Information on the resulting maintenance costs is sparse;
Wichmann (2005) estimated expenses due to T. navalis
infestations of about 50 million Euros in the Baltic Sea between
1993 and 2005. On the Mecklenburg-western Pomeranian coast,
groins are today constructed mainly of tropical hardwoods,
which are less attractive to shipworms. Even though the
wood used is FSC-certified, the long transport distances may
leave a negative ecological footprint. Furthermore, T. navalis
is threatening wooden shipwrecks and other maritime-related
structures of high archeological value (Bjordal Gjelstrup et al.,
2012). So far, most of these historical items are protected from
shipworm attack because they are located in low-salinity waters
that cannot be tolerated by this species. Recently, however,
contradictory reports have appeared as to whether T. navalis
is spreading into previously uninhabited areas, even into low-
salinity waters (Hoppe, 2002; Tuente et al., 2002; Gollasch et al.,
2009; Paalvast and van der Velde, 2011b; Borges, 2014; Appelqvist
et al., 2015a).

Shipworms, members of the bivalve family Teredinidae,
efficiently consume most kinds of wood in coastal habitats
worldwide (Borges, 2014, and references therein). They bore
into the wood physically by movements of their reduced
shells, and digest the resulting wood particles with the aid of
bacterial endosymbionts that produce cellulolytic enzymes and
provide fixed nitrogen (Carpenter and Culliney, 1975; Distel
et al, 2002). In European coastal waters, at least 9 shipworm
species have been reported (Borges, 2014), although species
identities are uncertain and molecular genetic characterization
is incomplete (Borges et al., 2012; Weigelt et al., 2016). Based
on a new COI (cytochrome c¢ oxidase I) primer pair for
identification by DNA barcoding, Weigelt et al. (2016) showed
that T. navalis is presently the only teredinid species on
the southwestern Baltic Sea coast. According to Borges et al.
(2014) this species is one of the most destructive wood-borers
worldwide.

In the Baltic Sea, the earliest known description of T. navalis
dates to 1835, from Kiel Bay (Meyer and Mdbius, 1865), and
no scientific evidence exists that places T. navalis in the North
Sea before 1730. The species, therefore, is classified as invasive
in these waters (Leppékoski and Olenin, 2000; Gollasch and
Nehring, 2006). The distribution of T. navalis as a marine
species depends to a large extent on the prevailing salinity
conditions. The minimum salinity required for the survival of
adult T. navalis is 5-6 (Blum, 1922; Nair and Saraswathy, 1971;
Hoagland, 1986), and a maximum of 35 (Nair and Saraswathy,
1971) to 39 (Borges et al., 2014) is tolerated. Individuals show
activity at salinities between 7 and 35 (Hoagland and Crocket,
1982; Spicer and Stromberg, 2003; Borges et al., 2014) and
successful reproduction is presumed to occur above a salinity
of 10 (Schiitz, 1961; Soldatova, 1961; Sordyl et al., 1998; Tuente
et al., 2002). Larvae survive salinities as low as 5 (Hoagland,

1986). Beside salinity conditions, however, temperature seems to
play an important role for the destructive success of shipworms
(Kristensen, 1969; Eckelbarger and Reish, 1972). Kristensen
(1969), for example, found indications that high temperatures
could compensate for low salinities within certain thresholds.
The optimum temperature for growth and reproduction is
between 15 and 25°C (Roch, 1932; Grave, 1942; Kristensen,
1979). Below 10°C metabolic activity decelerates and stops at
temperatures below 5°C (Roch, 1932).

T. navalis is a protandric hermaphrodite species with
planktonic veliger larvae. About 5 days after fertilization, the
larvae are released into the water and remain there between 15
(Culliney, 1975) and 35 days (Schiitz, 1961; Nair and Saraswathy,
1971), probably depending on the availability of wood. After
settlement, the larvae metamorphose and bore into the wood
quickly. Seven to 8 weeks after metamorphosis, at a length of 3-5
cm, the individuals can be sexually mature (Grave, 1942). Thus,
under favorable conditions, more than one reproductive cycle per
year is possible. This rapid sexual maturity of T. navalis and the
very high reproductive potential, with several million larvae per
year (Sordyl et al., 1998), allow wide dispersal by currents and
efficient discovery of available wooden substrates.

The Baltic Sea is a semi-enclosed sea connected to the North
Sea by two narrow and shallow straits, the Belt Sea and the
Sound (Mohrholz et al.,, 2015). In the investigated area of the
Baltic Sea a maximum tidal height of about 10 cm is estimated
(Medvedev et al., 2016). However, changes of water level
fluctuations driven by internal waves and air-pressure changes
can be much higher and reach a maximum of 1.5m annually
in the Baltic Sea (Jerling, 1999). The average prevailing surface
current along the southern Baltic Sea shoreline flows from west
to east (http://www.stalu-mv.de/mm/Themen/Kiistenschutz/
Regelwerk-Kiistenschutz-Mecklenburg-Vorpommern/).  This
aquatic ecosystem has horizontal and vertical salinity gradients.
The salinity drops from 30-25 in the western parts (Belt Sea),
to 8-15 in the southern parts (German Baltic Sea coastline)
and even to fresh water in the northernmost part (Gulf of
Bothnia). Inflows of saline waters from the North Sea occur
only sporadically and sustain the brackish character of Baltic
waters (Mohrholz et al., 2015). This limited water exchange with
high-salinity waters from the Atlantic has a crucial influence
on the environmental conditions in the Baltic Sea (Elken and
Matthéus, 2008). Mainly, the salinity and oxygen supply affect
the benthic community in the brackish-water system of the
Baltic (Ronnberg and Bonsdorff, 2004). Due to the decreasing
salinity, the number of marine species declines significantly in
the southern Baltic and in the inner coastal waters (Zettler and
Rohner, 2004; Bonsdorff, 2006). In the Mecklenburg-western
Pomeranian part of the Baltic Sea coast, there is a horizontal
salinity gradient between about 12 in the westernmost part and
7-8 around the island of Riigen. Since 1993, T. navalis has been
permanently present in this area (Sordyl et al., 1998). For a long
time it was assumed that the Darf} Sill, with a salinity of around
10, was the easternmost distribution border for T. navalis in
the Baltic Sea. In 1998, however, Sordyl et al. (1998) provided
evidence for permanent T. navalis infestations east of the Darf3
Sill, at Zingst and on the western coast of the island of Hiddensee.
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They, however, did not detect T. navalis infestations farther east
on the islands of Riigen and Usedom. Furthermore, Sordyl et al.
(1998) found that the population was successfully reproducing,
which had not been expected before due to the prevailing low
salinities.

The mean Baltic Sea surface temperature from July to
September has increased by 1.4°C between 1985 and 2000
(MacKenzie and Schiedeck, 2007). As mentioned above, the
survival and distribution of T. navalis is mostly affected
by salinity-temperature interactions (Kristensen, 1969; Borges,
2014). The rise in water temperature since 2000 has further
increased by 0.6°C per decade; this trend will continue
(Siegel and Gerth, 2016), and might thereby shift the eastern
distribution border of this species farther. Since 1998, however,
no investigation of the distribution of T. navalis on the
Mecklenburg-western Pomeranian coast has been carried out
and information on a potential range expansion, for example, to
the island of Riigen, is lacking.

The particular abiotic conditions in the Baltic Sea, with a
salinity gradient from west to east, provide a good opportunity
to study T. navalis at its distribution border. Accordingly, for the
first time in 17 years we systematically surveyed the occurrence
of T. navalis in groin systems on the Mecklenburg-western
Pomeranian coast over a period of 4 years, from 2012 to 2015.
Temperature and salinity conditions in the shallow water areas
investigated were simultaneously recorded, with high temporal
resolution, to evaluate a potential expansion of the salinity and
temperature range required by T. navalis. We also studied the
start and duration of spat fall in relation to the spring temperature
increase and summer temperatures. In 2014, a major intrusion of
saline water from the North Sea to the Baltic occurred (Mohrholz
et al,, 2015). This provided an opportunity to investigate if these
sporadic events improve the salinity conditions for T. navalis in
the Mecklenburg-western Pomeranian part of the Baltic Sea.

MATERIALS AND METHODS
Study Area and Larval Sampling

Along the Mecklenburg-western Pomeranian coastline of the
Baltic Sea, seven locations were sampled between 2012 and 2015,
from Boltenhagen (N53°59.877', E11°11.722) to the west and
Glowe (N54°34.219’, E13°27.571’) on the island of Riigen to the
east (Figure 1). Locations were chosen to assess the abundance
of T. navalis boreholes and the time of larval settlement along
the salinity gradient prevailing along this section of the Baltic Sea
coast. The sampling sites mainly have a soft sandy bottom, partly
interspersed with gravel and stones.

Panels of unplaned pine wood (Pinus sylvestris, 10 x 20 x 2.5
cm), suitable as larval traps for teredinids (Borges et al., 2014),
were attached to wooden pilings of the groin system by scuba
divers, using cable ties. The panels were provided with a hole
in each corner, at about 2.5 cm distance from the edges of the
panel. Two cable ties (0.9 x 150 cm) (Figure 2) were drawn from
the back side of the panel through one hole each, laid in parallel
over the front surface of the panel, drawn through the opposite
hole, and fixed to a groin piling. The cable ties covered 25 cm?
of the total panel surface of 200 cm?. Depending on the sampling
site, the panels were placed at a depth between 1 and 3 m, about
0.5 m above the sea floor and distributed on three different rows
of pilings in the respective groin system, with a distance of at least
50-70 m between the panels.

The total number of boreholes during one summer was
quantified by exposing three larval traps per site each year from
May to September or October. In total 84 panels were exposed
for this purpose. To determine the time of larval settlement
on the wood, three additional panels per site were exposed
and replaced monthly between May and September or October,
respectively. Between October and May, three panels per site
were exposed to check for larvae arriving later in the year than

Kiihlungsborn
® )4

Boltenhagen ( Rostock

Wismar

Hiddensee f/
®)
Zingst Sassnitz
o ® N2 [
Y P R[/f/@
. ,ﬂ*’ »
Graal Mﬁrla 4

Ribnitz-Damgarten

Dranske @ Glowe

Stralsund e

Greifswald

o \vodom
nklam

20 km ¢ &

combination.

FIGURE 1 | Sampling area: (A) Position of the sampling area on the southern Baltic Sea coast. (B) Sampling area: Red bars indicate groin systems in the sampling
area. Stars mark sampling locations with only test panels, and stars with circles indicate sampling locations where test panels and data loggers were installed in
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October. This means that 504 panels were exposed and recovered
to determine the time of larval settlement, giving a total number
of 588 examined panels in the present investigation. After the
defined exposure times, panels were recovered by scuba divers,
gently cleaned of fouling organisms, blotted dry with tissue paper
and air-dried for about 1 h. Next, the total number of boreholes
on the panel front side, oriented toward the open sea water
(~200 cm?), was counted using a stereomicroscope. On the panel
front, sections were marked with a pencil. Each section was
examined for boreholes, using a magnification of 6.7-10x. A
typical borehole had a diameter of 400-700 pm. In 2013 and
2014, the density of boreholes at several sites was extremely high,
making it impossible to count each hole separately. In these cases,
the panel front was divided by a raster of 2.25 cm?. From this
raster, 15 squares were randomly chosen and the boreholes in it
were counted. The resulting number was extrapolated to the total
surface of the sea water-exposed panel front.

According to Weigelt et al. (2016), T. navalis is the only
teredinid species on the Mecklenburg-western Pomeranian Baltic
Sea coast. In the present study, species identification of voucher
specimens from all sampling locations was conducted by DNA
barcoding as described by Weigelt et al. (2016). T. navalis was
confirmed to be the only shipworm species in this area.

Abiotic Parameters

Salinity and temperature were measured hourly at three sites
in 2012 (Boltenhagen, Zingst, Dranske) (Figure1), at four
sites in 2013 and 2015 (Boltenhagen, Kithlungsborn, Zingst,
Dranske) and at five sites in 2014 (Hiddensee additionally).
Data were obtained by autonomous Conductivity-Temperature
Data Loggers (HOBO—U24-002, Onset Ltd., Cape Cod,
Massachusetts, USA), attached to the groins by cable ties next to
the wooden panels, about 0.5m above the sea floor. According
to the manufacturer, the specific-conductance accuracy for
salinity measurements is about 3%, and that for temperature
measurements £ 0.1°C. Although the data loggers were cleaned
of fouling organisms every 4 weeks during the summer months,
recolonization of the salinity sensor sometimes occurred rapidly
and led to partial loss of data. All results were examined
visually for consistency, and conspicuous data points that
clearly indicated the influence of fouling were not used for
further analysis. Temperature measurements were not affected by
fouling.

Statistical Analysis

Abiotic data for the statistical analysis were collected at
the Boltenhagen, Kithlungsborn, Zingst, Hiddensee, and
Dranske stations. Borehole abundance data include all stations
investigated. All statistical analyses were carried out with the
statistical software R version 3.3.0 (R Development Core Team,
2009). Daily mean water temperature and salinity were calculated
from the hourly data. To reveal significant differences in the
parameters summer temperature (21 June to 20 September),
salinity and T. navalis borehole abundance among sampling
stations and years, a one-way Anova followed by the post-hoc
Tukey HSD test was applied.

FIGURE 2 | Larval trap: Representative pinewood panel attached to a groin in
the shallow water of the southern Baltic Sea coast.

Significant correlations between borehole abundance at
different sites and in different years and the environmental
parameters water temperature and salinity were assessed by the
Spearman’s rank correlation coefficient. To rate the significance
of the correlation, the p-value of the F-statistics was used.
The following parameters were tested for significant correlation
with borehole abundance: mean annual salinity, mean summer
salinity and mean summer temperature, number of days with
mean salinity below 8, number of days with mean salinity above
10 and above 12, number of days with mean temperature above
18°C, above 20°C and above 22°C. These parameters were chosen
to reveal possible responses of T. navalis to certain salinity
thresholds and to summer temperature peaks. Salinity of 8 is close
to the assumed lower activity threshold of T. navalis (Hoagland
and Crocket, 1982; Spicer and Strémberg, 2003), 10 and 12 are
slightly above. Daily mean water temperatures above 20°C or
even 22°C are not reached very often in the Baltic Sea during
the course of the study, however higher temperature may favor
the success of T. navalis in low salinity waters (Kristensen, 1969;
Eckelbarger and Reish, 1972).

RESULTS

Salinity and Temperature

Salinity conditions and water temperatures measured during the
4 years of investigation at different sites of the Mecklenburg-
Western Pomeranian coast are shown in Figures 3, 4, and in
Table 1. The stations follow the salinity gradient in the Baltic
Sea and are significantly different in their mean salinity over the
4 years (ANOVA, p < 0.0005). The mean salinity over 4 years
is plotted exemplarily for the stations Boltenhagen in the west
and Dranske in the east of the sampling area (Figure 3). While
at Boltenhagen, the salinity was mostly above 10 and reached
values up to 17 during the winter months, at Dranske salinity
ranged between 8 and 10 most of the time, but also periods
with salinity below 8 were registered. The annual mean values
for salinity (Table 1) showed highest values at Boltenhagen and
Kiihlungsborn with a mean yearly salinity between 12 and 14 and
about 90% of the data points above a salinity of 10. Farther east,
at Zingst, the mean summer salinity mainly ranged between 9
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and 10. More than 30% of the daily mean salinities measured
at Zingst during summer showed values above 10 in all of the
years. Nevertheless, the number of days above a salinity of 10
is variable between years and even days with a mean salinity
below 8 were observed (11%). At Dranske the frequency of
mean daily salinities below 8 (5-11% of measured summer days)
was similar to those at Zingst. However, the percentage of days
with measured salinities above 10 was lower than at the more
western location Zingst and the annual mean salinity at Dranske
varied between 8 and 9. At the sampling stations Boltenhagen,
Kithlungsborn, and Zingst the salinity did not change with the
saltwater intrusion in 2014 (Table 1). During the investigated 4
years no relevant daily fluctuations in salinity were observed.

During all of the investigated years temperatures above 15°C
were reached between late May and early June and dropped below
this value between mid of September and mid of October. The
most striking differences between the years studied were the low
water temperatures in winter 2012/13 lasting until mid of April
2013 and the long lasting high water temperatures in summer
2014 (Figure 4). The mean water temperature between 21th of
December and 20th of March in 2012/13 was 2.7°C compared to
5.5°C in 2013/14 and 5.8°C in 2014/15. Despite this low mean
water temperature, there were only few days between December
2012 and April 2013 with an mean daily temperature below 0°C
(Boltenhagen 1; Zingst 14). During winter 2013/14 at 2 days
mean temperatures below 0°C were measured, while in 2014/15
temperatures below 0°C were not reached at all.

The summer mean temperatures at Boltenhagen were highest
in all years (19.3°C, four-year mean), while at Dranske they
were always lowest (17.6°C, 4-year mean) (Table 1). Also during
summer months, water temperatures at Dranske dropped below
15°C for short intervals (Figure4), which might be due to
upwelling events of colder bottom water in this region. At
Boltenhagen the highest maximum values of summer water
temperatures were measured, often reaching daily mean values
of 22°C (Table 1). The summer mean temperatures including

all stations differed significantly from each other, except
Kiihlungsborn and Zingst (ANOVA, p < 0.0005). In 2014, mean
water temperatures were the highest at all stations. Furthermore,
water temperatures above 15°C continued until October 20,
which was 4 weeks longer compared to 2012 and 2013 and 2
weeks longer than in 2015. Also the summer means in the 4 years
differed from each other: 2012 and 2015 were significantly colder
than 2013 and 2014 (ANOVA, p < 0.0005).

Borehole Abundance

T. navalis boreholes in submerged pine wood panels were
observed at all stations between Boltenhagen and Zingst during
each of the 4 years (Figure5). Farther east, at Hiddensee,
Dranske, and Glowe, boreholes were found less frequently or
were absent. At Glowe, no larval boring activity was observed on
summer-exposed panels. However, in panels exposed at Glowe
from late September or October to spring of the following year,
several boreholes were found, indicating a late arrival of larvae
(Figure 6). At both of the easternmost sampling sites, Dranske
and Glowe, boreholes were always empty or with dead larvae,
indicating unsuccessful recruitment. The borehole abundance
was significantly lower in Dranske and Glowe compared to the
other stations (ANOVA, p < 0.05).

The number of boreholes of T. navalis on the surface of
the exposed pine wood varied considerably among locations
and years, with the highest number of boreholes counted in
2014 (Median: 357 boreholes dm~2 between Boltenhagen and
Zingst) and the lowest in 2015 (Median: 40 boreholes dm—2
between Boltenhagen and Zingst). The borehole abundance in
2015 differed significantly from the abundance in 2014 (ANOVA,
p < 0.05). The highest abundance was found at Kithlungsborn
and Graal Miritz during summer 2012 und 2013, while at
Boltenhagen and Zingst it was comparatively low in these
years. This pattern changed in 2014, showing a maximum at
Boltenhagen in the west, and lower numbers at Kithlungsborn,
Graal Miiritz, and Zingst (Figure 5).

Influence of Temperature and Salinity on

T. navalis Borehole Abundance

Significant correlations between the borehole abundance of
T. navalis and seawater temperature or salinity revealed by
Spearman’s rank correlation test are shown in Table 2. The tests
including the data from the Boltenhagen, Kithlungsborn, Zingst,
and Dranske stations over all study years indicate significant
correlations between borehole abundance and summer mean
temperatures, as well as between borehole abundance and
summer mean salinity. Salinity and temperature are not co-
correlated in our data set. On the other hand, in the tests
concerning data from single stations, significant correlations
between borehole abundance and temperature were found only
for Boltenhagen and Zingst. No correlations between borehole
abundance and salinity were found by the single-station tests.
Since a combined effect of temperature and salinity on T. navalis
distribution seems probable in the Baltic Sea, an ANOVA was
also applied, but did not yield any significant information on the
variance.
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Time of Larval Settlement

From the monthly sampling of larval traps, a peak period of
settlement per year and sampling site was defined (Figure 6). The
main settling period was considered as the time when the number
of boreholes was higher than 10% of the total boreholes of the
respective year and sampling location, and it was distinguished
from the periods when only single larvae attached to the wood.
This period of intensive wood attack by T. navalis differed only
slightly among the sampling locations, but differed more among
years. The earliest boreholes were found on the panels by the end
of June (2014). The main larval settlement started in the middle
to end of August (2012, 2013), and in mid-July (2015) to the
beginning of August (2014, 2015). The main settlement period
in 2013 and 2014 was relatively short compared to 2012 and
2015. In 2013 it lasted until mid-September, over a total period
of 2-4 weeks, depending on the site (Figure 6). In 2015 newly
settled larvae were found on the panels until the beginning of
September, a period of 4-5 weeks. At Kithlungsborn, larvae were
settling even over a period of 9 weeks. During 2012 and 2015,
an intensive T. navalis attack continued until October. Individual
larvae were found on the panels until the end of October in
both years.

At Glowe, no larvae settled on the exposed panels during
summer of the study years. In late September 2013 and late
October 2014, however, larvae bored into the panels at Glowe, but
did not survive. Similar observations that larvae could not settle
successfully after September were made at the other locations
investigated.

The main settling period of T. navalis larvae began 5-12
weeks after the water reached a mean weekly temperature
above 15°C (Figure 6), a threshold for larvae release into the
water in other regions (Loosanoff and Davis, 1963; Culliney,
1975).

DISCUSSION

For several years, the possibility of a range expansion by T. navalis
has been debated in the literature. Some authors have provided
evidence that this species is or will be moving into formerly
uninhabited areas, due to changes in hydrographic conditions
caused partly by climate change (Hoppe, 2002; Tuente et al.,
2002; Gollasch et al., 2009; Paalvast and van der Velde, 2011b;
Borges, 2014). Other authors found that this is not the case for
certain geographic areas such as the western coast of Sweden
(Appelqgvist et al., 2015a,b). For the southwestern Baltic Sea,
Borges et al. (2014) postulated a range expansion of T. navalis
by adaptation to salinities as low as 7. Adaptation of this species
to lower salinities, however, was not confirmed experimentally.
The present distribution border of T. navalis for the southwestern
coast of the Baltic Sea is, according to the results of the present
study, located east of the island of Hiddensee at salinities between
8 and 9. This coincides with the findings of Sordyl et al. (1998),
implying that no range expansion has taken place during the last
17 years. However, from our results it is reasonable to assume that
the actual distribution border is not strict, since slight changes
in salinity or temperature may allow T. navalis to settle and
reproduce farther east.

T. navalis was regularly found in high numbers between
Boltenhagen in the west and Zingst in the east on the
Mecklenburg-western Pomeranian coast (Figure 1). At Zingst,
the annual mean salinity ranges between 9 and 10.8 (Table 1).
Farther east at the island of Riigen, only sporadically low numbers
of boreholes were found, even though the annual mean salinity
at Dranske was only slightly lower in 2014 and 2015 compared
to Zingst. The four-year mean salinity was higher at Zingst (9.7)
than at Dranske (8.8). For the survival and growth of T. navalis,
however, not the mean yearly salinities per se might be important,
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but rather the length of the time intervals above a certain salinity
threshold. At Zingst, for example, the percentage of summer days
with mean salinities above 10 was higher (43%) compared to
Dranske (12%) in all years (Table 1). At Hiddensee the salinities
were above 10 on 31% of the days measured, although only a few
data points were collected from this station.

As mentioned above, Borges et al. (2014) found T. navalis
settling on exposed wooden panels at a salinity of 7 in the
Mecklenburg-western Pomeranian part of the Baltic Sea. The
site described by Borges et al. (2014) (N 54°24.599', E 12°36.6'),
however, is located in the inner coastal waters of the Baltic Sea
west of Zingst, in the Bodstedter Bodden which is part of the
Darss-Zingst-Bodden-Chain (Schiewer et al., 1994). The salinity
at the sampling location given by Borges et al. (2014) is based
on information from a global hybrid data set, compiled primarily
from the environmental dataset in BIO-ORACLE (www.oracle.
ugent.be/). These values were not confirmed by daily long-term
measurements (1979-2004) in the Bodstedter Bodden provided
by Schumann et al. (2006), which show a median salinity of 5.4.
Borges et al. (2014) described the sampling location as a wreck
site in the mouth of the river Prerowstrom. In view of the low
salinity in the Bodstedter Bodden and the absence of wrecks in
this area, we find it highly unlikely that T. navalis was found in
this part of the inner coastal waters of the Baltic. We suppose that
the panels of Borges et al. (2014) were exposed ca. 2 km north of
the Bodstedter Bodden at the former mouth of the Prerowstrom,
which entered the open Baltic Sea until it was closed by sediments
after a strong storm in 1872. At this location, several wrecks are
located (among others the Darf$ Kogge), and prevailing salinities
are similar to those measured at Zingst, making the presence of
T. navalis highly likely there.

Dranske and Glowe, located on the island of Riigen, are
the easternmost sampling sites and therefore those with the
lowest salinity investigated in the present study. During the
regular sampling described above, several boreholes were found
at Dranske in three of the 4 years, even though the abundance
was comparatively low, with one to four boreholes per test panel
(<1 dm~2). At Glowe, farther east than Dranske (Figure 1),
boreholes were detected only in 2012 and 2013, with abundance
levels similar to that at Dranske. Even though boreholes were
present and salinities were mainly above 8, at least at Dranske,
no living larvae or adult specimens were ever observed. During a
T. navalis survey conducted in 2016, however, adult shipworms
were unexpectedly found in older wooden panels exposed in
2013 and 2014. Specimens were up to 20 cm long (shipworm
length, not tube length) and an abundance of three to five
individuals per panel (about 2 dm~2) could be documented
(own results, not shown here). According to the size of the
individuals, they probably had already settled in 2013 or 2014,
due to slow growth in low-salinity waters. Considering the
salinity conditions, Dranske is located at the distribution border
of T. navalis in the southwestern part of the Baltic Sea. Thus, even
slight changes in the abiotic conditions can make this particular
habitat favorable or unfavorable for the wood-borer.

The mean annual salinity at Dranske varied between 8.1 in
2013 and 9.5 in 2015, showing no clear relationship to borehole
abundance in the respective year. The mean temperature in
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FIGURE 5 | Larvae abundance: Bars indicate the median (1 = 3) number of boreholes counted per dm? on test panels at the different sampling sites in the years
2012-2015. Panels were exposed from May to October. The mean salinity based on measurements from 2012 to 2015 (hourly data) is given above the bars.
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TABLE 2 | Spearman’s rank correlation coefficient for potential influence of
seawater temperature and salinity on the abundance of Teredo navalis on the
Mecklenburg-western Pomeranian coast.

Larval abundance vs. Spearman’s rank

correlation coefficient

All years, all stations Mean summer temperature 0.72%
Mean summer salinity 0.79"

Boltenhagen Mean summer temperature 0.77*

Zingst Mean summer temperature 0.88*

Significance level: *<0.05, **<0.01, **<0.001. Coefficients above a threshold of 0.7
reflect correlations between shipworm abundance and the respective abiotic factor, and
are given in bold.

summer 2014, however, was 1.8 and 1.3°C, respectively, higher
than in 2012 and 2015. The warm summer temperatures in 2014
lasted until October 21, thus 2-4 weeks longer than during the
other years investigated. During the summers of 2012, 2013, and
2015, water temperatures at Dranske abruptly dropped below
15°C from time to time. Such rapid decreases were not observed
in summer 2014 (Figure 4). Since reproduction, survival, and
metamorphosis of T. navalis larvae are temperature-dependent
(Nair and Saraswathy, 1971; Hoagland, 1986), we suggest that
the higher and more stable temperatures in 2014 favored
the establishment of T. navalis larvae and the growth of
juveniles, although in terms of salinity, this species is at
its lower physiological limit. For other teredinids (Lyrodus
pedicellatus Quatrefages 1849) the importance of combined
temperature-salinity effects was asserted by Eckelbarger and
Reish (1972). Kristensen (1969), working in Danish waters,
found indications that T. navalis attacks were most likely to
take place when summer mean temperatures were above 19°C,
and such attacks were strongest when high water temperatures
coincided with increased salinities. Applying a climate-envelope
model, Appelgvist et al. (2015a) found for the western Baltic
Sea that favorable conditions for T. navalis were controlled
by temperature whenever salinity was above 8. This result is
supported by the present study through field investigations of
T. navalis abundance combined with direct measurements of
temperature and salinity conditions at the sampling locations.
However, from the present data, this effect cannot be asserted
statistically. The decreasing salinity from west to east along
the Mecklenburg-western Pomeranian coast is confounded with
decreasing temperature, making the chosen sampling spots
inappropriate to test this hypothesis. Further investigation at
selected sampling locations as well as laboratory experiments
under controlled temperature and salinity conditions would be
necessary.

Optimum temperatures for reproduction of T. navalis are
above 15°C (Roch, 1932; Kristensen, 1979). Larvae are released
at the straight-hinge veliger stage, about 5 days after fertilization
(Culliney, 1975) and remain in the water column for another
15-35 days before settlement (Schiitz, 1961; Nair and Saraswathy,
1971; Culliney, 1975). On the Mecklenburg-western Pomeranian
coast, temperatures above 15°C were reached in early June in all
of the years investigated. According to these observations and
to the literature cited above, larvae would have been expected

to start settling on the exposed panels between late June and
early July. This was not the case in the present study, with
few exceptions (see Figure6). The settling period started 5-
12 weeks after the optimum temperature of 15°C was reached.
There was thus no obvious relationship between the threshold
temperature persumed to trigger larval release and the settling
period of T. navalis. Similarly, Paalvast and van der Velde
(2011a) found T. navalis breeding from August to September in
the Port of Rotterdam area, even though favorable conditions
for reproduction were reached in April or May. Furthermore,
Kristensen (1979) found T. navalis larvae settling in the Danish
Isefjord from mid-August to the end of September. In contrast,
on the Swedish west coast, larvae settled from the end of June
to the beginning of July (Appelgvist and Havenhand, 2016),
thus mainly several weeks earlier than on the Mecklenburg-
western Pomeranian coast. Appelqvist and Havenhand (2016)
established a significant correlation between the date at which
the mean sea surface temperature reached 16°C and the start
date of intensive recruitment. The results from the present study,
as well as from Kristensen (1979) and Paalvast and van der
Velde (2011a) may indicate that this temperature threshold is
not relevant for all regions, or that abiotic factors other than
temperature influence the start of larval settlement. These factors
might be lower salinities, for example, compared to the Swedish
west coast, or the availability of food or wood. Furthermore,
prevailing wind direction and intensity influence coastal currents
and may determine the settling success of released larvae. These
influences, as well as the prevailing period of T. navalis larvae
in the coastal waters of the southwestern Baltic Sea, were
not analyzed in the present study. Therefore, no clear trend
was found for the settling time of T. navalis larvae on the
Mecklenburg-western Pomeranian coast during 2012 and 2015.
However, different authors (Ryabchikov and Nikolaeva, 1963;
Kristensen, 1979) did find that peak settling coincided with the
end of a period of high temperatures. This relationship could
not be confirmed by the present investigation, since sampling
intervals of 4 weeks were too long for this purpose. Nevertheless,
a tendency to intensive settlement toward the end of a period
of warm temperatures can be hypothesized from the results, and
should be investigated in more detail in future studies.
Compared to investigations on T. navalis from other coastal
regions, the borehole abundance on the panels exposed at
the Mecklenburg-western Pomeranian coast seems very high.
Maximum numbers of boreholes in the study years were between
990 (2013) and 90 (2015) boreholes per dm?. Kristensen (1979)
found a maximum of 27 juvenile T. navalis per dm? in Danish
waters, and Norman (1977a,b) and Appelqvist et al. (2015b)
between 100 and 200 individuals per dm?, respectively, on the
Swedish west coast. However, in these studies juvenile individuals
were counted using x-ray radiography, in contrast to the present
study, in which boreholes were counted. The latter method
leads to an overestimation of larval abundance, since not every
borehole was inhabited by a successfully metamorphosed living
shipworm. Control counts comparing the number of living
individuals with the number of boreholes showed that about
70% of the larvae arriving at a wooden panel successfully settled
(own results, not shown here). Even taking this into account, the
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number of boreholes in the southwestern Baltic Sea is generally
high compared to other regions, also in years with low borehole
abundance at the study sites. Also, Zettler et al. (2000) observed
that benthic marine species occur in higher abundances in the
Mecklenburg Bight, close to their distribution border, than in
more marine regions, although the individuals remain smaller
due to low salinity. This might be due to a potentially large
catchment area for larvae in this part of the Baltic Sea coast,
including the German, Danish, and Swedish coasts (Appelqvist
et al., 2015a), or to reduced competition for space due to lower
biodiversity in low-salinity waters.

The sporadic inflows of high-salinity waters from the North
Sea to the Baltic Sea strongly influence the environmental
conditions in the Baltic (Elken and Matthius, 2008), as
mentioned in the introduction. One of the major intrusion events
of the last century occurred in 1993 (Dahlin et al., 1993; Mohrholz
et al, 2015), and coincided with the return and permanent
establishment of T. navalis along the southwestern Baltic coast
(Sordyl et al., 1998). This led to the assumption of several authors,
that the salinity increase in the Baltic positively influenced the
establishment of T. navalis (Sordyl et al., 1998; Nehring, 2005).
During the present study the first major saltwater intrusion since
2003 (Mohrholz et al., 2015) was observed. We recorded a sharp,
although temporary rise of monthly mean salinities in January
2014 at the Boltenhagen, Kithlungsborn, and Dranske stations.
At Boltenhagen and Kithlungsborn the salinity was 18.5 and
hence more than 3 units higher than the highest mean value for
January measured during the 4 years of the present investigation.
At Dranske the rise was more than 2 units up to a salinity of
10.4 (own results, not shown here). In February, salinity returned
to levels frequently measured during the respective time of the
year. These findings coincide with those of Schumann et al.
(2006), who also found that a salinity increase related to salt-
water intrusion lasted for only a few weeks, mainly January and
February. In 2015 after the major salt-water intrusion, total larval
densities were much lower than in other years. At Dranske und
Glowe no larvae at all were found in 2015. The major salt-
water intrusion in 1993 also occurred during winter, minimizing
possible effects on the introduction of T. navalis to the Baltic
Sea. We therefore conclude that the very sporadic major salt-
water intrusions from the North Sea have little or no effect on
T. navalis in the Baltic Sea, particularly during winter when
temperature is too low for the physiological requirements of this
wood-borer.

To prevent further spreading of the invasive T. navalis
along the coastline, Appelqvist et al. (2015a) suggested to
remove wooden structures as potential stepping stones. On
the Mecklenburg-western Pomeranian coast, the groin systems
deployed at short intervals along the shore indeed represent ideal
man-made stepping stones for the distribution of T. navalis from
higher-salinity waters toward the lower-salinity waters farther
east. However, it must be noted that the use of wood as a natural
building material in the Baltic Sea should be favored for coastal
protection and other maritime purposes, and hence is highly

recommended by HELCOM (Rec 16-3 Helcom, http://helcom.fi/
helcom-at-work/recommendations).

The present investigation did not provide definitive results
regarding the factors that might control the settlement of T.
navalis larvae along the Mecklenburg-western Pomeranian coast.
This is partly due to the high variances in borehole abundance. At
Boltenhagen, for example, small numbers of boreholes, compared
to Kithlungsborn and Graal Miiritz, were found in the years
2012, 2013, and 2015, although Boltenhagen should have more
favorable conditions for T. navalis larvae in terms of salinity
and temperature. In 2014, the borehole abundance was much
higher at Boltenhagen than in Kithlungsborn and Graal Miiritz.
In 2014, the number of settling larvae was increased at Zingst
and Hiddensee compared to the other study years. At Zingst
and Hiddensee the increased borehole density is probably due
to the high summer temperature in 2014. The variability at
Boltenhagen, however, cannot fully be explained by the abiotic
parameters measured. Rather, variability in surface currents,
perhaps due to prevailing wind directions in the respective year,
may have caused the high larval abundance in 2014. Detailed
information on water currents along the Mecklenburg-western
Pomeranian coast in the study years would be essential but
were not measured in this study. Furthermore, the varying
salinity and temperature conditions and the parallel decrease of
salinity and temperature toward the east make interpretations
difficult. However, the present study was conducted as a first step
toward an understanding of the species’ occurrence at the limit
of its distribution. For detailed analyses of combined salinity-
temperature effects, experiments under controlled conditions
(laboratory or mesocosm) would be preferable, where salinity
and temperature combinations should be chosen according to the
results of the present study.
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