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CHAPTER

Is reproductive failure responsible for reduced
recruitment of intertidal Mytilus edulis L. in the western
Dutch Wadden Sea?

Joana F.M.F. Cardoso, Rob Dekker, Johannes 1J. Witte and Henk W. van der
Veer

Royal Netherlands Institute for Sea Research (NIOZ), P.O. Box 59, 1790AB Den Burg, Texel, The Netherlands

Abstract

The mussel Mytilus edulis is an abundant bivalve in the Dutch Wadden Sea, both in intertidal areas as
well as in subtidal culture plots. From mid 1980’s to late 1990°s, strong declines in mussel intertidal
populations have been observed, both in terms of occupied area and in biomass. Despite the efforts
since 1999 to preserve intertidal mussel beds, abundance and biomass of mussels in the Dutch Wadden
Sea are at present still much lower than in the 1970’s. In the present paper, we tested whether
reproductive failure could have been the cause for the low recruitment of M. edulis in the western
Dutch Wadden Sea. Water temperature is an important factor influencing growth and reproduction in
bivalves. The observed increase in mean temperature in the Dutch Wadden Sea during the last decades
suggests that an effect of temperature on the population dynamics of mussels might be expected.
Nevertheless, no significant relationship was found between body condition and mean winter
temperature. Therefore, a decrease in body condition and, consequently, in reproductive output, due to
increasing temperature, will not have been a cause for the observed low recruitment in recent years.
The seasonal patterns of individual growth supported this view: most adults developed gonads during
the spawning season suggesting that reproductive (gametogenic) failure was not a cause for the low
recruitment. Nevertheless, reproductive investment by the mussel population studied was not optimal
since complete spawning hardly occurred. In addition, the high gonadosomatic ratio at the end of the
summer did not result in heavy spawning, suggesting resorption of gonadal tissue due to unfavourable
environmental conditions (too high temperature and/or food limitation during summer). Reduced
recruitment could be due to poor spawning but other factors that exert their influence after spawning
(predation on larvae or postlarvae, lack of settlement substrate) or on the adult population (decrease in
number of spawners) are also likely to be involved in the observed low recruitment during the last
years.



Chapter 2

Introduction

The blue mussel Mytilus edulis is one of the most common inhabitants of the Dutch Wadden
Sea, where it occurs in natural (wild) beds in intertidal and subtidal areas. Mussel beds have
an important role in the ecology of the Wadden Sea, since they serve as a habitat and food
source for various species (De Jonge et al. 1993, Dankers et al. 1999, De Vlas et al. 2005).
The large filter-feeding activity of mussels results in the deposition of large amounts of
suspended matter in the form of faeces and pseudofaeces (Dankers et al. 1999). The
breakdown of organic matter produces ammonia and silicates which may stimulate primary
production (Asmus and Asmus 1991) while pseudofaeces provide a food source for various
species, such as deposit-feeding worms (Dankers and Koelemaij 1989, Dankers et al. 1999).
In addition, mussels provide hard substrate for species such as barnacles and macroalgae, and
are an important food source for a variety of shorebirds and ducks (Zwarts 1991, Ens et al.
1993, Nehls et al. 1997). From the 1950’s onwards, commercial mussel plots were introduced
in subtidal parts of the western Dutch Wadden Sea. Initially, this was done to avoid the
impact of the mussel parasite Mytilicola intestinalis on mussel stocks, but in the late 1950’s,
commercial plots were laid as a compensation for the loss of cultivating area in the Delta
waters in the south-western part of The Netherlands (Dankers et al. 1989, Van der Veer
1989). In the early years the total area available for culture steadily increased from about 10
km? in 1951 to about 70 km? in 1960 and remained stable since then (Van der Veer 1989,
Dankers and Zuidema 1995). The so-called seed mussels (spat of about 1 year old) are
dredged from wild beds and spread on the subtidal culture plots, where they can reach a
commercial size in about one year (Dankers and Zuidema 1995).

In the Wadden Sea, mussel beds have been studied for a long time and until now (Kuenen
1942, Maas Geesteranus 1942, Verweij 1952, Havinga 1960, Beukema 1976, Asmus 1987,
Dekker 1989, Asmus and Asmus 1991, Dankers et al. 1999, Buschbaum and Saier 2001,
Munch-Petersen and Kristensen 2001, Herlyn and Millat 2002). From mid 1980’s to late
1990’s, strong declines in mussel intertidal populations have been observed, both in terms of
occupied area and in biomass (Dankers et al. 1989, Dijkema et al. 1989, Herlyn and Michaelis
1996, Kristensen 1996, Herlyn and Millat 1997, Dankers et al. 1999). Winter storms,
predation and intensive fisheries for spat may have had a negative impact on mussel beds (for
an overview see Dankers et al. 2004). In addition, poor spatfall and unsuccessful recruitment
could also have contributed to population decline. Since mussel larvae tend to settle where
mature beds used to occur or even on top of existing mussel beds (De Blok and Geelen 1958,
Dankers et al. 1999), measures were taken in 1999 to preserve intertidal mussel beds in the
Dutch Wadden Sea. As a result, the surface area and biomass of intertidal mussel beds
increased since 2001, although values are still much lower than in the 1970’s (Dankers et al.
2003, Steenbergen et al. 2003, Dankers et al. 2004, Steenbergen et al. 2004). This suggests
that at least part of the decrease in mussel densities has been due to fishing activities for spat.
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Reproductive investment in Mytilus edulis

However, the slow and restricted recovery of mussel beds in the intertidal points to the idea
that other factors involved in the survival of adults or recruitment success might be acting too.

Already in the 1940’s, food limitation for mussels in the intertidal of the Dutch Wadden
Sea was suggested by Kuenen (1942) and, subsequently, more detailed studies have supported
this suggestion (Asmus et al. 1990, Asmus and Asmus 1991, Kamermans 1993, Beukema and
Cadée 1997, Beukema et al. 2002, Van de Koppel et al. 2005). Under food limitation,
unfavourable environmental conditions will have a strong impact on the energy available for
the various physiological processes, such as growth and reproduction. The observed increase
in water temperatures in the area (Van Aken 2003; http://www.nioz.nl, go to Research,
Scientific Departments, Physical Oceanography, Ferry and Jetty Observations) suggests that
an effect of temperature on the population dynamics of mussels might be expected. In this
respect, Beukema & Dekker (2005) and Philippart et al. (2003) concluded that the recruitment
trends of bivalve species in the Wadden Sea are governed primarily by natural processes,
especially by temperature-mediated predation processes. For several bivalve species, the
decrease in recruitment during the last decades seems to be due to an increase in predation
pressure, which is enhanced by high winter temperatures. In M. edulis, such mechanisms have
also been reported (McGrorty et al. 1990, Beukema 1982, 1992, Young et al. 1996).

Nevertheless, this does not exclude an impact by temperature-mediated physiological
processes. An effect of temperature on body mass and egg production has been observed in
bivalve species of the Dutch Wadden Sea. Not only loss of body mass is generally higher after
mild than after severe winters (Honkoop and Beukema 1997) but also a positive relationship
between body mass indices and egg numbers has been observed (Honkoop and Van der Meer
1998). In M. edulis, a lower body condition has been observed after mild winters (Honkoop
and Beukema 1997), suggesting that the increasing temperature trend during the last decades
might also have a negative effect on its reproductive output.

In the present paper, we aim to test whether reproductive failure could be a cause for the
low recruitment of M. edulis in the western Dutch Wadden Sea. For that, we followed the
approach of Honkoop et al. (1998), in which egg production, used as a measure of
reproductive investment, was calculated from body condition in spring. In this study, we used
a long-term data series from the intertidal western Wadden Sea (Balgzand area) in late winter
(see Beukema and Dekker 2005). In case reproductive failure is occurring, we expect a
decrease in mean body condition of M. edulis as a result of the increase in mean winter
temperature. In addition, the seasonal pattern in gonadal mass was followed to check [1]
whether body condition in late winter was a good indicator of the reproductive investment in
M. edulis; and [2] to analyse the variability in reproductive investment and assess whether
reproductive failure occurred in individual mussels. Reproductive failure is analysed here in
terms of failure in gametogenesis.
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Chapter 2

Materials and Methods

Growth and reproductive investment

From September 2001 to October 2002, M. edulis were collected, if possible every month, on
a wild mussel bed in the intertidal Wadden Sea (52° 55” N and 4° 48’ E; Fig. 2.1). This site is
emerged for an average of 4 h per tidal cycle and the sediment has a silt content of about
17.5%. At each sampling, around 100 individuals were collected randomly by hand at low
water, transported to the laboratory within a few hours, stored in seawater at 5 °C and
processed within the next 48 hours.

53 000

2.5 Km

I
5000

Fig. 2.1. Sampling location of M. edulis on the intertidal flats of Balgzand in the western Dutch
Wadden Sea. Striped lines indicate the limits of tidal flats.

Each individual shell was weighed to the nearest 0.01 g and its length was measured to the
nearest 0.01 mm with electronic callipers. Age was estimated by counting the shell’s external
growth rings (for more details see discussion). All bivalves were opened and flesh was
removed. Reproductive tissue (gonadal mass) was separated from the rest of the body mass
under a microscope. Ash-free dry mass (AFDM) of each part was determined to the nearest
0.01 mg. Body condition was determined by calculating the Body Mass Index (BMI),
expressed as the total body AFDM (soma + gonads) divided by shell length®. The investment
in somatic and gonadal mass was determined by estimating the Somatic Mass Index (SMI)
and the Gonadal Mass Index (GMI). SMI (mg cm™®) was estimated as the AFDM of the soma
divided by shell length® and GMI (mg cm™®) was expressed as the gonadal AFDM divided by
shell length®. The relative investment in reproduction (reproductive effort) was determined by
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Reproductive investment in Mytilus edulis

calculating the Gonadosomatic Ratio (GSR), described as the gonadal AFDM divided by the
total body AFDM.

By dividing mass by cubic shell length, animals of different size could be compared in
terms of condition. The extent to which variability in condition could be accounted for by
seasonal variability and by differences among age classes was examined by using analysis of
variance ANOVA. A sinus function was chosen to represent the seasonal variability in mass
along the year. For that, a linear trend over time was used in combination with a sinusoidal
seasonal effect. The overall time effect looked, therefore, like

B; Time + (3, sin( 2rt ((Month - 33)/ 12)),

in which By, B2, and B3 are parameters, Time is a continuous variable that runs from the first
day of observation till the last day, and Month is a continuous variable that runs from the first
month of observation till the last month. Note that this model is only a linear model when 33
is known beforehand. For that, we ran this linear model for all 12 possible values of 3 (i.e. the
values 1 to 12) and selected the model with the lowest residual mean squares. Subsequently,
the selected model was used to correct somatic and gonadal mass indices for seasonal and age
differences. In order to obtain Normality, GMI data were transformed using the squared root
transformation and therefore, only individuals that contained gonadal mass were included in
the estimation of this index.

For the analysis of growth rates, shell length (mm), total body mass (mg AFDM), somatic
(mg AFDM) and gonadal (mg AFDM) masses were plotted against age (in years). Von
Bertalanffy growth (VBG) curves were fitted to shell length-at-age curves according to the
expression:

L = Lo*(1 - XY

where L., is the estimated maximum length (mm), k is the growth rate constant (d™), t is the
age (days) and L. is the observed length at age t. VBG parameters L. and k were iteratively
estimated.

All statistical analyses were made using the software package SYSTAT (Wilkinson 1996).

Long-term trends in body condition

Long-term data on average total body masses per length class in winter (February/March)
were available for the intertidal western Dutch Wadden Sea (Balgzand area) from the early
1970’s till now. For information on sampling methods see Beukema et al. (2001). From these
data series, mean body mass index (see above) was determined per year. Long-term trends in
body condition were then analysed and related to water temperature data. Temperature data
were obtained from the long-term series from the Marsdiep (via http://www.nioz.nl, go to
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Research, Scientific Departments, Physical Oceanography, Ferry and Jetty Observations; Van
Aken pers. com. 2006)
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Fig. 2.2. a) Shell length (mm, mean£SE), b) total body mass (mg AFDM, meanzSE) and c) somatic
(mg AFDM, mean£SE) and d) gonadal mass (mg AFDM, mean+SE) of M. edulis at Balgzand plotted
against age (years). Von Bertalanffy growth (VBG) curve was fitted for shell length-at-age data (a).
The transition between two age groups is considered to be on the 1% of January.

Results

Growth and seasonal patterns

Fig. 2.2 shows shell length, total body mass, somatic mass, and gonadal mass for each age
class along the studied year. In the studied area, maximum age and shell length observed were
respectively 9 years and around 70 mm, while maximum observed total body, somatic and
gonadal masses (considering all individuals sampled) were about 2160 mg AFDM, 1130 mg
AFDM and 760 mg AFDM, respectively (Fig. 2.2). For all age classes, growth in shell length
occurs generally in spring (Fig. 2.2a). The sometimes observed decrease in shell length of a
certain age class, between successive sampling occasions, will have been due to sampling
errors. A general pattern of periods of growth in mass was alternated with periods of decrease
in mean values (Fig. 2.2b,c,d). Growth in somatic and gonadal mass occurs in spring and
beginning of summer, after which there is a decrease (Fig. 2.2c,d). Large variability was seen
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in individual total body mass, somatic and gonadal mass. The estimated maximum size was
about 86.4 mm shell length (k = 0.409*1073, n = 735, r* = 0.90).
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Fig. 2.3. a, b) Body mass index (mg cm™®); ¢, d) somatic mass index (mg cm™); and e, f) gonadal mass
index (mg cm™®) of M. edulis at Balgzand along the year (left panel) and between different age groups
(right panel). Values of gonadal mass index were square root transformed and only animals which
developed gonads were included. Curves and lines are model predictions.
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In all analyses sexes are treated together, as no differences in body mass index (BMI),
somatic mass index (SMI) and gonadal mass index (GMI) were found between them
(ANOVA, BMI: Fe) = 2.171, p = 0.142, r* = 0.55; SMI: Fz 204y = 2.115, p = 0.147, r* =
0.62; GMI: F 205 = 1.381, p = 0.241, r? = 0.25). A clear seasonal pattern was seen in body,
somatic and gonadal mass indices (Fig. 2.3). Season and age affect significantly BMI, SMI
and GMI (ANOVA, BMI: F(3ea1y = 116.494, p = 0.000, r* = 0.35; SMI: F3pa4) = 165.117, p =
0.000, r* = 0.44; GMI: F@sr2) = 27.294, p = 0.000, r? = 0.13). For BMI and SMI, this is due to
significant effect of season (ANOVA, t-statistic, BMI: t = -13.384, n = 645, p = 0.000; SMI: t
=-13.289, n = 648, p = 0.000; 2-tailed) and age (ANOVA, t-statistic, BMI: t = -8.948, n = 645,
p = 0.000; SMI: t =-14.795, n = 648, p = 0.000; 2-tailed). However, significant differences in
GMI were found along the year (ANOVA, t-statistic, t = 7.271, n = 576, p = 0.000; 2-tailed)
but not between age groups (ANOVA, t-statistic, t = -0.526, n = 576, p = 0.599; 2-tailed). A
peak in body and somatic mass index occurred in July while the period with lowest mass was
between December and February (Fig. 2.3a,c). Gonadal mass index also showed maximum
values around July and low values in the beginning of the year (Fig. 2.3e). According to the
reading of external shell marks, the oldest age found at the studied location was 9 years old.
Individuals of all age groups, from 0-group to maximum age were present. BMI and SMI
showed an increase until an age of 3 years old, decreasing from 3 to 5 years old and being
more or less constant from then on (Fig. 2.3b,d).

The smallest individual that developed gonads was 14.6 mm shell length and 1 year old.
From the decrease in GMI in 2002, spawning seemed to occur between July and September.
However, a small decrease in GMI was also observed in April (Fig. 2.3e). The gonadosomatic
ratio (GSR), used as a measure of reproductive investment, also reached a maximum mean
value in July, where total body mass consisted of about 27% of gonads (Fig. 2.4). Another
smaller peak of about 21% GSR occurred in April, suggesting the occurrence of two
spawning periods.
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Fig. 2.4. Gonadosomatic ratio (-) of M. edulis at Balgzand in 2002. Bars are 95% confidence intervals.
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Trends in body condition

The body mass index in winter (February and March) showed a significantly positive
relationship with the gonadosomatic ratio (ANOVA, February: F 27y = 26.988, p = 0.000, r* =
0.52, March: F1,37) = 7.578, p = 0.009, r? = 0.18) (Fig. 2.5). This means that, for these months,
GMI can be estimated from data on body condition with reasonable accuracy. Long-term
trends of mean body condition in late winter (February/March), before the spawning season,
and of mean winter (January-March) water temperature, from the late 1960°s until 2006, are
shown in Fig. 2.6. Body condition did not show a significant trend along the years (Spearman
rank correlation test: rs = 0.137, n = 37, p = 0.412, 1-tailed; Fig. 2.6a) while winter
temperature (January- March) showed a significant increase (ANOVA, F(1 36 = 4.585, p =
0.039, r’ = 0.11; Fig. 2.6b).

0.60 —
a) February b) March o

0.45
0.30

0.15

Gonadosomatic ratio (-)

0.00 \ I T T T \ ] 1 \ \ T 1 1 \

Body mass index (mg cm-3)

Fig. 2.5: Relationship between gonadosomatic ratio (-) and body mass index (mg cm™) of individual
M. edulis at Balgzand in a) February and b) March.

Although a slight negative correlation was found between BMI and temperature (Fig.
2.6¢), it was not significant (Spearman rank correlation test: rs = -0.047, n = 37, p = 0.785, 1-
tailed). However, two periods of different trends in temperature and body mass could be seen.
Until the late 1980’s mean winter temperatures were low (average 1969-1989 was 3.3 °C) and
body mass index significantly decreased (rs = -0.514, n = 21, p = 0.021, 1-tailed), while after
that period, mean winter temperatures were higher (average 1989-2006 was 4.5 °C) and body
mass index significantly increased (rs = 0.650, n = 16, p = 0.012, 1-tailed).
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Fig. 2.6. a) Long-term series of mean body mass index (mg cm™) of M. edulis at Balgzand in late
winter (February-March); b) Long-term series of mean winter water temperature (January-March, °C)
the western Dutch Wadden Sea; ¢) Mean winter temperature (°C) plotted against mean body mass
index (mg cm™) of M. edulis. Arrows show years with good mussel spatfall at Balgzand (densities of
six months old individuals higher than 20 ind. m?). Temperature data were obtained via
http://www.nioz.nl (go to Research, Scientific Departments, Physical Oceanography, Ferry and Jetty
Observations) and Van Aken (pers. comm. 2006).
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Discussion

Growth and seasonal patterns

Age determination was done by counting the external winter growth marks, a method
validated by Lutz (1976) using shell sections, and used recently by Cusson and Bourget
(2005) and by Ozernyuk and Zotin (2006) to study growth in Mytilus edulis. The use of
external growth rings for age estimations has been under debate. Growth rings are usually
seen on the shell surface of mussels but whether such rings are annual is dependent mostly on
the seasonal variation in water temperature. Mussels from the English North Sea coast have
clearly shown annual growth marks that are related to the absence of growth during winter
(Seed 1969a). In the western Wadden Sea, growth of bivalves also stops during winter
(Lammens 1967, Pieters et al. 1979, Beukema et al. 1985). Therefore, visible annual growth
rings are expected to be seen in mussels from this area. A maximum age of 9 years old was
found in the present study, which is in line with the information that the studied mussel bed
originated from the spatfall of 1992 (“Bank 101" described in Dankers et al. 2004). However,
it should be kept in mind that external counts might be biased because disturbance (stress)
marks are not always visually distinguishable from annual growth marks. This will mainly
occur in old individuals, since growth marks are very close to each other and difficult to
visualize. As a result, an overestimation of age and underestimation of the growth rate is
likely to occur. Shell erosion, which occurs mainly in old individuals, may also lead to errors
in age determination. On the other hand, unclear marks may have been overlooked.

The seasonal trend in somatic mass index followed similar patterns as described before for
other bivalves from the Wadden Sea area (Cardoso et al. 2007, Cardoso et al. in press, Zwarts
1991, Chapters 3, 4 and 5). In general, body condition tends to increase from early spring to
mid summer. In the mussel M. edulis, growth in terms of body mass started in February,
earlier than observed by Honkoop and Beukema (1997) some years before at the same
location. Body and somatic mass indices increased from January until July, which coincided
with the increase in water temperature from about 5 °C in January to 20 °C in July (not
shown). Gonadal mass index also reached a peak in July suggesting that the main spawning
peak occurred shortly after this time. However, the peak settlement of spat occurs usually at
around June (De Vooys 1999), leading to the appearance of young mussels by the end of June
and beginning of July (R. Dekker pers. obs.). Spat originating from late summer is usually not
abundant in the Dutch Wadden Sea (Dankers pers. comm. 2006). Although the largest
decrease in GMI and gonadosomatic ratio occurs at this time, the contribution to recruitment
is low and, therefore, part of the decrease in gonadal mass between July and September could
be due to a general decrease in body condition at the end of the summer. This suggests that
the main spawning event of mussels in the Wadden Sea occurred between April and June.
These results support the observations of De Vooijs (1999), in which a major larval peak was
observed in May, followed by smaller peaks along the summer.
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Factors affecting mussel recruitment

Several factors can be involved in the decreasing trend in mussel recruitment (as shown in
Fig. 1c of Beukema et al. 2001). The decrease in eutrophication due to the cleaning-up of the
river Rhine, suggested by the decrease in phytoplankton primary production and chlorophyll-a
(Cadée and Hegeman 1993, Cadée and Hegeman 2002) could lead to a decrease in
macrozoobenthic biomass and eventually to a decrease of spawners. In addition, periods with
low salinity due to freshwater input in the Wadden Sea originating from the IJssel Lake
(Anon. 2005), can lead to problems in fertilization and larval development (Bayne 1965) as
well as low growth (Remane and Schlieper 1971) in mussels.

Food availability is the most important factor controlling growth in bivalves. By the
analysis of growth curves in somatic and gonadal mass, it seems that conditions for individual
growth in the western Wadden Sea are rather good. Maximum observed length in this study
was around 70 mm, at an age of 9 years old. Smaller maximum sizes, between 50-60 mm
shell length, were found in intertidal mussels from the northern German Wadden, the Danish
Wadden Sea and the English North Sea coast (Seed 1969b, Buschbaum and Saier 2001,
Munch-Petersen and Kristensen 2001). In addition, recruitment has also been occurring every
year, since all age classes from the last 9 years are present in the samples. Therefore, an effect
of food quantity/quality on individual growth and reproductive investment does not seem a
probable explanation for reduced recruitment.

The expansion of the invading oyster species Crassostrea gigas (Diederich et al. 2005,
Diederich 2006), which, unlike the mussel, benefits from warm summers (Diederich et al.
2005), could also be responsible for decrease in recruitment. This species settles on former
mussel beds and forms massive reefs which seem to be more resistant to environmental stress
than mussel beds (Diederich 2006). The large filtering capacity of oysters (Gerdes 1983,
Dupuy et al. 2000, Bougrier et al. 1995) also suggests that they may filter larvae from other
bivalve species. In large oyster reefs, this may have a negative impact on recruitment of
nearby bivalve populations. Therefore, the fast growth and reproductive output of the oysters
(Cardoso et al. 2007a, Diederich 2006) may be a competitive disadvantage to mussels,
especially if food and/or space are limiting.

Up to now, evidence of an effect of winter temperature on recruitment has been observed
for several species (Beukema 1982, 1992; Strasser et al. 2001, Strasser 2002, Philippart et al.
2003, Nehls 2006). Mild winters seem to enhance the presence of predators, such as shrimps
and crabs, which feed on newly settled larvae, leading to low recruitment success (Beukema
1991, Strasser and Gunther 2001, Strasser 2002, Beukema and Dekker 2005). Besides the
high numbers of predators during mild winters, also the temporal mismatch between bivalve
settlement and predator settlement is shorter because bivalve larvae tend to appear later on the
tidal flats (Beukema 1991, Strasser and Gunther 2001, Philippart et al. 2003). In the Dutch
Wadden Sea, highest shrimp densities occur in May/June (Beukema and Dekker 2005). Since
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mussel spat settlement also occurs in May/June, it is possible that spat will suffer heavy
predation pressure.

Moreover, mild winters also lead to a lower body condition in spring (Honkoop and
Beukema 1997). Body condition is not only positively related to gonadal mass index, as seen
in this study, but also animals with low body condition produce fewer eggs (Honkoop and
Van der Meer 1998). Therefore, a negative effect of increasing winter temperatures on body
condition and, consequently, on reproductive output can be expected. Despite the increase in
mean winter temperature during the last decades, no clear trend in body condition was seen
(neither through time nor with temperature). An effect of higher winter temperatures on body
condition and, consequently, on reproductive output does not seem to be a cause for the
observed low recruitment in recent years. However, body mass indices from 1969 to 2006
seem to follow a trend from low body mass index in some years, to higher index after a few
years, which decreases again to low values. Often, these periods of low body mass index
occur after years with good recruitment (years with densities of six months old individuals
higher than 20 ind. m™). It is possible that after years with good recruitment, the body mass
index of the population is low, because young individuals have a lower body size in relation
to shell size (as seen in Fig. 4b). During the following years, the body mass index increases.
From the results in this paper, the body mass index is highest in 2-3 year old individuals, and
decreases in older ones. A general decrease in condition and mortality in old individuals could
lead to a decrease of the body mass index of the population. At the moment, body condition
of the population is relatively high, suggesting that during the next years, with the mussel
population getting older, a decrease in condition is expected.

Is reproductive failure responsible for reduced recruitment?

No clear correlation was found between body mass index and temperature. Considering that
the ratio gonadal mass/total body mass has not changed over time, this suggests that the low
recruitment success over the last decades was not caused by a decrease in body condition and,
hence, on the energy available for reproduction (gametogenesis), due to an increase in mean
water temperatures. Unfortunately no information on long-term data sets of gonadal mass in
relation to body mass was found for mussels and, therefore, we could not evaluate possible
variability in gonads/body ratio through time. In Macoma balthica, no correlation was found
between the amount of eggs produced and subsequent recruitment (Honkoop et al. 1998),
suggesting that egg production (reproductive investment) does not govern recruitment.
Nevertheless, the number of adult mussels in beds has been declining since the mid 1980’s
(Dankers et al. 1989, Dijkema et al. 1989, Dankers et al. 1999). At very low densities the
spawning adult stock might become a limiting factor and this could ultimately cause a
decrease in the amount of eggs produced by the population, leading to a decline in
recruitment. Moreover, the decrease in adult mussels in recent years might also have lead to a
shortage of suitable settlement substrate.
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In terms of individual growth, reproductive (gametogenic) failure does not seem to have
been a cause for the low recruitment because most adults developed gonads during the
spawning season. However, reproductive output is not optimal, since most individuals did not
spawn completely during the spawning season. Unfortunately, no data on reproductive output
of mussels was found in literature. However, Honkoop and Van der Meer (1998) have also
observed incomplete spawning in mussels of the same area. More than one decade earlier,
Sprung (1983) observed complete spawning in mussels offshore the German coast, where two
spawning peaks were observed (a small one in April and a strong one at the end of June). At
high summer temperatures, local food limitation could have lead to the observed decline in
body condition. Since food availability is the most important factor controlling gonad growth
in mussels (Bayne and Worrall 1980, Kautsky 1982), resorption of gonadal tissue might have
caused a low reproductive output at the end of the summer. Resorption of gonads has been
previously observed in M. edulis (Bayne et al. 1978, 1982; Pipe 1987, Toro et al. 2002).
Whether poor spawning (due to unfavourable conditions) could be potentially a cause for low
recruitment can not be accessed in the present paper.

Both the long-term series and the individual growth study suggest that reproductive failure
in terms of failure in gametogenesis was not the cause for the observed low recruitment
during the last years. Reduced recruitment could be due to resorption of gonads but other
factors that execute their influence after spawning or on the adult population could also be
involved.
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