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Some like it cold: populations of the tellinid bivalve 
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ABSTRACT: Because of its relatively low tolerance to elevated tem peratures, Macoma balthica (L.) 
may be one of the first im portant m arine species in tem perate coastal areas to suffer from a warm ing 
climate. For the last few decades, the abundance of the species in the Dutch W adden Sea has been se­
riously declining. At lower latitudes, the southern edge of its range recently shifted several 100s of km 
to the north. To understand changes in abundance related to high tem peratures, we studied short-term 
population responses to w arm er than average seasons using data from a long-term  (> 35 yr) sampling 
program  in the w estern W adden Sea. The observed relationships included reduction of reproductive 
output and recruitm ent in years starting with mild w in ter-spring  periods, reduction of adult survival in 
years w ith w arm  summers, reduction of annual m igration in ~8 mo olds to more favourable areas in 
mild winters, reduction of growth rates in w arm er than average growing seasons, and enhancem ent of 
seasonal w eight loss in milder than average winters. We conclude that elevated tem peratures n eg a ­
tively affect population dynamics of M. balthica in a num ber of ways, i.e. via recruitm ent or mortality 
as well as growth. These negative influences w ere observed already far below the upper lethal tem ­
perature of the species and in populations living -1000 km polew ard of the warm  edge of the species' 
range. The outcome of M. balthica's energy balance appears to be decisive for their continued exis­
tence by effects not only on individual weights but also on mortality as well as reproduction.
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INTRODUCTION

In line w ith the presently w arm ing global climate, 
seaw ater tem peratures show substantially increasing 
trends in (sub)polar and tem perate climatic zones. 
Along the North Sea coasts, rises in tem perature w ere 
particularly steep in the last -20 yr. Currently, m ean an ­
nual seaw ater tem peratures along the Dutch North Sea 
coast are >1°C higher than  2 decades ago and such in ­
creasing trends have been observed across all seasons 
(van Aken 2008). Similar tem perature rises have been 
observed elsew here at tem perate latitudes, resulting in 
increasing abundance of lower-latitude species (south­
ern  species in the N orthern Hemisphere) and declines 
in higher-latitude species (e.g. Barry et al. 1995). At

tem perate latitudes, a tem perature rise of ~1°C results 
in a polew ard shift in climate zones of 100s of km. Such 
a change would be of sufficient m agnitude to affect 
animal populations over extensive areas (Root et al.
2003). Long-term monitoring results indicate a recent 
polew ard shift of intertidal biota by -50  km per decade 
(Helmuth et al. 2006). In the low-latitude (warm) part 
of a species range, this may ultimately lead to local ex ­
tirpation. Further long-term  tem perature increases are 
expected (Houghton 2001, IPCC 2007).

To identify mechanisms underlying poleward changes 
in species ranges as a consequence of global warming, 
it will be fruitful to study population responses to inci­
dental w arm er than  average summers and milder than 
average winters. Such studies should be of a long-term
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nature and include not only long-term  assessm ents of 
the total size of the population, but also the m ain pro­
cesses leading to changes in population size: recru it­
ment, survival, and migration. Additional experim en­
tal studies at the organism level can provide insight 
into the underlying physiological base of population 
processes, in particular the influence of tem perature 
on rates of food consum ption and energy expenditure, 
together determ ining the energy balance.

The present study reviews our know ledge with ref­
erence to these topics in one species: the tellinid 
bivalve Macoma balthica (L.). This is a suitable spe­
cies, because many details are known on its physiology 
and ecology, both from the num erous published stud­
ies and from results of a long-term  (almost 40 yr) m on­
itoring program  of the population dynamics of the 
zoobenthos at Balgzand, a tidal-flat area in the w estern 
part of the W adden Sea. In addition to reviewing 
already published data, portions of a long-term  dataset 
on the M. balthica population at Balgzand are p re ­
sented and used to study how population dynamics 
and grow th rates of this species are related  to seasonal 
tem peratures.

Among the abundant species of W adden Sea 
bivalves, Macoma balthica is the most limited in its d is­
tribution towards low latitudes. Among these species 
(including Cerastoderma edule, Crassostrea gigas, 
Mya arenaria, and M ytilus edulis), M. balthica is also 
the most sensitive to high tem peratures: the upper and 
lower boundary of the range of tolerated tem peratures 
as well as its optimal tem perature w ere found to be 
lower than those of these other bivalve species in the 
W adden Sea, as shown in comparative studies by van 
der Veer et al. (2006), Freitas et al. (2007), and Jansen  
et al. (2007b). Its relatively high sensitivity to elevated 
am bient tem peratures is the main reason why it was 
chosen for the present study: it may be one of the first 
to suffer and disappear from a substantial part of its 
present range as a consequence of a w arm ing climate. 
Over nearly all of the Dutch W adden Sea, M. balthica 
abundance has seriously declined for the past 1 or 
2 decades (Dekker & Beukem a 2007, D ekker & 
W aasdorp 2008, J. M. Jansen  pers. obs., see Fig. lb), 
but it rem ains to be seen w hether this decrease can 
be fully attributed to the consequences of rising tem ­
peratures.

The aim of the present study is to review  the avail­
able evidence for tem perature-related  changes in 
Macoma balthica populations living in the low-latitude 
(warm) half of the species' range. We hypothesize n eg ­
ative effects of higher than  average seasonal tem pera­
tures including (1) lower recruitm ent (Beukema et al. 
2001a, Strasser et al. 2003) and (2) lower survival in 
years w ith relatively high tem peratures in one or more 
seasons, and (3) more severe and lengthy periods of

negative energy balance (De Wilde 1975, Hummel 
1985b) in such years. We further discuss observed 
changes in distribution patterns, including a polew ard 
range shift (Barry et al. 1995, Jansen  et al. 2007a) and 
(at smaller scales) shifts to deeper w aters to escape 
excessive heating  (Wilson 1990), and phenological 
changes such as earlier starting dates in spring of sea­
sonal processes (Philippart et al. 2003, Root et al. 2003).

MATERIALS AND METHODS

Species. At present, the original Macoma balthica 
(L.) species complex is no longer regarded  as one sin­
gle species. In accordance with Väinölä (2003) and 
Nikula et al. (2007), the populations of the southern 
tem perate part of the West Atlantic are considered a 
separate species: Macoma petalum  (Valenciennes). 
Within the rem aining northerly circumpolar complex, 
2 subspecies can be distinguished: (1) a mainly North 
Pacific subspecies, Macoma balthica balthica, with 
European populations inhabiting the White Sea and 
Baltic Sea; and (2) a northeastern  Atlantic subspe­
cies, Macoma balthica rubra, found along the North 
Sea and northeast Atlantic coasts (Norway, UK, and 
France). The present study is restricted to the M. 
balthica rubra subspecies, which most likely origi­
nates from invasions from the Arctic basin to more 
southern latitudes about 2 million yr ago (Nikula et 
al. 2007).

M onitoring data. In addition to published results, a 
num ber of unpublished data from the Balgzand m oni­
toring program  will be presented. Since -1970, macro- 
zoobenthos samples have been  taken  twice annually at 
15 fixed stations at tidal flats in the westernm ost part of 
the W adden Sea at -53° N, 6° E (see Beukem a & Cadée 
1997 for details on location and environm ental condi­
tions of the sampling stations). These stations cover the 
entire tidal range (mean range from 60 to -8 0  cm re la ­
tive to m ean-tide level) and almost all sedim ent types. 
Sampling procedures are explained in D ekker & 
Beukem a (2007). In short, the samples w ere sieved in 
the field over 1 mm sieves and sorted alive in the labo­
ratory. Macoma balthica individuals w ere sorted to 
year of birth, counted, and their greatest shell length 
was m easured. The ash-free dry mass (AFDM) of their 
soft parts was determ ined as the difference in weight 
after drying to constant weight at 60°C and subsequent 
ashing at ~560°C.

A nnual da ta  from the Balgzand monitoring program  
w ere available for 35 to 39 successive years of the 
1969-2007 period (late-winter samplings, mostly in 
March, and late-sum m er samplings, mostly in August). 
These data  refer to num erical densities (ind. n r 2), bio­
mass (g AFDM n r 2), individual lengths and weights
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(allowing estim ates of condition as a body-mass index 
[BMI]: individual AFDM divided by third pow er of 
shell length, in m g cm-3), and allocation of each indi­
vidual to a cohort (year of birth, from annual shell 
marks), allowing estim ates of annual growth (as 15- 
station m eans of m ean individual AFDM change 
betw een M arch and August in individuals belonging 
to the age-group of ~1 yr olds), recruitm ent (as 15-sta- 
tion m eans of num erical densities of 0-group animals 
in August), and mortality. Mortality is expressed as z 
(d-1), i.e. the natural log (In) of the quotient of the num ­
ber of adults m-2 of adults at the start (N0) and end (NJ 
of the period divided by the num ber of days (t) elapsed 
betw een the 15-station m ean dates of the samplings at 
the start and end  of the period, z  = In (Nq/NJ/í. Some 
of the basic data series on the population of Macoma 
balthica on Balgzand have been assem bled in Fig. 1, 
showing long-term  changes in biomass, annual recruit­
ment, annual mortality, seasonal w eight gain, and 
seasonal w eight loss.

T em perature records. M onthly tem perature values 
have been  derived from daily observations (at 08:00 h) 
of surface w ater tem peratures from a jetty  at the shore 
of the M arsdiep tidal inlet (the main tidal inlet of the 
westernm ost part of the Dutch W adden Sea) at <10 km 
from Balgzand (data are sum m arized in van Aken
2008). In all seasons, w ater tem peratures showed sig­
nificantly increasing trends for the past 2 decades 
(those for w inter and summer tem peratures are shown, 
Fig. la).

Statistics and data selection. To evaluate statistical 
significance, both non-param etric (sign test) and p a ra ­
metric tests (best linear fits of correlated data) w ere 
applied. In the latter tests, some obvious outliers (i.e. 
values >2.5 SD away from the average) w ere omitted 
from the calculations. The 37 annual values for recruit 
densities included one outlying value (see Figs. le  & 
2a). As to mortality rates, 8 such data points (out of 37) 
w ere present: an exceptionally low one for 1976 and 7 
successive exceptionally high rates in the early 2000s 
(see Figs. Id  & 3). The low 1976 point may have been 
due to sam pling error, but the 7 high points w ere not 
random  outliers. The temporarily elevated mortality 
rates for the 1999-2006 period was caused by a tem ­
porarily effective extra cause of mortality, most likely 
the presence of a parasite, as argued by J. Drent et al. 
(unpubl. data).

In the calculations of m ean late-w inter BMI values, 
data from one or more stations had  to be omitted in 
some years because of a late sam pling date (in April 
instead of February or March). In a few years, even 
some late-M arch data  had  to be omitted because 
grow th had  started already in M arch, resulting in 
rapidly rising BMI values; this was particularly so in 
1991 (Beukema & Cadée 1996, their Fig. 3).

RESULTS 

R ecruitm ent

Densities of Macoma balthica recruits (ind. m-2 of 
early benthic life stages as assessed -3  mo after their 
settlem ent on the tidal flats) showed high year-to-year 
variability (Fig. le). Recruit densities w ere on average 
significantly higher in years starting with a cold than 
w ith a mild w inter (Fig. 2a). Even if the one outlier in 
Fig. 2a (i.e. the extrem ely successful recruitm ent in
1991) is included, the negative relationship betw een 
w inter w ater tem perature and subsequent recruitm ent 
rem ains statistically significant (p < 0.05).

As cold w inters lead to cold springs in this area (van 
Aken 2008), negative relationships betw een w ater 
tem perature and recruitm ent — as shown in Fig. 2a 
from D ecem ber to February — are to be expected and 
w ere indeed found for each of the 6 mo of the Janu- 
a ry -Ju n e  period (most w ere statistically significant). 
Therefore, it is difficult to determ ine in w hich part of 
the first half of the year the subsequent success or fail­
ure of recruitm ent was actually established.

Recruitment was not very successful (<300 m-2) in all 
of the years starting with a m ean w inter w ater tem per­
ature of >4°C (Fig. 2a). Colder w inters w ere rather fre­
quent before 1988, but rare after this year (Fig. la). 
Highly successful recruitm ent (>300 m-2) did not occur 
in any of the 16 years after 1991.

M ortality

Up to the year 2000, the Balgzand population of 
Macoma balthica showed relatively low and constant 
mortality rates (Fig. Id). Subsequently, mortality rates 
suddenly increased sharply and rem ained high for 
a period of -7  yr. Because these 7 values w ere true 
outliers (see 'M aterials and methods'), they will be 
ignored in the following analyses.

A nnual mortality rates w ere significantly higher in 
years including a warm  summer than in years charac­
terized by a cold summer (Fig. 3a). Winter tem perature 
w ithin the year of observation, on the other hand, did 
not show any correlation with annual mortality (p > 
0.9) (Fig. 3b).

M ortality rates w ere not equal in all seasons. On 
average, they w ere significantly higher in spring-sum - 
m er (March to August) than  in au tum n-w in ter (August 
to March) (mean ± SE = 0.0027 ± 0.0003 versus 0.0011 
± 0.0001 d-1, respectively, p < 0.001, sign test for differ­
ences betw een 35 paired  values). Thus, even a slight 
tem perature effect on the relatively high rates of 
spring-sum m er mortality would potentially contribute 
more to variability in annual mortality than a possible
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Fig. 1. A laconia balthica. Long-term data series for w ater tem peratures in  M arsdiep tidal inlet (courtesy H. van Aken, NIOZ) and 
5 param eters of the Aí. balthica population on Balgzand tidal flats, based  on tw ice-annual sam pling at 15 stations, (a) M ean w ater 
tem peratures (°C): A w inter (D ec-Feb average), O annual, ■  sum mer (Jun-A ug  average), (b) Late-winter total (sums of all age 
groups) biomass in  g ash free dry mass (AFDM) n r 2, (c) Late-summ er estim ates of density of recruits (young of the year) 
(ind. n r 2), (d) A nnual mortality of adults (>1 yr olds) betw een  2 successive late-w inter sam plings (mean instantaneous daily rate) 
(d-1). (e) M ean individual w eight gain of soft body parts betw een  late w inter and subsequent late sum mer of -1 yr olds (mg AFDM 
in d r 1). (f) Proportions of late-sum m er w eights (as % body mass index [BMI] of August values) lost betw een  late-sum m er and late- 
w inter sam plings for -1.5 yr olds. Linear trends shown only if statistically significant over entire period: (a) m ean tem peratures 
(n = 39) annual = -71.0 + 0.041 x year (r = 0.61, p  < 0.0001); sum mer = -46.5 + 0.032 x year (r = 0.44, p  < 0.01); w inter = -88.6  +

0.047 x year (r = 0.35, p  < 0.05)
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Fig. 2. Macoma balthica. Relationships betw een  w inter w ater 
tem peratures (D ec-Feb average in  M arsdiep tidal inlet, °C) 
and (a) subsequent estim ates of m ean densities of recruits on 
Balgzand in August (means of 15 fixed sam pling stations, ind. 
n r 2), and (b) Loss of soft-body w eight of -1.5 yr olds (as %BMI 
of August values) in  the A ugust-M arch  half-year period that 
included the w inter of the plotted tem perature. (O): outlier. 
Best linear fits: (a) recruit density = 407 -  51 x tem perature 
(r = -0.42, n  = 36, p  = 0.01), and (b) %BMI = 7.5 + 3.57 

x tem perature (r = 0.59, n  = 28, p  <0.005)

tem perature influence of a similar m agnitude on the 
relatively low autum n-w in ter rates. Actually, tem pera­
tures w ere found to significantly affect mortality in 
both half-year periods: mortality rates in spring-sum - 
m er w ere positively correlated w ith tem perature (r = 
0.51, n = 28, p < 0.01), w hereas mortality rates in 
au tum n-w in ter w ere negatively correlated w ith tem ­
perature (r = -0.49, n = 28, p < 0.01). For 2 reasons the 
latter relationship did not seriously affect the relation­
ship betw een w inter tem peratures and annual m ortal­
ity rates (Fig. 3b): (1) the contribution of au tu m n -w in ­
ter mortality to annual mortality rates was minor (see 
above); and (2) there was some com pensation of the 
higher mortality rates in cold winters, as subsequent 
spring-sum m er mortality rates tended  to be lower 
after cold than after mild w inters (r = 0.28, n = 29, p = 
0.15). Thus, the net influence of tem perature on annual 
survival in Macoma balthica was significantly nega-
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Fig. 3. Macoma balthica. Annual mortality rates (expressed as 
m ean  instantaneous daily rates, d_1) based  on num erical den ­
sities in  M arch of >1 yr olds over 39 yr (1969-2007) at 15 fixed 
sam pling stations on Balgzand in relation to (a) m ean sum mer 
(Jun-A ug) and (b) m ean w inter (Dec-Feb) tem perature in 
that year. (O): outliers, 1999-2006 w ith enhanced and 
1976-1977 w ith reduced  mortality. The only statistically sig­
nificant correlation was betw een  mortality and sum mer tem ­
peratures for the group of 31 yr (•) w ith a best linear fit shown 
by a line in  (a): m ortality = -0.0021 + 0.00021 x sum mer 

tem perature (r = 0.51, n  = 31, p  = 0.003)

five in warm  summers w hereas no significant net in ­
fluence of w inter tem peratures was observed.

W eight gain and loss

M ean individual w eight changes in the M arch - 
August periods (which include the annual growing 
seasons) w ere invariably positive and varied by a fac­
tor of -3  (Fig. le). These seasonal w eight gains b e ­
tw een M arch and August w ere on average higher 
in years w ith cold than w ith warm  growing seasons 
(Fig. 4).

Throughout the rem ainder of the year, Macoma 
balthica individuals generally lost w eight in all months 
betw een July and M arch (Hummel 1985b, D ekker & 
Beukem a 2007). These w eight losses w ere more sub­
stantial in half-year periods including a mild w inter 
than those including a cold w inter (Fig. 2b), as also
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observed by Zwarts (1991) and Honkoop & Beukema 
(1997). Losses in -1.5 yr old M. balthica significantly 
increased from -15%  in half-year periods including a 
cold w inter to -35 % in those periods including a mild 
winter. In older age groups seasonal losses w ere even 
higher (Dekker & Beukem a 2007). These w eight losses 
are conveniently expressed as changes in BMI, b e ­
cause length grow th is negligible during these half- 
year periods (Beukema et al. 1985, their Fig. 7).

DISCUSSION 

Effects of tem perature  on population  dynamics and 
w eights

The Balgzand tidal flat Macoma balthica population 
(-1000 km north from the warm  southern edge of its 
European range) is certainly not m arginal. In the W ad­
den Sea, M. balthica is a common species w ith mostly 
high values for num erical density, biomass, and pro­
duction (Dekker & Beukema 2007), showing growth 
rates close to the maximum values observed in Europe 
(Beukema & M eehan 1985, their Fig. 3). Nevertheless, 
it was found to suffer in a num ber of different ways 
from above-average seasonal tem peratures in this area.

Results from the present long-term  study revealed 
several population-size reducing responses to w arm er 
than average seasons. These negative reactions in ­
cluded lower recruitm ent after mild than after cold win- 
te r-sp rin g  seasons (Fig. 2a) and lower survival in years 
including a hot rather than a cool summer (Fig. 3a). 
Further, lower proportions of juveniles m igrated (by

m eans of thread-drifting; Beukem a & De Vlas 1989) 
from nearshore areas to more favourable offshore loca­
tions (Beukema 1993) in mild than in cold winters 
(Hiddink & Wolff 2002, Beukem a & Dekker 2003).

Results from the long-term  data series in the W adden 
Sea also revealed tem perature influences on seasonal 
changes in individual weights. Weight w as negatively 
affected by higher than average tem peratures in 2 
ways: seasonal w eight gains w ere lower in warm  than 
in cool growing seasons (Fig. 4) and seasonal weight 
losses w ere more substantial in mild than in cold w in­
ters (Fig. 2b).

For bivalve populations living near the edge of their 
range, tem perature may generally affect multiple eco­
logical and physiological processes. In the southern 
Atlantic scallop Psychrochlamys patagonica, G utiér­
rez et al. (2008) found that the equatorial limit of its 
range could be ascribed mainly to abrupt tem perature 
changes in its environm ent causing poor recruitm ent, 
high mortality, as well as low grow th rates.

Phenology

In the W adden Sea, annual growing seasons of 
Macoma balthica are short, typically not longer than 
3 or 4 mo (Beukema & De Bruin 1977, D ekker & 
Beukem a 2007). Usually, annual grow th begins slowly 
in March. At that time, new  grow th is discernable only 
in spat-sized individuals. With increasing w inter tem ­
peratures, this start has shifted to earlier dates: around 
1 M arch after a mild w inter and a few w eeks later after 
a cold w inter (Beukema et al. 1985). The ends of the 
growing season also depend  on tem perature, again 
w ith earlier dates (in July) at higher tem peratures 
(Beukema et al. 1985). Both M arch and July w ater tem ­
peratures showed increasing trends betw een 1970 and 
2007 (March: 0.05°C y r 1, r = 0.37, p = 0.02; July: 0.03°C 
y r 1, r = 0.28, p = 0.08). Thus, during the past 4 decades, 
both the start and the end of the growing season have 
shifted by a few w eeks to earlier dates, but the length 
of the growing season may not have substantially 
changed. Because there is no evidence that the timing 
of phytoplankton blooming depends on spring tem per­
atures nor that phytoplankton peaks have shifted to 
earlier dates w ithin the last 3 decades of the 20th cen­
tury (Philippart et al. 2003), it is difficult to determ ine 
w hether the shift of the grow ing season of M. balthica 
to a somewhat earlier period in spring would lead to 
better or lower annual grow th of this species in the 
W adden Sea.

At lower latitudes, tem peratures tend  to be higher 
throughout the year. Earlier starts of the growing sea­
son of Macoma balthica would therefore be expected 
and have been found— in the Seine estuary, some



Beukem a et ai.: Tem perature effects on A laconia balthica dynamics 141

500 km south of the W adden Sea, grow th began  in 
February (Beukema & Desprez 1986).

Spaw ning is triggered by w ater tem perature in early 
spring, ~10°C according to De Wilde (1975) and a few 
°C lower according to Drent & Luttikhuizen (2004). For 
the last 3 decades of the 20th century, these threshold 
values w ere reached  at significantly increasingly e a r­
lier dates (Philippart et al. 2003). Since the mid-1980s, 
spaw ning start dates have become earlier at a rate of 
-1 d y r 1.

Drent (2004) compiled data on the time of annual 
spaw ning in w est-European Macoma balthica popula­
tions and did not find a clear latitudinal trend in their 
spaw ning season; in fact, spaw ning appeared  to take 
place across most locations betw een M arch and April. 
However, at the southernm ost locations, i.e. in the 
G ironde estuary (where w inter w ater tem peratures 
scarcely decline below 8°C), spaw ning has been  ob­
served in January  and February (Bachelet 1986, Drent
2004).

Range shifts

Half a century ago, the southernm ost European pop­
ulations of Macoma balthica w ere located in the Span­
ish part of the Bay of Biscay at -43° 20' N, but more 
recent reports of its occurrence appear to be lacking 
(Jansen et al. 2007a). Searching in estuaries south of 
nearby Arcachon Bay (-44° 40' N) did not yield any 
specimens (G. Bachelet pers. comm.). Within Arcachon 
Bay, the species was still present in good num bers at 
several places in the 1980s (Bachelet et al. 1990); how ­
ever, in the early 2000s, Blanchet (2004) found no spec­
imens, despite intensive sam pling at almost 200 sites. 
In 2006, a single specim en was occasionally found in 
the easternm ost part of the bay (G. Bachelet pers. 
comm.). The present southern limit of regular occur­
rence of M. balthica in Europe appears to be the 
G ironde estuary, w here the species has recently been 
found at several locations north of -45° 20' N, both in 
the intertidal and subtidal zones (G. Bachelet pers. 
comm.). Thus, a shift of several 100s of km of its south­
ern  limit to the north appears to have recently taken 
place. M ean w ater tem peratures in the area w here the 
species d isappeared are ~1°C higher than w ithin its 
present range, and maximum tem perature differences 
may be even greater (Jansen et al. 2007a).

Within the W adden Sea, the annual low -tem perature 
stim ulated migration of Macoma balthica spat in w in­
ter enhances num bers in low-intertidal or subtidal off­
shore areas at the expense of high-intertidal nearshore 
populations. Particularly in the subtidal and lowest 
intertidal flats of the W adden Sea, this secondary 
recruitm ent in w inter is more im portant than primary

recruitm ent by larval settlem ent in late-spring. Thus, 
the final distribution pattern  of adult M. balthica is 
largely affected by a w inter-tem perature related  pro­
cess involving migrations over distances of several km. 
As a result of this migration, an enhanced proportion of 
adults can live in areas w here their survival is better, 
grow th is more rapid, and reproductive output is 
higher (Beukema 1993, Hiddink et al. 2002, van der 
M eer et al. 2003, Cardoso et al. 2007). Moreover, by 
moving to offshore areas these individuals avoid 
extrem e tem peratures. In shallow coastal m arine and 
estuarine areas such as the W adden Sea, summer tem ­
peratures are usually higher and w inter tem peratures 
lower than in nearby shelf seas such as the North Sea 
(De Vooys 1990, his Fig. 3). On hot summer days, tem ­
peratures at the sedim ent surface of the highest tidal 
flats within the southern half of the distribution area of 
M. balthica can reach ~30°C during prolonged periods 
of emersion. This is so close to their lethal limits that 
they should avoid such areas either by moving to 
deeper w aters or by burrow ing into deeper layers of 
the sedim ent (as they do after the growing season; 
Zwarts & W anink 1993, De Goeij 2001).

Offshore migrations to deeper areas have been 
described for the W adden Sea (see above) and the 
W esterschelde estuary in the SW of The N etherlands 
(Bouma et al. 2001), but (as far as we are aware) not for 
any area at a lower latitude. In 2 Tellina species, 
Wilson (1990) reports observations pointing to a shift of 
maximal abundance to deeper and more offshore zones 
in low latitude areas com pared to high latitude areas.

M echanism s underly ing tem peratu re  effects

U nderstanding the processes underlying the influ­
ence of tem perature on recruitm ent, mortality, and 
individual w eight (and ultimately on the species' distri­
bution and abundance) is challenging (Helmuth et al. 
2006), but these processes are incompletely known. Ef­
fects of a w arm ing climate may manifest either directly 
from physiological stress w ithin individuals (acute 
effects, Pörtner 2001, chronic effects, Jansen  et al. 
2007b, present study) and/or indirectly from changed 
interrelationships with other species (such as p red a­
tion and competition).

Recruitment

The observed reduced annual recruitm ent after 
w arm er than  average w in ter-sp ring  seasons may have 
multiple causes acting at different life stages. Honkoop 
& van der M eer (1997) reported  that adult female 
Macoma balthica produce more eggs after cold than
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after mild winters. However, betw een-year variability 
in calculated total num bers of spaw ned eggs per m2 
could explain only a m eager 7 % of variability in subse­
quent recruit densities (Honkoop et al. 1998). T here­
fore, processes acting after the egg  stage may have 
contributed more decisively to the relationship b e ­
tw een w inter tem peratures and recruitm ent.

Food supply for larval stages might be more 
favourable after cold than after mild winters. In the 
G erm an W adden Sea, higher spring phytoplankton 
biomass results from lower w ater tem peratures in the 
preceding w inter (Martens 2001, van Beusekom et al.
2009). On the other hand, shifts in spaw ning time to 
earlier dates in spring appear to lead to a poorer match 
betw een young larval stages of Macoma balthica and 
food availability, causing lower survival from egg to 
spat stage (Philippart et al. 2003).

A subsequent m atch may be of at least equal im por­
tance: that of the earliest benthic stage of Macoma 
balthica on tidal flats w ith the appearance of their main 
predator, the shrimp Crangon crangon. Shrimp abun­
dance is not only higher but also peaks earlier on the 
W adden Sea tidal flats after mild w inters (Beukema
1992). The m agnitude of predation by shrimp on early 
benthic stages of M. balthica contributes significantly 
to the latter's survival (Philippart et al. 2003) and final 
recruit densities in summer are higher after low shrimp 
densities on tidal flats in late spring (Beukema et al. 
1998, Beukema & D ekker 2005). Between-year vari­
ability in shrimp biomass on tidal flats in May explains 
-50%  of the year-to-year variability in the m agnitude 
of M. balthica recruitm ent as assessed in the subse­
quent summer (Beukema et al. 1998, their Fig. 9, 
Beukema & D ekker 2005, their Table 4).

Mortality

The cause of the observed enhanced mortality rates 
in years (and particularly in spring-sum m er half-year 
periods) w ith a warm  summer season is not clear. Low 
w eight-at-length values lead to reduced survival 
(Beukema et al. 2001b). In summer, such condition val­
ues are relatively low in years w ith low growth 
(Beukema & C adée 1991) and grow th is re tarded  w hen 
condition values at the start of the growing season are 
low (Beukema et al. 2001b). Such low condition values 
occur particularly by rapid w eight loss in mild w inters 
(Fig. 2b). Thus, the reduced survival in warm  sp ring - 
summer periods may be associated w ith the observed 
reduced grow th rates in years with elevated spring 
tem peratures (Fig. 4) and g reater w eight loss in mild 
w inters (Fig. 2b).

Additionally, in the larval stage of Macoma balthica, 
survival is negatively related  to tem perature. Though

grow th rates increase w ith increasing tem perature, 
mortality rates increase faster, and the resulting m or­
tality betw een egg and m etam orphosis increases with 
tem perature (Drent 2002).

M igration

Low w ater tem peratures stimulate floating behav­
iour in spat (Sörlin 1988). In tidal streams of the W ad­
den Sea, Hiddink & Wolff (2002) caught more drifting 
spat by plankton nets in w inter in colder water. The 
higher spat concentrations in cold w inters may also be 
associated with a higher viscosity of cold water, caus­
ing slower sinking of spat, w hich would result in 
longer distances of transportation by tidal currents and 
w ider distribution (Beukema & De Vlas 1989). Thus 
both a low -tem perature stimulus as well as better 
transportation by cold w ater may contribute to the 
observation by Beukem a & D ekker (2003) that higher 
proportions of Macoma balthica spat populations 
m igrate in cold winters.

Weight changes and energy balance

C hanges in weights of soft parts reflect a net result of 
the balance of energy gain by food intake and energy 
loss by respiration. The 2 processes are governed by 
the interplay of am bient tem peratures and food con­
centrations. The short annual periods of net energy 
gain in W adden Sea populations coincide w ith the 
short periods (April-June) of high concentrations of 
chlorophyll-containing m aterial (Hummel 1985a); in 
particular, diatom concentrations during the growing 
season appear to be decisive (Beukema & Cadée 1991). 
The growing period starts w hen tem peratures have 
risen to ~5°C in late w inter (Beukema et al. 1985), and 
earlier w hen phytoplankton concentrations are well 
above their long-term  average (Beukema & Cadée 
1996). In the W adden Sea, the growing season ends in 
mid-sum m er w hen tem peratures exceed ~16°C (Beu­
kem a et al. 1985). Phytoplankton concentrations are 
then low and Macoma balthica reduce their activity 
and stop active feeding (Hummel 1985b).

A reduction of metabolic activity is a general and 
necessary response of an ectotherm  to suboptimal con­
ditions (Hoffmann 1976, Branch et al. 1988, Hawkins
1995). Macoma balthica shows a great capacity to 
reduce its metabolic activity at elevated tem peratures 
(Jansen et al. 2007b). W hen subm erged, m aintenance 
costs may becom e strongly reduced, and w hen ex ­
posed to air during low tide, M. balthica may utilize 
anaerobic metabolic pathw ays to minimize its glyco­
lytic flux (Carroll & Wells 1995, H and & H ardew ig
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1996). Seasonal variation in anaerobic metabolic end- 
products shows that more alanine is accum ulated in 
individuals from low latitudes during summer (Kube et 
al. 2007). Despite this extensive plasticity, w eight gain 
turns to w eight loss and this reversal takes place e a r­
lier in warm  summers (Beukema et al. 1985). N ear the 
southern border of their range, M. balthica cannot suf­
ficiently reduce their energy use and thus cannot reach 
sufficiently high w eight-at-length (BMI) levels at the 
end of the growing season to survive the subsequent 
weight-loss season, as BMI values decline in the course 
of the latter season to values <5 mg c n r 3 and most of 
the animals die (Hummel et al. 2000). Transplanted 
beyond the southern border of their range, they appear 
to be unable to control energy expenditure and rapid 
w eight loss w as observed (Jansen et al. 2007a). A ppar­
ently, M. balthica become m oribund at low BMI levels. 
In the W adden Sea, such low BMI values are rarely 
observed, but if so, they lead to reduced survival 
(Beukema et al. 2001b).

A lower BMI threshold appears to exist not only for 
survival but also for reproduction. It was assessed at 
5.6 m g c n r 3 by Honkoop & van der M eer (1997). Re­
cruitm ent is a prime factor governing the long-term  
abundance and production in tidal-flat bivalve species 
such as Macoma balthica (van der M eer et al. 2001, 
Dekker & Beukema 2007). Consistently low recruitment 
success (Fig. le) might be a major factor in the recent 
declining trend in M. balthica abundance (Fig. lb) in 
the w estern  W adden Sea.

CONCLUSIONS

In summary, relatively high seasonal tem peratures 
negatively affect Macoma balthica population pro­
cesses (such as survival and reproduction) via effects 
on the bivalve's energy balance, resulting in low BMI 
(condition) values leading to subsequently reduced 
survival and reproductive output. Therefore, we con­
clude that the outcome of the energy balance (as 
expressed in BMI values) may be crucial not only for 
individual w eight changes, but also by its decisive 
effect on both mortality and reproduction. The higher 
the am bient tem peratures, the shorter are the annual 
periods of favourable combinations of tem perature and 
food supply and the lower are the chances to reach suf­
ficiently high w eight-at-length values to survive and 
reproduce. In addition, elevated w inter tem peratures 
in the W adden Sea may lead to reduced recruitm ent by 
more severe shrimp predation on postlarvae and 
slower grow th by lower phytoplankton concentrations.
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