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ABSTRACT: Sulphide-oxidizing endosymbiont-bearing bivalves often dominate the infauna of 
seagrass-covered sediments, where they control sulphide levels and contribute to carbon cycling 
by feeding on chemosynthetically fixed carbon and suspended particulate organic m atter (SPOM). 
Previous studies from tem perate habitats suggest that SPOM availability may regulate growth 
and reproduction, since SPOM may be of greater nutritional value than the material provided by 
bacterial endosymbionts. To examine if changes in diet correlate with body condition and repro
ductive activity, we studied seasonal patterns in somatic and gonadal investment and gameto- 
genic development in relation to nutrition in the endosymbiont-bearing bivalve Loripes lucinalis 
in seagrass-covered intertidal flats at a tropical study site (Banc d'Arguin, Mauritania). Carbon 
stable isotope analysis revealed clear seasonal cycles in the relative heterotrophic contribution to 
the diet of Loripes, with mean monthly values ranging from 21 % in March to 39% in September. 
Seasonality was also observed for size-corrected body and somatic mass, both increasing from 
March to October, suggesting food limitation during winter. In contrast, Loripes exhibits a semi
annual reproductive cycle characterized by major spawning events during both January-February 
and July-August. Growth and gametogenic development seem to especially require supplemental 
heterotrophic nutrition from June to January. Thus, the ability to shift to heterotrophic feeding 
contributes to growth, reproductive output and survival in Loripes, with downstream effects on 
population dynamics and seagrass functioning.
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INTRODUCTION

Nutritional associations betw een intracellular sul
phide-oxidizing bacteria and marine invertebrates 
were discovered in deep-sea hydrothermal vents by 
Felbeck et al. (1981). A few years later, they were also 
discovered in more accessible habitats such as shal
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low-water sediments (e.g. Cavanaugh 1983, Fisher & 
Hand 1984, Schweimanns & Felbeck 1985). In this as
sociation, the invertebrate host favours bacterial 
chemosynthesis by facilitating the supply of sulphide, 
C 0 2 and oxygen. In exchange, the bacterial sym
bionts fix carbon, which supports the growth and 
m aintenance of host biomass (Stewart et al. 2005).
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Among chemosymbiotic organisms, bivalves of the 
Lucinidae family are the most species-rich group. 
Lucinids occupy the greatest variety of habitats 
and are geographically the most w idespread (60° N 
to 55° S) (Taylor & Glover 2006). Their sulphide- 
oxidizing symbiosis is probably obligate, and this 
may explain why lucinids often dominate the infauna 
of sulphide-rich anoxic sediments of seagrass m ead
ows (van der Heide et al. 2012). Here, the bac- 
teria-lucinid bivalve association forms one of the 
main components of the intertidal benthic commu
nity— with top-down effects on sediment biogeo
chemistry and ecosystem functioning (van Gils et al.
2012) through the reduction of toxic sulphide levels, 
thereby enhancing seagrass production (van der 
Heide et al. 2012); and bottom-up effects through the 
conversion of C 0 2 directly into consumer biomass, 
which then becomes available to predators such as 
wintering molluscivore shorebirds (van Gils et al. 
2012, 2013). Like most endosymbiont-bearing bi
valves, lucinid bivalves have a mixotrophic diet, 
feeding on carbon metabolites provided by their 
endosymbiotic bacteria, and on suspended particu
late organic m atter (SPOM) from the water column 
(Le Pennec et al. 1988, Cary et al. 1989, Johnson et al. 
1994, Duplessis et al. 2004, Rossi et al. 2013). Despite 
their important ecological functions in seagrass eco
systems, general principles of the reproductive biol
ogy and energetics of lucinid and other endosym
biont-bearing bivalves remain poorly understood.

In bivalves, as in other organisms, the timing and 
duration of reproductive activity and spawning are 
generally believed to be determ ined by an inter
action betw een exogenous (environmental) and en
dogenous (genetic and physiological) factors (re
viewed in Sastry 1979). Two of the main exogenous 
factors commonly cited as reproductive timing cues 
in heterotrophic bivalves are tem perature and partic
ulate organic food availability (Sastry 1979, MacDon
ald & Thompson 1986, Santos et al. 2011).

Stable carbon isotopes have proven to be a useful 
tool to study temporal and/or spatial variability in 
the relative importance of chemosynthetic and 
photosynthetic sources of carbon assimilated by 
endosymbiont-bearing bivalves (Spiro et al. 1986, 
Conway et al. 1989, Dando & Spiro 1993, Rossi et al.
2013). Fractionation of stable carbon isotopes (ô13C) 
is limited to about 1 %o per trophic level (Peterson & 
Fry 1987), and thus it can be used to identify carbon 
sources in the diet of consumers (Fry 2006). Conse
quently, analysis of ô13C signatures of host tissues 
revealed that the relative importance of particulate- 
derived nutrition in chemosymbiotic bivalves can

vary betw een 2 and 74% (Cary et al. 1989, Conway 
et al. 1989, Dando & Spiro 1993, Johnson et al. 1994, 
Rossi et al. 2013). This flexible feeding mode may 
help chemosymbiotic bivalves survive in environ
ments w here the concentration of particulate food, 
sulphide and oxygen varies in space and/or in time 
(Dufour & Felbeck 2006, van Gils et al. 2012, Rossi 
et al. 2013).

Although the nutritional role of heterotrophy in 
endosymbiont-bearing bivalves is poorly understood 
(Pile & Young 1999), there is some indirect evidence 
from tem perate littoral and deep-sea habitats that 
seasonality in SPOM availability may regulate 
growth rate and reproductive activity in endosym
biont-bearing bivalves (Le Pennec et al. 1995, Pile & 
Young 1999, Le Pennec & Beninger 2000, Dixon et al. 
2006, Tyler et al. 2007). SPOM is considered to be 
more nutritionally and energetically rich than food 
provided by endosymbiotic bacteria (Le Pennec et al. 
1995, Pile & Young 1999, van Gils et al. 2012). The 
synchronization of energetically costly gamete pro
duction and breeding to periods of increased SPOM 
availability may therefore be an evolutionary adapta
tion: adults can profit from supplem entary nutrition, 
which will increase their reproductive output and 
survival prospects, while their offspring can profit 
from optimal food conditions when born, which will 
increase their survival prospects.

Seasonal fluctuations in environmental factors, 
including tem perature, photoperiod, salinity and 
particulate food availability are present in virtually 
all littoral habitats (Le Pennec & Beninger 2000), but 
they are thought to be considerably less pronounced 
in the tropics than in other regions. As a result, 
tropical marine invertebrates often show more con
tinuous gametogenic activity and spawning (Sastry 
1979, Fournier 1992, Pouvreau et al. 2000). If vari
ability in SPOM availability indeed regulates the 
reproductive cycle of chemosymbiotic bivalves, then 
one would predict less pronounced seasonality in 
feeding behaviour, and as a result, more continuous 
gam etogenic activity and breeding in tropical che
mosymbiotic bivalves.

The littoral endosymbiont-bearing lucinid bivalve 
Loripes lucinalis (Lamarck, 1818; synonymized with 
Loripes lacteus, for which symbiont 16S sequences 
are in GENBANK but unpublished) is a mixotrophic 
species (Le Pennec et al. 1988, Johnson et al. 1994) 
covering a wide geographical range (from 55° N to 
19° N) from the British Isles in the north to M aurita
nia in the south. Previous studies investigating the 
reproductive cycle in a tem perate littoral Loripes 
lucinalis population showed clear seasonality in
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gametogenic activity and breeding, with spawning 
events occurring in May and (to a lesser extent) 
betw een November and December, both of which 
were preceded by phytoplankton blooms (Le Pen
nec et al. 1995).

Here, we examine the degree of 'tropical seasonal
ity' in diet, growth (measured as an increase in size- 
corrected body mass), somatic and gonadal invest
ment, and gametogenic development of Loripes 
lucinalis (hereafter Loripes) at the southern border 
of its distributional range — the tropical seagrass- 
covered intertidal flats of Banc d'Arguin, M auritania 
(20° N). Assuming that SPOM availability is rather 
constant at tropical latitudes, we predict little season
ality in feeding behaviour, and as a result, continuous 
gametogenic activity and breeding in chemosymbi
otic Loripes from tropical Banc d'Arguin. We tested 
this prediction by analyzing: (1) the degree of hetero
trophic feeding by following changes in Loripes car
bon isotopic signatures throughout the year; and (2) 
the degree of seasonality in reproductive activity by 
assessing the seasonal patterns in gonadal mass and 
gametogenic development. Furthermore, we investi
gated reproductive strategies in Loripes by analyzing 
mass allocation to growth and reproduction by fol
lowing changes in body, somatic and gonadal cycles 
throughout the year. In addition, we investigated if 
environmental conditions (i.e. tem perature, precipi
tation) regulate the degree of heterotrophic feeding, 
growth and reproductive activity in Loripes, and if 
temporal patterns in heterotrophic feeding correlate 
with periods of growth and reproductive activity in 
Loripes.

MATERIALS AND METHODS

adjacent to the Sahara desert, the Banc d'Arguin 
does not receive freshw ater inflow from rivers, 
and precipitation is limited to occasional thunder
storms that occur at irregular intervals — sometimes 
several years apart (Wolff & Smit 1990). In the Iwik 
region, seaw ater tem perature varies betw een 20°C 
in winter and 30°C in summer (Wolff & Smit 1990). 
The tide is semi-diurnal and the tidal range is 1.5 
to 2 m.

Loripes lucinalis is the most dominant bivalve in 
the reducing sediments of the intertidal seagrass- 
covered flats of Banc d'Arguin (van Gils et al. 2013, 
Ahmedou Salem et al. 2014) with densities up to 
4000 ind. m-2 (van der Geest et al. 2011). In these 
sediments, they live within the network of rhizomes 
of Zostera noltii at depths of 0 to 10 cm, a zone of high 
sulphide concentrations (van Gils et al. 2012).

Environmental parameters

We collected environmental data (sediment and air 
tem perature, and precipitation amounts) during our 
study period (October 2009 through January 2011) 
and in the preceding 9 months (January 2009 to 
October 2009). Sediment tem perature (°C) at 2 cm 
depth was recorded every 30 min during most of 
the study period (from 1 January 2009 to 11 October 
2009, and from 14 December 2009 to 7 October 2010) 
with a logger (Stow-Away® TidbiT®). M ean daily air 
tem perature (°C) and total monthly precipitation 
(mm) were obtained from the closest w eather station 
at Nouadhibou, 134 km northwest of the study site 
(via www.tutiempo.net/en /Clim ate/N ouadhibou/01 - 
2009/614150.htm).

Study area

The study area, located near the 
coastal village Iwik (19° 52 .42 'N, 
16° 18.50' W; Fig. 1), is an accessible 
part of the intertidal area of the 
nationally protected Banc d'Arguin 
off the coast of Mauritania. This eco
system is characterized by tidal flats 
densely covered by seagrass (mainly 
Zostera noltii Hornem.; Wolff & Smit 
1990). The intertidal flat area is a 
major w intering site for migrating 
shorebirds (Altenburg et al. 1982) 
and is also renowned as a nursery 
area for fish (Jager 1993). Being
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Fig. 1. M ap of (a) the Banc d'Arguin, M auritania, West Africa. White = land, light 
grey = in tertidal area, dark  grey = sub tidal area; and (b) our study area, near 
the coastal village Iwik (black circle), w ith the position of the sam pling station 
(19°53.540'N, 16° 18.856 'W; black square) in an  in tertidal Zostera noltii bed

http://www.tutiempo.net/en/Climate/Nouadhibou/01
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Sampling

Loripes was collected at an intertidal seagrass 
(Zostera noltii)-covered site in the vicinity of Iwik 
(19° 53.540'N, 16° 18.856'W; Fig lb). The sampling 
site covered an area of 625 m2 that remains emerged 
for 50% of the tidal cycle, and can be characterized by 
muddy sediment with a relatively high percentage of 
silt/clay (for sediment characteristics at our study site 
see Text SI in the Supplement at www.int-res.com/ 
articles/suppl/m 501pl 13_supp.pdf).

Sediment cores were collected once each month 
from October 2009 to January 2011 to acquire a 
random sample of Loripes across all available size 
classes. Care was taken to maintain a distance of 5 m 
betw een monthly sampling sites. Following proce
dures published elsewhere (van der Geest et al. 
2011), sediment cores (15 cm diam.) were taken to a 
depth of 20 cm and sieved over a 1 mm mesh. From 
each sieved benthic sample, all Loripes individuals 
were sorted within 24 h and preserved in borax- 
buffered formalin (4 %). Each month, a sub-sample of 
10 to 36 ind. was selected haphazardly, covering the 
entire growth range.

Body mass and reproductive cycle

To identify the reproductive cycle of Loripes, we 
applied the method of Johnson et al. (1996), who 
used mass loss in the gonad-digestive gland complex 
(GD) as an indicator of spawning periods in Loripes, 
because the gonad and digestive gland are inter
twined and cannot easily be separated.

For each specimen, shell length (L), shell height (H) 
and shell thickness (T) was m easured with electronic 
calipers (precision 0.1 mm), after which bivalves 
were opened and gonad-digestive gland tissue was 
separated from the remaining somatic mass under a 
binocular microscope (lOx). A smear sample of the 
gonad tissue was examined microscopically to deter
mine sex and reproductive stage of each individual 
using a semi-quantitative descriptive scale modified 
from Guillou et al. (1990):

'Indifferent': no gonad tissue visible. This has 2 pos
sible explanations: (1) adults with recuperating go
nads after spawning events, or (2) immature juveniles.

'Developing 1': gonad tissues visible, but it is very 
difficult to distinguish sexes. No m ature elements are 
present.

'Developing 2 ': gonad tissues are evident and 
sexes can be distinguished. Gametes are abundant, 
and pedunculate oocytes are present.

'R ipe': gonad tissue with spermatozoa grouped into 
rings or spherical oocytes with a thick envelope. 
Spawning is imminent.

'Spent': gonads are empty and thin. Coexistence of 
cells being reabsorbed and m ature cells.

After microscopic analysis, the smear sample was 
carefully added to the remaining GD tissues and dry 
mass (DM) was determ ined to the nearest 0.01 mg for 
both GD and somatic tissues by drying for 48 h at 
60°C. To follow allocation in somatic versus GD mass, 
the somatic mass index (SMI) and the gonadal mass 
index (GMI) were estimated as the DM of the soma or 
GD, respectively, divided by a proxy of shell volume 
calculated as L x H  x 7”to allow comparison between 
animals of different sizes (Santos et al. 2011).

Body mass indices are generally considered to indi
cate the seasonally changing nutritional status of 
bivalves (reviewed in Crosby & Gale 1990). In order 
to determine body condition, the body mass index 
(BMI) was calculated as the total body DM (soma + 
GD) divided by L x H  x T  (Honkoop & Beukema 
1997, Santos et al. 2011).

Immature animals have smaller gonads than m a
ture animals, and the cycles of their gonad weights 
and gam etogenesis etc., may well differ from 
m ature Loripes (Grant & Tyler 1983). Immature ani
mals should thus be excluded from analyses of the 
timing of reproductive activity. To determine size at 
first maturity, we plotted the percentage of sexed 
animals (e.g. those animals with reproductive cells) 
against shell height. Subsequently, we excluded 
Loripes smaller than the obtained minimum size at 
which the majority of Loripes could be sexed from 
further analyses.

Because individuals that have reached size at m a
turity do not necessarily reproduce, we used the spec
imens collected during the defined spawning pe- 
riod(s) to identify the minimum shell height at which 
the majority of the Loripes population was in 'spent' 
stage, here defined as the size at first reproduction.

Carbon stable isotope analysis

For mixotrophic endosymbiont-bearing bivalves, 
knowledge of both the bacterial and host carbon iso
tope signatures and the carbon isotopic composition 
of the SPOM-based food source is a prerequisite for 
quantifying the extent of nutritional coupling 
betw een the host and its endosymbionts (Conway et 
al. 1989, Rossi et al. 2013).

On 2 occasions in May 2008, SPOM (a mixture of 
phyto- and Zooplankton with some seston/detritus/

http://www.int-res.com/
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suspended benthic diatoms) was collected from the 
water column on the incoming tide, using a plankton 
net with a mesh size of 50 pm that was deployed 
behind a slow-moving boat adjacent to our intertidal 
sampling station (Fig. lb). The collected SPOM was 
diluted in 10 1 of GF/F-filtered (0.7 pm porosity) sea
water, and this solution was sieved over a 300 pm 
sieve to eliminate large Zooplankton and detrital par
ticles. The seawater containing sieved SPOM was fil
tered on pre-com busted GF/F filters (0.7 pm porosity) 
under a moderate vacuum. Filters were stored frozen 
(-20°C) until stable carbon isotopic analysis.

To obtain the ô13C signature of the endosymbiotic 
chemoautotrophic bacteria located in the gills of 
Loripes, 20 Loripes clams (measuring between 7 and 
11 mm in shell height) were haphazardly collected at 
our Zostera-covered study site in May 2008, using 
the same sampling methodology as described above 
(see Sampling section). Subsequently, the clams 
were dissected to separate the endosymbiont-bear
ing gills from the remaining tissues.

To study the degree of bacterial enrichment, the 
dissected gili tissues of 10 haphazardly selected 
Loripes individuals were pooled, washed 3 times in 
sterile artificial seawater, and gently homogenized 
over ice in a Braun homogenizer. Differential cen
trifugation was used to remove animal cells and 
resulted in gili material highly enriched in bacterial 
tissue with respect to the original gili (for further 
details of the differential centrifugation protocol 
used, see Conway et al. 1989). This procedure was 
repeated for gills from the remaining 10 Loripes 
specimens. Microscopic examination of the 2 bacter
ial pellets indicated a large reduction in the presence 
of Loripes cell nuclei and other organelles. Both bac
terial pellets were stored frozen (-20°C) until further 
carbon isotopic analysis.

To investigate seasonal variability in heterotrophic 
feeding (i.e. SPOM feeding), we haphazardly selec
ted a minimum of 3 Loripes specimens (measuring 
betw een 7 and 11 mm in shell height) from the 
monthly benthic samples taken at our study site b e 
tween October 2009 and January 2011. From each 
Loripes the gills were dissected from remaining 
tissues (from the latter, the gonad-digestive gland 
complex was removed), and both gili and non-gill tis
sue samples were preserved in borax-buffered for
malin (4 %).

W hereas freezing is generally considered to be the 
only method that does not affect ô13C values of m ar
ine organisms (Bosley & Wainright 1999, Kaehler & 
Pakhomov 2001), tissue fixation in formalin often re 
sults in significantly depleted ô13C values (reviewed

in Barrow et al. 2008). To correct for possible effects 
of formalin on Loripes ô13C values, we did an explo
rative analysis. In October 2010, we sampled Loripes 
(ranging between 8 and 9 mm in shell length) of 
which we removed the somatic tissue, which was 
either stored frozen at -20°C  (n = 8) or stored in 
borax-buffered formalin (4 %; n = 3) for 9 mo. Subse
quently, ô13C signatures of these somatic tissues were 
determ ined and a i-test was used to compare ô13C 
values between preservation treatments. This resulted 
in a significant difference between tissue preserva
tion treatments (t= 3.83, df = 7.4, p = 0.006), with ô13C 
values in Loripes tissues preserved in formalin being 
0.76%o (95% Cl: 0.30 to 1.22) more depleted com
pared to those preserved frozen. We therefore cor
rected ô13C values for Loripes specimens that were 
preserved in formalin by adding 0.76%o to the ob
tained ô13C values and used these corrected values 
for further analyses.

Loripes gili and non-gill tissue samples, SPOM, 
and the 2 bacterial pellets were freeze-dried for 
72 h, homogenized by mortar and pestle and ana
lyzed for carbon stable isotope ratios. The ô13C val
ues were obtained using a Thermo Scientific (Flash 
2000) elemental analyzer coupled to a Delta V iso
tope mass spectrometer. The ô13C values for organic 
carbon are expressed per mille (%o) deviation (5) 
from the VPDB standard following the formula: ô13C 
= [(13C /  12C)sample /  (13C /  12C)standard -1 ] x 1000. The 
standard deviation for duplicate runs was ±0.2%o. 
SPOM samples were treated with 2 M HCl to 
remove inorganic carbon (2 M HCl was added, and 
kept for 12 h at 60°C, after which samples were 
rinsed 3 times with demineralized water to remove 
CaCl2 and dried in an oven for 12 h at 60°C). Explo
rative analysis showed that ô13C values of gili (t = 
-0.86, df = 14, p = 0.40) and non-gill tissues of 
Loripes (t= -1.62, df = 14, p = 0.13) were not signifi
cantly different after treatm ent of tissue samples 
with 2 M HCl. Therefore, we refrained from treating 
the remaining Loripes tissue samples with 2 M HCl 
prior to stable carbon isotope analysis.

It was assumed that the lucinid host could derive 
carbon from 2 sources: the endosymbiotic bacteria or 
SPOM. For each month, the heterotrophic contribu
tion to the carbon budget of Loripes was determ ined 
with a 2-source mixing model:

F = 1 -  (813CLoripesnon_gill -  513CSPom) /
( 8  C d a c te r ja l p e lle t  — 8  3C Sp o m )

where F is the fractional heterotrophic contribution, 
and 813CLoripes n o n -g iii represents the ô13C value of 
Loripes non-gill tissue corrected for the depletion
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effect of formalin. Carbon isotope values of the bac
terial pellet were assumed to represent the endosym- 
biont ô13C values, while carbon isotope values of 
SPOM were taken to represent a SPOM-based food 
source. Following previous studies (Rossi et al. 2013), 
a trophic enrichment factor of 1 %o was used for the 
carbon isotope values of the bacterial pellet and SPOM.

Statistical analysis

We tested for seasonality by using a non-linear 
mixed-effect model with a sinusoidal effect ß0 + ßi x 
Month + Season. Because explorative data analysis 
showed that there was a time trend in most of the 
param eters of interest (BMI, SMI, GMI and percent
age of heterotrophic contribution), we accounted for 
a time trend in all models by including the term ß4 x 
Month, where Month was a continuous variable that 
ran from 1 to 16. Any seasonal variation was des
cribed as ß2 x sin[27i x (Month -  ß3) /  ß4], where 
param eters ß2r ß3 and ß4 refer to the amplitude of sea
sonality, the timing of the peak and the frequency of 
peaks per year.

Our sample size was not sufficient to test for any 
significant differences in seasonal patterns in the 
BMI, SMI, GMI and gametogenic cycle between 
sexes; however, visual inspection of the data showed 
that these factors followed the same seasonal pattern 
in males and females, so data from both sexes were 
analyzed together to increase sample size. Using the 
full model, we tested for the frequency of peaks per 
year by setting ß4 to 3, 4, 6 or 12 (respectively, 4, 3, 2 
or 1 peak(s) per year). GMI data were square-root- 
transformed to obtain normality while the percent
age of gonads in spent stage and the percentage of 
heterotrophic contribution to the lucinid diet were 
logit-transformed (Warton & Hui 2011). DM m eas
urements of 2 Loripes specimens collected in Febru
ary 2010 were lost during processing. Each month, at 
every sampling occasion, individuals were collected 
from 1 or 2 sediment cores collected within an area 
of 1 m2, and therefore these individuals cannot be 
treated as independent. To account for this pseudo
replication, we treated month as a random effect.

Model selection was based on Akaike's Informa
tion Criterion corrected for small sample sizes (AICc; 
Burnham & Anderson 2002). AAICc values were used 
to compare the relative explanatory value of the 
models, with AAICc defined as the difference b e
tween the AICc value of the best-fitting model and 
each respective model in the set. AICc weights, 
which indicate the relative likelihood of a model

given the data and set of models, were also calcu
lated to provide a relative weight of evidence for 
each model (Burnham & Anderson 2002). The effect 
of a param eter was considered significant when 
adding this param eter to the model reduced the AICc 
by at least 2 points.

A Pearson correlation analysis was performed to 
evaluate the relationship betw een monthly m ean 
values of environmental factors, feeding mode, and 
variables describing the body mass and reproductive 
cycle. Sediment tem perature data were lacking for 
some months during our study period. Given the sig
nificant relationship betw een sediment tem perature 
and air tem perature (t = 5.29, df = 7, p = 0.001), we 
used air tem perature together with precipitation as 
environmental factors in this analysis. Given the pos
sibility that variables describing the reproductive 
cycle of Loripes (i.e. GMI and percentage of gonads 
in 'spent' stage) are not related to any particular 
threshold value but to an abrupt change in environ
mental conditions, we also explored their relation
ships with the change (i.e. increase or decrease) in air 
tem perature and precipitation between sampling 
dates.

All analyses were performed in R version 3.0.0 
(R Development Core Team 2013). For non-linear 
mixed-effect models, the R-package 'n lm e' (Pinheiro 
et al. 2013) was used.

RESULTS 

Environmental variability

The m ean monthly sediment tem perature showed 
a clear seasonal trend with a minimum in January 
(19.5°C) and a maximum in Septem ber (29.1°C; 
Fig. 2a). At Nouadhibou, the mean monthly air tem 
perature paralleled mean monthly sediment tem per
atures at the study site, ranging from 20.6°C in Jan u 
ary to 26.5°C in September. During the study period, 
total monthly precipitation (mm) at Nouadhibou was 
mainly restricted to March, April and June with a 
small peak in Septem ber and October, while there 
was no rainfall in the 9 months preceding our study 
period (Fig. 2b).

Body mass and reproduction

A plot of the percentage of sexed animals against 
shell height (Fig. SI in the Supplement) indicates 
that sexual differentiation for both males and females
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Fig. 2. Environm ental conditions at Banc d 'A rguin  during 
our study period (grey shading) and  in the 9 mo preced ing  
our study period, (a) M ean m onthly sedim ent tem peratu re 
(•) and m ean  m onthly air tem pera tu re  (O). D ata are m ean  ± 

SD. (b) Total monthly precipitation

started at a minimum shell height of ~4 mm. For indi
viduals with a shell height >7 mm, almost all speci
mens (86%) could be sexed; therefore, we only used 
specimens >7 mm in shell height (n = 203 ind.) for 
further analyses.

Mean monthly BMI and SMI reached high values 
in late summer (i.e. July through September) and 
low values in winter (i.e. January through March) 
while both BMI and SMI increased slightly over time 
(Fig. 3a,b). For both BMI and SMI, the full model 
that fitted 1 peak yr_1 (ß4 =12)  was best supported 
(Table 1). GMI also increased with time, but showed 
different seasonal patterns (Fig. 3c), with relatively 
high values in winter (December and January) and 
early summer (May to July) and relatively low values 
in early spring (February and March) and late sum 
mer (August and September). For GMI, the full 
model that fitted 2 peaks per year (ß4 = 6) was best 
supported (Table 1). The fitted curve based on the 
optimal model prediction showed that GMI peaked 
in June and December, which corresponds to the 
months prior to spawning (Fig. 3c).

The distribution of gonadal stages over time shows 
that Loripes has a semi-annual gametogenic cycle, 
with high gametogenic activity between March and 
July, and again between Septem ber and February 
(Fig. 4). Two major spawning periods, indicated by 
increasing microscopic observation of 'spent' stages 
between January and February and betw een June
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Fig. 3. Loripes lucinalis, (a) Body m ass index (BMI), (b) so
m atic m ass index (SMI), and  (c) gonadal m ass index (GMI) 
over tim e for L. lucinalis w ith  shell height >7 mm. Curves 
rep resen t th e  best-supported  m odel (ß0 + ßi x M onth + S ea
son) predictions. B ox-and-w hisker plots give th e  m ean 
(filled dot), m edian (horizontal line inside the box), in 
terquartile  range (box), range (bars), and  outliers (open 
circles). N um bers above box-and-w hisker plots indicate 

sam ple sizes. NA: not available

and August, are evident (Fig. 4). For the percentage 
of gonads in 'spent' stage, the full model that fitted 
2 peaks per year (ß4 = 6) was indeed best supported 
(Table 1). The fitted curve based on this best- 
supported model prediction showed that the percent
age of gonads in 'spent' stage peaked in February 
and August, which corresponds to the months after 
spawning (Fig. 4). Combining results of GMI and 
percentage of gonads in 'spent' stage indicated 2 
major spawning events: one in winter during Jan u 
ary and February and a second one in summer dur
ing July and August.

Having determ ined the months in which the major
ity of the adult Loripes population is in the 'spent' 
stage (Fig. 4), we could use all examined individuals 
in these peak-breeding months (i.e. February and
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Table 1. Loripes lucinalis. N on-linear m ixed-effect m odel results evaluating 
the best fit for ß4 for body, som atic and  gonadal m ass indices and  percen tage 
of heterotrophic contribution to the diet of L. lucinalis, and non-linear m odel 
results evaluating  the best fit for ß4 for percen tage  of gonads in 'spen t' stage. 
Season w as described as the function ß2 x sin[2;ix (M onth -  ß3) /  ß4]. M odels 
are listed in order of AAICc (AICc: A kaike's Inform ation Criterion corrected 

for sm all sam ple size). Bold: best-supported  m odel

ß4 No. of m odel 
param eters

AAICc A kaike
w eight

Body m ass index
ß o  +  ß i  x Month + Season 12 6 0.00a 0.97
ßo + ßi x M onth - 4 7.83 0.02
ßo + ßi x M onth + Season 3 6 9.57 0.01
ßo + ßi x M onth + Season 6 6 10.64 0.00
ßo + ßi x M onth + Season 4 6 11.96 0.00
Somatic m ass index 
ß o  +  ß i  x Month + Season 12 6 0.00b 0.99
ßo + ßi x M onth - 4 10.82 0.00
ßo + ßi x M onth + Season 3 6 13.04 0.00
ßo + ßi x M onth + Season 6 6 14.37 0.00
ßo + ßi x M onth + Season 4 6 14.78 0.00
G onadal m ass index (square-root-transform ed) 
ß o  +  ß i  x Month + Season 6 6 0.00c 0.87
ßo + ßi x M onth - 4 4.76 0.08
ßo + ßi x M onth + Season 3 6 7.34 0.02
ßo + ßi x M onth + Season 4 6 8.13 0.01
ßo + ßi x M onth + Season 12 6 8.14 0.01
H eterotrophic contribution (logit-transformed) 
ß o  +  ß i  x Month + Season 12 6 0.00d 1.00
ßo + ßi x M onth - 4 11.62 0.00
ßo + ßi x M onth + Season 3 6 14.67 0.00
ßo + ßi x M onth + Season 6 6 16.12 0.00
ßo + ßi x M onth + Season 4 6 16.21 0.00
Percen tage spen t (logit-transformed) 
ßo + ßi x Month + Season 6 5 0.00e 0.99
ßo + ßi x M onth - 3 9.94 0.01
ßo + ßi x M onth + Season 12 5 15.78 0.00
ßo + ßi x M onth + Season 4 5 17.27 0.00
ßo + ßi x M onth + Season 3 5 17.60 0.00

aAICc = -1316.78: bAICc = - 1361.95: cAICc= -1007.93 dAICc = -21.93;
eAICc = 39.56

July) to investigate the size at first reproduction, (i.e. 
the smallest size-class where percentage of gonads 
in 'spent' stage is higher than 50%) in the Loripes 
population. This resulted in a size at first reproduc
tion of -7.5 mm in shell height (see Fig. S2 in the 
Supplement).

Stable isotopes

The ô13C values of both gili and non-gill tissues of 
Loripes collected between October 2009 and January 
2011 were compared to determine isotopic differ
ences (note that we have used the correction factor

(+0.76%o) for ô13C values of gili and 
non-gill tissues to account for the de
pletion effect of formalin). There was a 
significant relationship between gili 
ô13C values and ô13C values of non-gill 
tissue (y = -7 .52 + 0.65x; Ft 46 = 100.5, 
p < 0.001), with ô13C values of gili tissue 
being on average 1.0 ± 0.4 %o (mean ± 
SD) more depleted. The average mean 
monthly ô13C value of gili tissue was 
-24.7 ± 0.58%o, whereas the average 
mean monthly ô13C value of non-gill 
tissue was -23.7 ± 0.5 %o.

Relatively low ô13C values for the 
non-gill tissues were observed in No
vember 2009 and from February to 
June 2010 (Fig. 5). The ô13C values for 
the bacterial pellets were -27.2 ± 0.2%o 
(n = 2), while the ô13C values for SPOM 
were -18.7 ± 1.2%o (n = 2). Using the 
mean ô13C values for the bacterial 
pellets and SPOM, results from the 2- 
source mixing model show that on av
erage, 29%  of the carbon nutrition is 
obtained by feeding on SPOM, with a 
minimum mean monthly heterotrophic 
contribution observed in March (21 %) 
and a maximum mean monthly hetero
trophic contribution observed in Sep
tember (39%). The full model that 
fitted one peak per year (ß4 =12) was 
best supported (Table 1, Fig. 5).

Factors affecting nutrition and 
resource allocation

The Pearson correlation analysis 
showed significant correlations b e

tw een nutrition and environmental and biological 
variables (see Fig. S3 in the Supplement): a positive 
correlation existed betw een the logit-transformed 
percentage of heterotrophic contribution to the diet 
of Loripes and both BMI (r = 0.766, p < 0.001) and 
SMI (r = 0.787, p < 0.001), SMI and air tem perature 
(r = 0.541, p = 0.04), BMI and SMI (r = 0.962, p < 
0.001), and between BMI and GMI (r = 0.620, p = 
0.01). In addition, the change in mean monthly air 
tem perature was positively correlated with the logit- 
transformed percentage of gonads in spent stage (r = 
0.640, p = 0.01), while the change in total monthly 
precipitation was positively correlated with total 
monthly precipitation (r = 0.665, p = 0.01).
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Fig. 4. Loripes lucinalis. G am etogenic cycle of L. lucinalis 
b ased  on gonadal stages from m icroscopic observations of 
sm ear sam ples of individuals >7 mm in shell height. Curve 
rep resen ts the best-supported  m odel (ß0 + ßj x M onth + 
Season) predictions. Numbers above columns indicate sample 

sizes. NA: not available

Fig. 5. Loripes lucinalis. S13C values over tim e for non-gill 
tissues of m ature  L. lucinalis (enriched by 0.76 %o to correct 
for the depletion effect of form alin [4 %] in w hich the tissues 
w ere  preserved), as w ell as th e  percen tage  of the h e te ro 
trophic contribution to th e  carbon diet of m ature L. lucinalis. 
C urve rep resen ts the best-supported  m odel (ß0 + ßi x M onth 
+ Season) predictions. B ox-and-w hisker plots give the m ean 
(black dot), m edian (horizontal line inside the box), in te r
quartile range (box), and  range (bars). N um bers above box- 
and-w hisker plots indicate sam ple sizes. NA: not available

DISCUSSION

Results from the 2-source mixing model indicated 
that Loripes has a mixotrophic carbon diet, with an 
important contribution of its bacterial chemosym-

bionts to its carbon nutrition, but also a substantial 
contribution of SPOM (on average 71 and 29%, 
respectively; Fig. 5). This is consistent with the find
ings of Rossi et al. (2013) that SPOM-derived carbon 
nutrition in Loripes inhabiting a M editerranean Zos
tera noltii seagrass bed amounts to -75 %.

Our study also identified strong seasonality in 
feeding modes in tropical Loripes (see Fig. 5), with 
the maximum heterotrophic contribution in Septem 
ber (39%) being nearly 2-fold the heterotrophic con
tribution observed in March (21 %). If SPOM-derived 
food is of higher nutritional value than carbon m eta
bolites provided by sulphide-oxidizing endosym- 
bionts, and if SPOM is in short supply, then optimal 
foraging theory predicts that body condition (i.e. 
BMI) would be positively correlated with the degree 
of heterotrophic-feeding, as indeed was the case in 
our study (Fig. S3 in the Supplement).

If SPOM-derived food is preferred by Loripes, then 
optimal foraging theory also predicts that the hetero
trophic contribution to the diet of Loripes would be 
positively correlated with SPOM availability. The 
switch to more heterotrophic feeding in autumn 
would then suggest increased SPOM availability in 
autumn. This corroborates Lavaud et al. (2013), who 
found that growth rates of suspension-feeding Seni
lia senilis, a common bivalve at Banc d'Arguin, 
peaked in August and September. If true, the ob
served positive time trend in BMI, SMI, GMI (Fig. 3) 
and heterotrophic feeding (Fig. 5) may be the direct 
result of a positive time trend in SPOM availability.

However, an alternative mechanism may also ex
plain why heterotrophic feeding in Loripes was more 
predominant in the warm autumn months (i.e. Au
gust through October, Fig. 2a). In marine sediments, 
sulphide is mainly produced by anaerobic decom
position of organic m atter by sulphate-reducing bac
teria (Jorgensen 1982). The metabolic rate of these 
sulphate-reducing bacteria is regulated by tem pera
ture, resulting in higher bacterial sulphate reduction 
activity levels when tem peratures rise (Jorgensen 
1977). Indeed, sediment sulphide concentration m ea
sured at the 8 to 12 cm sediment layer at our study 
site followed seasonal changes in tem perature, with 
relatively low sulphide concentrations m easured in 
the coldest month of the year (January 2011), reach
ing 119 ± 69 (mean ± SE) pmol I“1 (L. L. Govers and 
J. de Fouw unpubl. data), and relatively high sul
phide concentrations reaching almost 300 pmol I“1 in 
one of the warmest months of the year (October 2010) 
(van Gils et al. 2012). When in contact with oxygen, 
sulphide is immediately oxidized back to sulphate 
via intermediate oxidation steps, partly by a spon

22.5

-40
-23.0

-35
23.5

24.0 -25

24.5

25.0

2009
J  J  A 
2010

T—i—i—i—r
S  O N D J 

2011



122 M ar Ecol Prog Ser 501: 113-126, 2014

taneous chemical reaction, and partly by catalysis by 
chemoautotrophic or phototrophic sulphide-oxidizing 
bacteria (Jorgensen 1977). This results in an inverse 
relationship betw een sediment sulphide levels and 
sediment oxygen levels (Lee & Dunton 2000). The 
relatively high pore water sulphide concentrations in 
October thus reflect anaerobic sediment conditions. 
Moreover, the positive correlation betw een tem pera
ture and sediment sulphate reducing rates also 
implies a negative correlation between tem perature 
and sediment oxygen levels. This suggests that low 
pore water oxygen levels during the relatively warm 
autumn months may limit carbon metabolite produc
tion by the sulphide-oxidizing gill-bacteria of Loripes 
during this period, for which the lucinid host tries to 
compensate by supplementary heterotrophic feeding 
(note that this would imply that carbon metabolites 
provided by the gill-symbionts are preferred over 
SPOM). Such a mechanism would be in agreem ent 
with Childress & Girguis (2011), who showed that 
chemosymbiotic bivalves have much higher oxygen 
demands than non-chemosymbiotic bivalves, which 
implies that the high oxygen dem and of chemo
symbiotic bacteria is the most limiting flux for the 
symbiosis. Moreover, if tem perature-dependent sedi
ment oxygen levels are determining the rate of car
bon fixation by the sulphide-oxidizing gill-bacteria, 
one would predict a negative correlation between 
tem perature and the bacterial contribution to the diet 
of Loripes— which indeed was found, although not 
statistically significant (Pearson's r = 0.501, p = 0.06; 
Fig. S3). Overall, high SPOM availability or oxygen- 
limited carbon metabolite production by sulphide- 
oxidizing endosymbionts may explain why Loripes 
showed a diet shift to more heterotrophic feeding 
from June to October (Fig. 5).

Although the Supplementary incorporation of 
SPOM to the diet of Loripes may have contributed to 
its survival, the drop in BMI from October onwards 
(Fig. 3a) indicates that supplemental nutrition ob
tained from heterotrophic feeding was insufficient 
for body mass m aintenance over winter. As sugges
ted by van Gils et al. (2012), competition for SPOM 
with more specialized suspension-feeding bivalves, 
which are especially abundant betw een September 
and November (Ahmedou Salem et al. 2014), may 
have limited heterotrophic feeding in Loripes.

Our study also identified strong reproductive 
periodicity in Loripes, with gametogenesis being ini
tiated in both March and September, resulting in 
major spawning events during January and Febru
ary, and again in June through August (Fig. 4). This 
is supported by the model that fitted 2 peaks per year

(ß4 = 6) being best supported for GMI and percentage 
of gonads in 'spent' stage (Table 1). The latter sug
gests that some individuals may have spawned in 
June. However, in view of the observation that GMI 
increased from June to July, and that the minimum 
GMI values in July were still relatively high (indica
ting that spawning had only just commenced), we 
suggest that this second spawning event was mainly 
restricted to July.

Gametogenesis and spawning is generally consid
ered to be triggered proximately by environmental 
cues (Sastry 1979). In this study, we found a positive 
correlation between the monthly change in mean air 
tem perature and the percentage of gonads in 'spent' 
stage (Fig. S3), suggesting that increased tem perature 
may have triggered spawning in tropical Loripes. This 
contrasts with the findings of Johnson & Le Pennec 
(1994) for a tem perate Loripes population for which 
environmental triggers of spawning were not readily 
apparent. The lack of a correlation between hetero
trophic feeding and reproductive activity (Fig. S3) 
suggests that SPOM availability does not affect the 
reproductive cycle in tropical Loripes. However, the 
observed gonadal and gametogenic development b e
tween September and January (Figs. 3c & 4, respec
tively) when food availability seems to decrease (as 
reflected by a decrease in BMI), does seem to require 
supplemental nutrition by heterotrophic feeding 
(Fig. 5). That we predicted size at first reproduction to 
be reached at -7.5 mm shell height, suggests that the 
choice to only include Loripes with shell heights 
>7 mm to identify its reproductive biology is justified.

In marine invertebrates, as in other animals, food is 
the most important factor controlling growth (Clarke 
1987). If we assume that seasonality in body mass re 
presents variability in food availability, the increase 
in BMI from February to October would suggest 
ample food availability, while the drop in BMI ob
served betw een October and February might reflect 
food limitation during this period (Fig. 3a). Given that 
GMI and the percentage of gonads in 'ripe' stage 
increased from Septem ber to January (Figs. 3c & 4, 
respectively), this decrease in BMI from October to 
February is mainly the result of SMI decreasing in 
this period (Fig. 3b). This would suggest that in win
ter, reproduction is based on stored resources ('capi
tal' already invested in the soma), which is referred 
to as 'capital breeding' (Stearns 1992, Jonsson 1997). 
By producing offspring from stored resources, capital 
breeders decouple feeding and reproduction in con
trast to reproduction based on concurrent food in
take, which is term ed 'income breeding' (Stearns 
1992, Jonsson 1997). This strategy would enable
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Loripes to reproduce in January at the onset of the 
next feeding season, thereby presumably increasing 
offspring fitness. However, given the cost of carrying 
stores and the finite risk of mortality between re 
source acquisition and deployment to reproduction 
(Jonsson 1997), good feeding conditions between 
February and October may explain why Loripes 
adopted an income breeding strategy during this 
period. An intriguing question to ask may be whether 
the individuals reproduce once or twice per year, and 
if once, which individuals reproduce when? Given 
that only about 60% of all individuals were in 'spent' 
stage during the major spawning events in January 
and February, and in July and August, we may argue 
that on an individual basis, reproduction is limited to 
once per year only. If true, it would be very interest
ing to study the forces that may determine timing of 
reproduction at an individual basis.

The clear seasonality in the ô13C values of non-gill 
tissues of Loripes observed in this study (Fig. 5) may 
not solely be the result of a diet shift. Among the fac
tors that could have caused such seasonality in 
organic composition, sediment tem perature may be 
one of them, since experimental studies showed car
bon isotopic enrichment with increasing tem perature 
(Sackett et al. 1965, Power et al. 2003). However, sed
iment tem perature increased from January to Sep
tember, while ô13C values of Loripes only started to 
become more enriched by July, which suggests that 
local tem perature cannot explain the observed sea
sonality in ô13C values of Loripes non-gill tissues. 
Although not statistically significant, we did find 
some support for a positive correlation betw een air 
tem perature and heterotrophic feeding (Fig. S3): but 
as explained above, this correlation could be the 
result of tem perature-dependent oxygen availability 
determining the bacterial contribution to the carbon 
diet of Loripes. Altogether, it remains difficult to 
assess w hether increasing tem perature by itself cau
sed ô13C values of Loripes to be more enriched in the 
warmer autumn months, or if an increase in hetero
trophic feeding in this period caused more enriched 
ô13C values in Loripes.

Lipids have a more depleted ô13C signature than 
proteins (DeNiro & Epstein 1977). Temporal variabil
ity in tissue lipid content, which often varies with 
degree of reproductive activity (Berthelin et al. 2000, 
Ojea et al. 2004), may have affected the ô13C signa
tures of non-gill tissues of Loripes and, in addition, 
could have resulted in erroneous estimates of the 
heterotrophic contribution to the carbon diet of Lori
pes. If this is the case, one would expect the lipid con
tent of Loripes tissues to be more depleted in periods

of starvation (the end of winter, i.e. January through 
March) and subsequent ô13C values of Loripes tissues 
to be more enriched in such periods. However, in our 
study, ô13C values of Loripes become more depleted 
in periods of starvation (between Septem ber and 
March; Fig. 5), suggesting that the lipid effect on tis
sue ô13C values is either very limited or that the p re
dicted seasonality in heterotrophic contribution is too 
conservative.

A weakness of this study is our assumption that 
ô13C values of bacterial endosymbionts and SPOM 
are constant over time. To our knowledge, there are 
no studies that have investigated w hether ô13C val
ues of chemosymbiotic bacterial endosymbionts vary 
seasonally. However, when investigating seasonal 
differences in ô13C values of SPOM in a tem perate 
intertidal Zostera noltii bed, Lebreton et al. (2012) 
found ô13C values to range betw een -21.4 %o in 
autum n and -2 3 .5 %o in spring, with a yearly average 
(±SD) over all 4 seasons of -22.5  %o (±0.9). Likewise, 
our ô13C values of Loripes were most depleted in 
spring (Fig. 5), which suggests that the observed sea
sonality in heterotrophic diet could be the result of 
seasonal variability in ô13C values of SPOM, but only 
to some extent. If we assume that the ô13C value of 
SPOM at Banc d'Arguin varies to a similar extent, 
thus from -18.7%o in spring (see 'Results: Stable 
isotopes') to -16.6%o in autumn, then the estimated 
seasonality in heterotrophic contribution would be 
reduced from 22-38%  to 22-30% . However, until 
further research shows otherwise, we assume that 
the observed seasonality in ô13C values of Loripes 
tissues reflects seasonality in heterotrophic feeding.

Lucinid bivalves often dominate the infauna of 
sulphide-rich anoxic sediments of tropical seagrass 
beds, which is attributed to a 3-stage symbiosis b e 
tw een seagrass, lucinid bivalves and their sulphide- 
oxidizing bacteria (van der Heide et al. 2012). In this 
3-stage symbiosis, the bivalve-sulphide-oxidizer 
symbiosis reduces sulphide levels, which enhances 
seagrass production. In turn, seagrass meadows pro
vide an optimal habitat for lucinid bivalves and their 
symbionts by indirectly stimulating sulphide produc
tion through high organic m atter input and by pro
viding oxygen through radial oxygen release from 
their roots (van der Heide et al. 2012). However, this 
study shows that the ability of lucinid bivalves to also 
feed on SPOM plays a key role in influencing 
resource allocation strategies and the synchroniza
tion and timing of reproduction, which will have 
important fitness consequences in terms of reproduc
tive output, mating efficiency and offspring fitness 
and subsequent population dynamics.
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Although the precise mechanism remains unsol
ved, this study also reveals strong seasonality in diet 
composition, with the heterotrophic contribution to 
the carbon diet of Loripes increasing from June to 
October (Fig. 5). At a short time scale, the diet shift 
towards more heterotrophic feeding in autumn im
plies reduced sulphide uptake by the gill-symbionts 
of Loripes, which may result in increased pore water 
sulphide levels in autumn, as was indeed observed 
(van Gils et al. 2012). Because sulphide is toxic to 
plants (reviewed in Lamers et al. 2013), increased 
pore water sulphide levels in autumn may promote 
'die-off' events of Zostera noltii at Banc d'Arguin in 
this period, as has been proposed for many seagrass 
species worldwide (Holmer & Bondgaard 2001, 
Borum et al. 2006, Calleja et al. 2007). The more so, 
because during the relatively warm autumn at Banc 
d'Arguin, Z. noltii, which has its most southern distri
bution at Banc d'Arguin (Short et al. 2007), may 
already experience high thermal stress (Koch et al. 
2007, Massa et al. 2009).

However, at a larger time scale, the diet shift 
towards more heterotrophic feeding in autumn may 
be beneficial for the Zostera noltii beds at Banc d'Ar
guin, since it will increase growth, reproduction and 
survival in Loripes in this season, resulting in a larger 
population of Loripes that is better capable of con
trolling pore water sulphide levels, thus enhancing 
seagrass production and prevalence (van der Heide 
et al. 2012). Since seagrass ecosystems are currently 
declining at increasing rates worldwide, leading to 
loss of biodiversity (Waycott et al. 2009), we believe 
that knowledge about the biological and environ
mental processes that regulate feeding behaviour 
and population dynamics in chemosymbiotic lucinid 
bivalves as presented in this study, will aid seagrass 
m anagem ent and conservation.
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