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Mixed suspensions of phytoplankton and yeast cells in different proportions were designed to achieve diets with a range of
variation (0.6–2.2) in the ratio of lipid to carbohydrate while maintaining protein content constant. Juvenile specimens of the
carpet shell clam (Ruditapes decussatus) from two segregated growth phenotypes (fast and slow growers) were food conditioned
and the physiological components of the energy balance were determined with these different diet compositions in order to assess
the combined effects of endogenous and nutritional factors on growth performance. Conditioning to lipid-rich diets increased
growth rate relative to conditioning to carbohydrate-rich diets and resulted in higher scope for growth values in both growth
groups. These dietary effects are mainly driven by differences in the absorption efficiency (AE) found between clams fed different
food compositions, although the present results do not allow to ascertain whether the reduced AE recorded with the carbohydrate-
rich diets results from reduced digestibility of yeasts cells due to structural restrictions or either reflects the digestive imbalance of
lipids associated to higher production of metabolic fecal losses. Greater phenotypic plasticity was seen to enable the fast-growing
clams fed a carbohydrate-rich diet to overcome the above digestive limitations through an overfeeding response; however, the
resource to such kind of physiological mechanism appeared limited by the nutritional conditions (energetic status) prevailing
during the conditioning phase.

1. Introduction

Biochemical composition of suspended food has been a fre-
quent topic in growth and production studies in marine
bivalves, particularly considering the specific benefits associ-
ated with the use of different microalgal species or species
combinations [1–4], as well as regarding the potential for the
use of nonphytoplanktonic nutritional supplements in an
aquacultural context [5–11]. Much of the interest in testing
the suitability of these supplements aims at the practical
purpose of reducing the elevated costs of phytoplankton
production required to sustain intensive phases of bivalve
rearing in hatchery/nursery facilities, including broodstock
conditioning (10%–30%), larvae rearing (10%–40%), and
postset growth (50%–60%) to the appropriated seed size
for transference to grow-out sites [9]. In accordance with

the above figures, most researches in this field were per-
formed on the spat of cultivated species and relied on the
empirical assessment of the proportion of phytoplankton
that, in terms of growth performance, can be effectively
replaced by low-cost inert food items [12–14].

Regarding the major biochemical composition, two com-
ponent ratios appear to be nutritionally important in the diet
of marine bivalves: the protein/energy ratio, also referred
inversely to the C/N index, and the lipid/carbohydrate ratio.
According to the pivotal role played by proteins in the consti-
tution of new tissues, many studies have reported a positive
correlation between dietary protein content and growth rate
in the early life stages of many bivalve species [15–18], includ-
ing juveniles of clams of the genus Ruditapes [13, 19, 20],
where negative impact on growth have been reported for diets
presenting C/N indexes above 10.5 [21, 22]. On the other
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hand, the specific nutritional interest in addressing the impact
of lipid to carbohydrate ratio of the diet on rates of growth
stems from the consideration that the energy reserves of phy-
toplankton, the main food component of bivalve diets in both
natural or farming conditions, are in the form of lipids [23,
24], while marine bivalves store carbohydrates as a readily
available reserve for maintenance (particularly under anaero-
bic conditions) as well as to sustain high-energy demanding
processes such as gametogenesis [25–28]. Expected benefits of
carbohydrate-rich food stuffs have been actually observedwhen
comparing the impact of different microalgal diets on the
growth performance of spat in oysters (Crassostrea virginica)
[29] and clams (R. decussatus) [30].

Having this into account, some attempts have been made
to substitute live microalgal diets with the less-expensive
carbohydrate-rich foodstuffs, including different types of
commercial wheat or corn flours [12–14, 18, 20, 31–34].
The experimental evidence concerning the effects of such
supplements on the growth and biochemical profiles of
body tissues is particularly abundant in spats and juveniles
(seeds) of the carpet shell clam R. decussatus, where the use
of mixed diets suggested a similar growth performance of
clams feeding on pure microalgae suspension Isochrysis gal-
bana (T-ISO) than when cornstarch [12, 35], cornmeal [12],
or wheatgerm [20, 36] substituted up to 50% the phytoplank-
ton dose. The addition of cornstarch in particular was seen to
improve the growth of R. decussatus over the values recorded
with monospecific microalgal diets [31].

On the other hand, because of their high-protein and
carbohydrate contents and suitable particle size, yeast cells
have interesting characteristics as the supplements of micro-
algae in aquaculture practice with bivalves [37, 38], although
reduced digestibility might hindrance its utilization in some
cases [10, 37]. In this respect, the highest success in replacing
phytoplankton was found when carpet shell clam seeds were
fed on a mix of microalgae species together with up to 80% of
modified yeast suspensions [39]. In view of the extensive
information available on the nutritional effects of formulated
diets on growth along the early life stages in this clam species
the present experiments were conducted in juvenile R. decus-
satus using mixtures of microalgae (Rhodomonas lens) and
baker’s yeast (Saccharomyces cerevisiae) combined in differ-
ent proportions to produce a range in the proportion of
lipids to carbohydrates in terms of gross biochemical com-
position of diets that otherwise remained constant in the
protein content. These species of food particles were chosen
on account of their similitude in terms of stability in the
water column and cell size to prevent any confounding effect
of differential retention based on particle size.

Beside nutritional conditions related to food ration and
composition, one important factor in rearing management in
hatcheries is the occurrence of large interindividual differ-
ences in growth performance that are widespread among
bivalve species [40–46]. These differences that underlie size
variability inside hatching cohorts have been reported to be
persistent at least in the medium-term [42, 45, 47], and so are
reputed as constitutive and of possible genetic origin (growth
phenotypes). Because the knowledge of the interactions

between this endogenous condition and nutritional factors
might guide in the selection of lines for optimal production,
the present experiments were conducted comparatively in
two groups of assumedly constitutive fast and slow growers
obtained by the segregation of extremes in a size distribution
of spats belonging to a single age cohort.

In these experiments, the growth effects of changing
nutritional features of the diet were approached in a double
way: (1) by direct recording of size (length and live weight)
increments from the onset to the end of the conditioning
period; and (2) by the quantitative recording of physiological
components of growth in experiments where the effects of
dietary change on physiological parameters were assessed in
both the chronic and acute responses and then integrated
into an energy balance (scope for growth [SFG]). In addition
to that SFG provides a reliable measurement of growth rate
[22, 42, 47] benefits of methods of physiological energetics in
analyzing nutritional effects relies on the possibility to iden-
tify which of the components of the chain of physiological
processes connecting feeding and growth are more responsi-
ble for the observed effects as well as the eventual occurrence
of compensatory responses to nutritional deficits.

In a preceding contribution [22], these methods of phys-
iological energetics were applied to address the effects of
feeding different growth phenotypes of the Manila clam on
two diets that were isocaloric, but largely differed in protein/
energy contents. Both feeding rate and absorption efficiency
(AE) increased with the diet of high-N content, that
improved (by ∼50%) both the SFG and actual growth, while
higher phenotypic plasticity in the feeding response enabled
fast growers to achieve a greater benefit from improved die-
tary quality (high-N diet) in comparison with the slow
growers. In the present contribution, performed on fast-
and slow-growing phenotypes of the carpet shell clam, we
have pursued a similar approach to assess the effects on
growth rate and energy balance of feeding spats with diets
of variable composition where the differential factor in terms
of biochemical composition was the ratio of carbohydrate to
lipids, while protein content remained constant. Physiologi-
cal behavior in response to both acute and chronic exposure
to these different diets supplied at different rations were then
analyzed in order to assess as to whether (a) feeding on diets
of different biochemical compositions interacts with the
growth condition to produce a range of growth rates; (b)
the energy balances computed from physiological measure-
ments might account for these growth differences; and (c)
traits of physiological behavior observed in response to die-
tary changes are an exponent of possible mechanisms of
compensation of nutritional limitations.

2. Materials and Methods

Spats (n= 2,600) of the carpet shell clam (Ruditapes decussa-
tus) belonging to a single hatching cohort obtained through
massive fertilization using conditioned brood stock, were
supplied by the Centro de Investigacións Mariñas (CIMA,
Ribadeo, Spain) and brought with ∼2months of age to our
facilities in the University of the Basque Country
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(UPV/EHU) (on January 19, 2017). Based on the size (length
and live weight) distribution of these spats, two groups of
clams were created by segregation of the larger (percentile
85) and smaller (percentile 30) clams that were characterized
as fast- (F) and slow (S)-growing groups, respectively. Initial
mean live weight representative of these groups of clams
were 376.0 (71.6) and 179.1 (54.2)mg, respectively. Before
the start of the experiments, selected groups of clams were
monitored in the laboratory for 51 days, while fed a mixture
of Rhodomonas lens and Isochrysis galbana, clone T-ISO
(1 : 1 in terms of packed volume), with a double purpose:
(a) to test the viability of the stock in future experiments,
which rendered positive results since mortality rates were
negligible (< 0.5%); and (b) to confirm that the assigned
growth categories based on size segregation maintained their
condition of fast and slow growers, respectively, under a
common feeding regime in laboratory conditions.

2.1. Animal Maintenance and Diet Characteristics. Indivi-
duals from each F and S groups were randomly distributed
into three different tanks where they were maintained under
the same constant conditions of aeration, salinity (34‰),
oxygen concentration (9.5mg/L), and temperature (17°C).
Along the conditioning period, each tank was supplied
with a different composition of food (diets D1, D2, and
D3) that was continuously dosed from concentrated stocks
to achieve a particle concentration in the tanks of 2mm3 L−1

(approx. 20,000 cells mL−1), kept constant by frequent check-
ing and adjusting of the dosing rate using a Coulter Multisizer
3 (Beckman Coulter). Diet compositions were based on mix-
tures of cells of the microalgae R. lens and the yeast Saccharo-
myces cerevisiae in different proportions, as shown in Table 1.
Microalgae were freshly collected from a lab culture, while the
yeast derived from a commercial stock of dried pellets (baker’s
yeast Royal from Mondelez International) that were previ-
ously suspended in seawater. Yeast suspensions were tested
for stability in preliminary assays, where neither changes in
total matter nor fluctuations in cell diameter (measured in a
Coulter CounterMultisizer 3) were appreciated within a 24 hr
period. Owing to that, the stock suspensions were renewed
every 24 hr or less. Although both species possess a median
similar size (around 5 µm equivalent spherical diameter), per-
centages of mixtures were calculated based on packed partic-
ulate volumes (Coulter Counter Multisizer) rather than in
terms of particle number. Mixed stocks of the diets were
homogenized and maintained in suspension by magnetic

stirrers inside beakers while dosed to the feeding tanks with
a peristaltic pump. Tanks were cleaned from biodeposits and
water changed on a daily basis.

Diet characterizations were carried out twice a week,
using three replicates per sample, where different aliquots
consisting of known volumes of water collected from the
feeding tanks were filtered through glass fiber filters
(GF/C) for different purposes. (a)Weight of particulate mat-
ter: water samples were filtered on preweighted filters, salts
retained in the filters were then rinsed out with ammonium
formate (0.9%w/v), and the filters were dried for 24–48 hr at
100°C to estimate dry weight. Ash weight was computed
after combustion of the filters for 6 hr at 450°C. Total partic-
ulate matter (TPM, mg L−1) and particulate inorganic matter
(PIM, mg L−1) were determined through the dry and ash
weight, respectively, and particulate organic matter (POM,
mg L−1) was estimated as the difference between TPM and
PIM. (b) Elemental (CHN) analysis: filters for elemental anal-
ysis were rinsed out with 50mL of filtered seawater and
immediately frozen at −20°C, lyophilized, and maintained
at −20°C until being analyzed. Analysis occurred in the SGI-
ker facility (UPV/EHU), by means of an Euro EA Elemental
Analyzer (CHNS) from EuroVector, using acetanilide as
standard. A subset of samples were calcined for 6hr at 450°C
and were subsequently measured in the elemental analyzer in
order to subtract the inorganic C and N fractions.

Prior to the start of the experiments, diets were charac-
terized to determine the proximate biochemical composi-
tion, as follows: samples of the stocks of diets (>1L) were
centrifuged at 4°C and 3,700–3,800 rpm for 15min, and the
pellets were freeze-dried. Triplicate samples were then used
for the independent extraction and quantification of carbo-
hydrates, proteins, and total lipids, using colorimetric meth-
ods. Carbohydrates were extracted in trichloroacetic acid
(5%) and quantified according to DuBois et al. [48] using
dried glycogen from oysters as a standard. Proteins were
extracted in NaOH (0.4N) and quantified according to
Lowry et al. [49] with a bovine serum albumin standard.
Total lipids were pre-extracted in acetic acid [50], extracted
twice in methanol:chloroform in proportions 2 : 1 and 1 : 2
[51, 52], and quantified according to Marsh and Weinstein
[53] against a tripalmitin:phosphatidylcholine 1 : 1 standard.

As shown in Table 1, the differences in composition
between diets were based on the proportion of microalgae
to yeast. Most dietary parameters, including those for food
ration (POM) and gross food composition (organic content:

TABLE 1: Composition, particle concentration (TPM and POM mgL−1), and biochemical characteristics of experimental diets supplied.

Diet Composition Carbo-hydrates Proteins Lipids N C H TPM POM Energy content

D1
R. lens: 80%

S. cerevisiae: 20%
15.47 (2.16)

50.33
(2.40)

34.20
(0.30)

14.45
(1.02)

68.93
(2.57)

16.62
(2.00)

1.09
(0.13)

1.01
(0.10)

26.29

D2
R. lens: 50%

S. cerevisiae: 50%
24.03 (4.54)

49.09
(4.75)

26.87
(0.44)

14.39
(0.04)

65.90
(3.68)

19.72
(3.68)

1.15
(0.03)

1.08
(0.02)

23.12

D3
R. lens: 20%

S. cerevisiae: 80%
32.60 (7.10)

47.85
(7.53)

19.55
(1.09)

13.99
(0.87)

67.76
(1.84)

18.25
(2.62)

1.16
(0.05)

1.07
(0.03)

19.96

Biochemical and elemental components are expressed as the percentage of each over the sum of the components or elements, respectively. Energy content
(Jmg−1) was estimated following Platt and Irwin [54].
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POM/TPM or C:N ratio) were kept constant between diets,
with the only important difference relying on biochemical
composition and particularly in the carbohydrate/lipid ratio.

2.2. Experimental Design. Clams were maintained on the
above diets for 30 days of food conditioning before conduct-
ing the physiological experimentation that was performed on
the groups of clams conditioned to the extremes of diet com-
position (i.e., D1 and D3). During the experiments, each con-
ditioning groups were fed diets D1 and D3, each dosed at two
different rations: the high ration (H), that is coincident with
the conditioning ration (2mm3L−1) and the low ration (L),
that is half of the former (1mm3L−1).

2.3. Physiological Determinations and Scope for Growth. For
each of the above experimental conditions, the physiological
parameters of both fast- and slow-growing clams were sepa-
rately determined in groups of 5–7 individuals since the small
size of clams prevented from performing individual determi-
nations. Reported values of these parameters were obtained as
the mean of measurements performed with 5 of these groups
(n= 5). Physiological measurements leading to the SFG deter-
minations lasted four days for each food condition.

Clearance rate (CR, L h−1) was measured by the flow-
through chamber method [55]. Groups of clams were placed
in a 125mL flask, arranged in a bath at a constant tempera-
ture (17°C), with a constant supply of the diet, where flow
rates were regulated independently in each flask in order to
produce 15%–30% reduction of particle concentration. A flask
without animals was used as the control chamber. A number of
12–16 measurements were considered sufficient to character-
ize the filtering activity and were distributed along the daytime
(from 8 a.m. to 8 p.m.) to integrate possible fluctuations in the
physiological response associated to tidal rhythms [56]. Individ-
ual CRs were computed according to the following expression:

CR Lh−1ð Þ ¼ Ci − Co
Ci

× F; ð1Þ

where Ci and Co are the particle concentrations at the outlet
of the control and experimental chambers, respectively; and
F stands for the flow rate through the chamber.

Organic ingestion rate (OIR, mg h−1) was computed as
the product of CR and POM.

Absorption efficiency (AE, decimal units) was estimated
by the method of Conover [57] from the organic contents of
food and feces samples taken during CR measurements.
Samples were filtered on GF/C filters and processed for
TPM and POM following the same treatment described in
Section 2.1. The organic content of diet (F) and feces (E) was
estimated as the fraction of ash-free dry weight over the total
dry weight of the sample and the AE was calculated as:

AE ¼ F − E
1 − Eð Þ × F

: ð2Þ

Absorption rate (AR, mg h−1) of organic matter was esti-
mated as the product of OIR and AE. Absorption rate in

energy units (J h−1) was obtained using the energy equiva-
lents (26.29 and 19.96 Jmg−1 for diets 1 and 3, respectively),
based on both biochemical and elemental composition [54].

Metabolic rate was indirectly assessed from the rate of
oxygen consumption (VO2, mL O2 h

−1). Groups of clams
were placed in 150mL sealed chambers filled with filtered
seawater at constant temperature (17°C) for 4 hr. A lumines-
cent dissolved oxygen probe connected to a Hatch HQ40d
oximeter registered the decline in oxygen concentration in
the chambers along the time. A chamber without animals
was used to correct for changes in oxygen concentration not
associated with the respiratory activity of animals. The rate of
metabolic energy loss (R: J h−1) was calculated using an energy
equivalent or oxycaloric coefficient of 20.08 JmL O2

−1 [58].
Ammonia excretion rate (VNH4-N, µg NH4-Nh

−1) was
determined from rates of ammonia production by animals
in open flasks filled with 80mL of filtered seawater (0.2 µm
Millipore membrane) at constant temperature (17°C). Three
subsamples per flask were extracted and the ammonia con-
centration of the water was determined according to the
phenol-hypochlorite method [59]. Two flasks without ani-
mals were used as a control and processed in the same way as
the former. Rates of ammonia excretion were converted to
energy equivalents (U: J h−1) by using a conversion factor of
24.85 Jmg−1 [60].

O:N index was calculated as the ratio in atomic equiva-
lents of oxygen consumed and nitrogen excreted.

Scope for growth (SFG, J h−1) was estimated according to
the formula:

SFG ¼ AR − Rþ Uð Þ: ð3Þ

All the rates were divided by the number of specimens
inside each flask to express the individual rates. To correct
for size variation among group treatments, all the physiolog-
ical rates were standardized to a common dry weight of tissue
(29.14mg; obtained as the mean value of all individuals used
in experiments), using the expression:

YSTD ¼ WSTD
WEXP

� �
b
× YEXP; ð4Þ

where YSTD and YEXP represent, respectively, the standard-
ized and experimental rate;WSTD andWEXP are the standard
and experimental weights of individuals; and b is the mass
exponent scaling physiological rates to body size, according
to own unpublished results: 0.609, 0.697, and 1.00, for CR,
VO2, and VNH4, respectively.

2.4. Data Analysis.Analyses of conditioning effects on growth
rate were conducted through two-way analysis of variance
(ANOVA) (factors: conditioning diet and growth group).
Acute effects of diets fed during the experiments on the
physiological parameters and SFG were tested (separately
for each acclimation condition) in the context of a three-
way ANOVA (factors: diet composition, ration, and growth
group). Analyses were performed after the data were tested for
normality (Shapiro–Wilk) and homoscedasticity (Levene).
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All statistical analysis and graphical elaboration of the
figures were performed by means of the R software, version
3.5.1 [61].

3. Results

3.1. Growth Performance. Regarding the effects of diet con-
ditioning, growth reached a maximum on the mixture con-
taining the highest proportion ofmicroalgae (80 : 20), followed
by the intermediate diet (50 : 50), while growth was drastically
reduced on the diet low in microalgae (20 : 80). Both factors
(diet and growth condition) showed significant effects, where
the conditioning effect (F= 3.85, p ¼ 0:02) contributed to a
lesser extent than the growth category (F=25.05, p<0:001), in
spite of the high standard deviation in the comparison between
F and S clams. Summarizing, the same trend regarding the
negative effect of reducing the proportion of microalgae in
the diet was observed for both growth groups, that maintained
a consistent difference (approximately 5× between F and S
clams) except for diet D3 where the growth rates of S clams
were reduced by∼10×with respect to F clams. In other words,
feeding on a diet that limited growth rates also increased the
differences between fast- and slow-growing clams.

3.2. Chronic Response. Physiological components of growth
and SFG were compared for diet and growth group effects in
the chronic response to assess the concordance between
these indirect growth measurements and the actual measure-
ments of growth rate shown in Table 2. Thus, comparisons
included physiological measurements of each conditioning
group (D1 and D3; note that physiological responses were
only recorded for the extreme diets) while fed the diet used in

conditioning (i.e., the composition D1 or D3 dosed at the
high ration). To corroborate the main trends shown above
(Table 2), the SFG also showed significant differences associ-
ated to both diet composition and growth category (Table 3),
where D1 promoted higher SFG values than D3 and especially
in F clams. These effects on SFG resulted from different phys-
iological responses promoted by diets D1 and D3. For
instance, net energy acquisition (absorption rate) and SFG
were higher in clams conditioned to D1 due to the higher
AE recorded with this diet, while F clams achieved higher
SFG than S clams due to the increased rates of absorption,
in spite of the higher AE values recorded in S clams (Table 3).

3.3. Acute Response. Main results concerning the effects on
physiological parameters of acute exposure to D1 and D3
diets dosed at two rations on F and S clams are shown in
Figure 1 for conditioning groups D1 and D3. Similarly, in
order to simplify the interpretation of the analyses, signifi-
cant effects of diet features on these physiological parameters
were tested by means of a three-factor (diet composition,
ration, and growth group) ANCOVA performed separately
on both conditioning groups (Table 4). These responses were
subsequently addressed comparatively between D1 and D3
conditioned clams.

CR (Figure 1(a)) showed significant differences in the
response to exposure diets only in clams conditioned to D1
(Table 4), where a change from D1 to D3 promoted increases
in their filtration activity (77%mean rise). Similarly, remark-
able interindividual differences were displayed for D1 condi-
tioned clams, F clams doubling the filtration rate of S clams.
These effects of diet composition or growth group were

TABLE 2: Mean (SD) size parameters (L: length, wi: width, W: live weight) at the start and end of the conditioning period and growth rate (GR)
in F and S clams conditioned to the three diets (D1, D2, and D3).

Condit. G
Start of conditioning End of conditioning

GR (mg d−1) N
L (mm) Wi (mm) W (mg) L (mm) Wi (mm) W (mg)

D1
F 14.41 (0.91) 9.51 (0.57) 449.97 (83.75) 14.74 (0.94) 9.98 (1.23) 484.48 (90.84) 1.4 (2.74) 122
S 11.07 (0.89) 7.55 (0.74) 228.97 (76.59) 11.18 (0.98) 7.65 (0.82) 238.24 (86.01) 0.34 (2.49) 127

D2
F 13.65 (0.68) 9.01 (0.45) 374.8 (55.88) 13.78 (0.76) 9.1 (0.52) 399.71 (68.67) 1.02 (1.89) 147
S 10.44 (0.55) 7.14 (0.5) 181.47 (49.07) 10.5 (0.65) 7.15 (0.58) 187.74 (55.29) 0.21 (1.47) 145

D3
F 14.57 (0.96) 9.57 (0.61) 457.23 (85.06) 14.63 (0.97) 9.61 (0.94) 471.12 (87.18) 0.57 (2.50) 122
S 11.01 (0.91) 7.53 (0.69) 221.89 (71.72) 11.08 (0.91) 7.55 (0.7) 226.46 (71.17) 0.04 (1.94) 127

TABLE 3: Mean (SD) values of physiological parameters (CR: mLh−1, AE: decimal units, AR: J h−1, VO2: µL h
−1, VNH4-N: nL h

−1, and SFG:
J h−1) included in the energy balance of F and S clams conditioned to D1 and D3.

Diet D1 D3 Statistical differences

Growth group F S F S D G D ∗G

CR 119.98 (37.6) 96.31 (16.11) 165.12 (69.85) 125.96 (20.51) – – –

AE 0.79 (0.08) 0.89 (0.02) 0.38 (0.1) 0.5 (0.08) ∗∗∗ ∗∗ –

AR 3.42 (0.95) 1.96 (0.35) 1.79 (0.56) 1.25 (0.21) ∗∗∗ ∗∗ –

VO2 29.92 (4.68) 34.38 (15.07) 28.1 (15.67) 10.34 (5.83) ∗ – ∗

VNH4-N 425.87 (93.13) 477.41 (118.54) 286.6 (84.79) 211.69 (74.44) ∗∗∗ – –

SFG 2.81 (1) 1.26 (0.53) 1.22 (0.7) 1.04 (0.16) ∗∗ ∗ ∗

Results of ANOVA analyses testing for significant effects ( ∗∗∗p<0:001, ∗∗p<0:01, ∗p<0:05, “–” indicates n.s.) of diet (D), growth category (G) and interaction
effects between them (D ∗G).
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found to be not statistically significant in clams conditioned
to D3, although trends indicate higher CRs in F clams (27%
mean increase). Overall, ration effects were not significant
due to the contrasting behavior found with exposure to diets
D1 and D3: rising particle concentration promoted a decline
in CR with D1 composition, while the opposite occurred for

D3 (accounted for by the interaction term D ∗R, only signifi-
cant for D3; Table 4).

The main effects on AE were associated to the composi-
tion of food supplied during the experiments (Figure 1(b)),
irrespective of growth group or conditioning diet; thus, AE
was significantly higher (46%) with diet D1 compared to D3
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(Table 4). Increasing ration produced opposite effects on the
AE recorded with diets D1 (positive effect) and D3 (negative
effect) as accounted for the interaction D ∗R (Table 4). Dif-
ferences between growth groups achieved less significance,
although S clams registered approximately 10% higher AEs
than F clams.

Absorption rates (Figure 1(c)) reflected the positive
effects of the ration in the form of a general increment asso-
ciated to high food concentration (Table 4); although such
effects were partly counterbalanced in the case of D3, due to
the decline of AE with the high ration of this diet. Consistent
differences in CR between growth groups also resulted in
rates of absorption that were significantly higher (2–2.5
times) in F clams compared with S clams (Table 4). In sum-
mary, AR (Figure 1(c)) shows a general tendency to decrease
with declining ration (H vs. L), food quality (D1 vs. D3), or
growth performance (F vs. S); with the sole exception of F
clams conditioned to D1 and fed the diet D3 where a strong
overfeeding response was recorded.

Main differences in metabolic rates (Figure 1(d)) were
found between growth groups, with higher rates recorded for
F clams (Table 4); however, large intragroup variability
reduced the significance of these effects. Moreover, rates of
metabolism tended to decline in clams fed on D3 diet,
although this effect was only significant following condition-
ing to the D1 diet (Table 4). No significant effects of ration
were recorded except for S clams (R ∗G interaction) condi-
tioned to D1 (Table 4).

Ammonia excretion rate (Figure 1(e)) constituted aminor
component in the energy budget, and indeed only around 2%
of metabolic energy expenditure corresponded to ammonia
release. Yet, responses were consistent between conditioning
groups as to the increased N excretion rates recorded with
exposure to D1 compared with D3 (Table 4). Feeding a high
ration also increased ammonia release, with different intensi-
ties in clams acclimated to D1 (20% increase) and D3 (50%
increase). No significant differences in rates of excretion were
detected between growth groups.

SFG (Figure 1(f)) largely reflected the behavior of absorp-
tion rates (Figure 1(c)), with the growth condition exerting
highly significant effects in both conditioning groups (Table 4).
On average, the values for F clams attained over twice the
values of S clams (2.23 and 0.91 J h−1, respectively). Moreover,
the average values of SFG were higher in clams conditioned to
D1 compared to D3; although not statistically tested, these
differences were mainly associated to the behavior of fast
growers (Figure 1(f)). Compared with feeding the D1 diet,
there is a general decline in the SFG values recorded with
the D3 diet, which is mainly due to the reduction in AE values
observed with this last diet, especially when fed the high ration
(Figure 1(f)). This effect of food composition wasmore intense
in slow compared with fast-growing clams (as accounted for
the significant interactions D ∗G; Table 4). In contrast with the
general behavior of clams conditioned to the D3 diet, F clams
conditioned to the D1 diet were found able to compensate the
negative effects of reduced food quality by means of a positive
feeding response, resulting in the absence of significant differ-
ences in SFG between D1 and D3 diets (Table 4).

4. Discussion

Actual measurements of growth and energy balance recorded
in juvenile Ruditapes decussatus reflected a combination of
effects associated to both endogenous and exogenous factors
related to features of food suspensions. Overall, growth con-
ditions improved with an increasing proportion of phyto-
plankton relative to yeasts in the diet that, in terms of
biochemical composition, represented both a negative effect
of increasing the carbohydrate to lipid ratio and a positive
effect of dietary energy content. Indeed, physiological com-
ponents of growth performed better in clams either accli-
mated or exposed to D1 diet relative to D3 diet and
benefited more from the increase in ration with the high-
quality diet. Similarly, actual growth determinations based
on size increments during conditioning revealed a continuous
decreasing trend from D1 to D3. Original differences in
growth performance between F and S clams also increased
from D1 to D3, which reflect a higher ability for F individuals
to maintain a comparatively higher rate of growth than S
specimens under poorer feeding conditions. Similar results
were reported in the Manila clam (R. philippinarum) [22]
where feeding on low-quality diets—represented in this case
by low-N content—enhanced constitutive differences in
growth rate between F and S clams.

Much of the above dietary effects, differentially expressed
in fast and slow growers, rely on the feeding response, as
exemplified in D1 conditioning by the increase in CRs
observed in F clams when fed the D3 diet at both rations
(Figure 1(a)). A similar, although much more intense over-
feeding response was reported in this species when fed a
carbohydrate-rich diet in comparison with a microalgal
diet [31]. Hence, this increase can be interpreted to act as a
compensatory mechanism for the general reduction in AE
(Figure 1(b)), to be discussed later, and resulted in the regu-
lation of absorption rates that reached similar values in both
regimes of diet exposure (Figure 1(c)). Such compensatory
feeding response was restricted to F individuals, revealing
that an increased endogenous capacity for food collection
would be a key feature underlying better growth perfor-
mance. Traits of physiological behavior fitting the energy
acquisition model [62] have been largely reported in the
congeneric clam species R. philippinarum [22, 42, 47, 63]
where a greater capacity for feeding and absorption charac-
terizes fast-growing phenotypes. However, no such overfeed-
ing response was observed in F clams conditioned with the
growth limiting diet (D3), suggesting that energy restrictions
during the conditioning period might, in addition to limit
growth, also result in the virtual cancelation of physiological
compensatory adjustments.

Digestive behavior of food ingested when feeding diets of
different composition is virtually the most important physi-
ological trait as regards to energy balance. The reduction of
AE associated to food composition, from exposure diet D1 to
D3, was highly significant in all conditions (Table 4), and this
quality-dependent effect appeared reinforced in clams that
had been conditioned to D3. For instance, the combined
acute and chronic effects of decreasing food quality resulted

8 Aquaculture Nutrition



in an average decrease by ∼50% in the AE (Table 3). Rates of
absorption—representing the net energy gain—and SFG
values reflected the effects of food composition on digestive
performance, concomitantly with the overall positive effects
of ration and interindividual differences in feeding rates
accounted for by the sequence of values shown in Figures 1(c)
and 1(f), where F clams ranked above S clams and clams fed the
D1 and high ration ranked above those fed the D3 and low
ration (with the already discussed exception of F clams condi-
tioned to D1 and fed D3).

Opportunities brought about by increasing food concen-
tration (ration) as regards energy gain are, however, different
between D1 and D3 since AE was virtually independent on
ingestion rate with diet D1 found to sharply decline with
increasing rates of ingestion of D3 (Figure 2), thus partly
canceling out the benefits of feeding at high ration of this
diet. In addition to the overall reduction in AE, strict reliance
of this efficiency on gut transit time of food, which is implicit
in this relationship for D3, has been identified in several
bivalves as a trait characteristic of the gut processing of
poorly digestible items such as phytodetritus, particularly
of vascular plant origin [64–66], or low-quality phytoplank-
ton [22]. Digestibility can be assumed to result from the
substrate specificity of the digestive enzyme pool fitting the
biochemical composition of food. Unlike the digestive pro-
cessing of phytoplankton, it is uncertain as to whether
enzymes in the gut of bivalves might be fully effective in
the digestion of S. cerevisiae cells, that is the main component
(80%) of D3 diet. Digestive breakdown of glycogen, the main
energy reserve in yeasts (up to 40% in weight; [67, 68]), is
very likely performed by α-amylase, abundantly present in
both the digestive gland and crystalline style of bivalves

[69–72], but it is much more problematic to ascertain the
effectiveness of the cellulolytic complex, primarily designed
for the cleavage of phytoplankton cell wall [73] against the
polysaccharide composition of the yeast’s cell wall, including
different beta-glucans, mannans, and chitin [74]. In this
respect, chemical and enzymatic treatment of yeast cells to
partly remove the mannoprotein layer [75, 76], as well as the
use of mutant variants that are deficient in mannan synthesis
[77] have been reported to greatly increase the nutritional
value baker’s yeast, allowing the effective replacement (up to
80%) of phytoplankton by yeast in the cultivation of the spat
of clams R. decussatus [39] and Mercenaria mercenaria [76].

Moreover, the benefits of phytoplankton in the diet of
clams might not only rely on its better digestibility, but also
on the provision of more appropriate nutrient balance. As
the main structural components of tissues, proteins have
been addressed as the key constituent in supporting growth
[78–81], but all diets tested in this study had the same protein
content. However, the increased proportion of carbohydrates
at the expense of lipids in the diet with the greatest degree of
substitution of microalgae by yeasts (e.g., D3; Table 1) might
result in nutrient limitation under some conditions. Diges-
tion in bivalves comprises a great amount of intracellular
processes hold by the digestive gland that results in the
breaking off and subsequent release of digestive cell apices
in the form of membranous “fragmentation spherules” [82,
83] which are reputed to have a high lipid content [84]. This
forms the bulk of metabolic fecal losses (MFL) [85] an
organic component of endogenous origin voided with the
feces that has been reported to constitute a very relevant
although variable component in the digestive balance of
bivalves: for instance, MFL were quantified in cockles (Cer-
astoderma edule) to represent between 12% in readily digest-
ible diets like phytoplankton, and 26% of organic ingestion,
in diets more refractory to digestion like vascular plant detri-
tus [66]. Given the abundance of lipids in MFL composition,
the above is consistent with the finding that the digestive
balance of lipids was drastically reduced (even to negative
values) under feeding conditions involving high MFL [70,
86]. Those conditions are very likely represented by diet
D3 in the present case, where a high demand of dietary lipids
to offset digestive constraints met in the form of MFL would
occur concomitantly with the dietary restriction of this bio-
chemical component. Such limitations, along with reduced
enzymatic digestibility, would account for most of the
restrictions on net energy gain found with this diet in com-
parison with diet D1.

Energy expenses represented only a minor component
(∼20%) of energy balances, with over 90% of these expenses
being accounted for by metabolic rates (R) and less than 10%
by N excretion (U). Regarding the costs of foodstuff assimi-
lation, the amount of energy respired per unit of energy
absorbed (R/AR) was seen to keep a rather constant propor-
tion across diets, but revealed a trend of change associated to
growth condition (F = 2.96, p ¼ 0:09), with F clams exhibit-
ing lower unitary costs than S clams (0.23 (0.15) vs. 0.32
(0.28)). Although not statistically significant in this case,
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due to large variances, the occurrence of this ∼30% difference
between F and S clams is consistent with broadly reported
evidence in bivalve species of higher unitary metabolic costs
in constitutive slow growers compared with fast growers
[40–42, 44, 47, 63, 87–91] fitting the metabolic efficiency
model [62].

One important conclusion of the present study is that the
growth performance of carpet shell clams (measured in
terms of both growth rate and SFG) improved with the
increasing proportion of lipids to carbohydrate in the diet,
which corresponds in this case with the relative abundance of
microalgae versus yeasts cells in the feeds mixture. Regarding
physiological parameters, these dietary effects are mainly
driven by differences in the AE found between clams fed
the extreme food compositions. However, the present results
do not allow to ascertain whether the reduced AE recorded
with the diet D3 relative to D1 diet results from reduced
digestibility per se of yeasts cells due to structural restrictions
or either reflects the digestive imbalance of lipids associated
to high production of MFL. Irrespective of food composition,
growth performance was higher in F compared with S clams,
with higher feeding rates and reduced metabolic costs of F
clams accounting for these growth differences. Moreover,
increased phenotypic plasticity in the form of an overfeeding
response was seen to enable the fast-growing clams to over-
come the above referred limitations in the digestive proces-
sing of D3 diets; however, the resource to such kind of
physiological mechanism appeared limited by the nutritional
conditions (energetic status) prevailing during the condition-
ing phase.
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