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Understanding the mechanisms of nutrient regulation in bivalves is crucial for optimizing their growth under varying dietary
conditions. In the present work, juveniles of the carpet shell clam (Ruditapes decussatus) from the same cohort were size-segregated
to obtain fast and slow growing phenotypes. These clams were then conditioned to diets presenting a range of lipid/carbohydrate
proportions but similar carbon:nitrogen (C:N) ratios. Subsequently, experiments were conducted to determine elemental (C and
N) balances in order to achieve the following aims: (a) To identify strategies of homeostatic nutrient regulation in relation to either
endogenous (growth phenotype) or dietary factors and (b) to quantify the extent to which stoichiometric adjustments (at both pre-
and postabsorptive levels) are accomplished throughout the successive components of elemental balances. The elemental balances
of both C and N exhibited higher values under the lipid-rich diets, indicating the presence of nutritional limitations in juvenile
clams fed on low lipid/carbohydrate proportion, resulting from a greater digestive imbalance of lipids in diets of low digestibility
coupled to limited dietary lipid income. These nutritional limitations were more effectively managed by the fast-growing pheno-
type, pointing to the importance of enhanced energetic status in sustaining homeostatic nutrient regulation. The stoichiometric
coupling between consumed diets and the biosynthetic requirements of growing tissues relied on postabsorptive rather than
preabsorptive mechanisms, although notable discrepancies in this regard were observed between conditioning diets.
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1. Introduction

Bivalve growth and production, and their dependence on
variable diet composition, have been the subject of consider-
able attention for decades [1]. Growth predictions based on
retained energy (the SFG approach) have been further refined
by the addition of nutrient balance analyses [2–6]. This refine-
ment contributes to a more comprehensive understanding of
the dynamics of the physiological processes underlying growth
performance. According to the concepts of biological stoichi-
ometry [7], themaintenance of nutrient homeostasis in growing
animal tissues is achieved through the concourse of several
physiologically based mechanisms, including (1) preingestive

selection, whereby, animals preferentially select foods that
best meet their needs; (2) adjustments in assimilation patterns,
which involve the selective up- or downregulation of specific
elements; and (3)metabolism, which allows the elimination of a
nutrient when it is in excess. Overall, these mechanisms can
compensate for imbalances between biosynthetic requirements
and dietary availability of nutrients. The stoichiometric adjust-
ments achieved with diets of variable composition may result in
different growth constraints that are difficult to identify from
energy flowmeasurements alone. For example, elemental-based
net budgets of fast- and slow-growing juveniles of Ruditapes
philippinarum were previously analyzed [8] to assess responses
to isocaloricmonoalgal diets that differed in carbon:nitrogen (C:
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N) ratio, with the protein:energy ratio representing the differen-
tial feature of diet composition. In that work, stoichiometric
regulatory processes were found to rely on both preferential N
absorption and stoichiometric N release, resulting in a substantial
decoupling between energy and net elemental uptake, highlights
the importance of nutrient flux computation in understanding
these processes.

Besides the C:N ratio, another topic of ongoing interest
in aquaculture with regard to food composition is the opti-
mal proportion of lipids to carbohydrates (L:CH ratio) in the
diets of bivalves, related to the feasibility of supplementation
of microalgal food with low-cost foodstuffs rich in carbohy-
drates such as wheat or corn flours or commercial yeasts [9,
10, 11, 12]. The majority of papers addressing the impact of
diets are developed on the basis of growth experiences that
extend for approximately 30–45 days [10, 11, 13–15]. A
number of studies have demonstrated the impact of various
dietary supplements, including cornstarch [16, 11, 13], corn-
meal [11], and wheatgerm [10, 14, 16], on the growth and
biochemical composition of tissues in the grooved carpet
shell (GCS) clam, Ruditapes decussatus. Specifically, substi-
tutions up to 50% of the phytoplankton dose have been
shown to yield a growth rate that is analogous to that
observed with the control (100% phytoplankton) diet. Simi-
larly, partial substitutions (up to 50%) of Chaetoceros muel-
leri (L:CH ratio= 1.44) by microcapsules (L:CH ratio= 0.21)
in the diet of clams Sinonovacula constricta and R. philippi-
narum [15] yielded no discernible differences in growth per-
formance or biochemical composition of clams tissues.
However, total substitutions resulted in approximately 30%
decline in growth rate likely due to the strong reduction
observed in the filtration rates of microcapsules compared
to those of microalgae. Zhu et al. [17] employed microcap-
sules with a variable L:CH ratio to further substantiate the
overall beneficial impact of increasing the proportion of
lipids in the diet on the growth performance of S. constricta,
with optimal values found at 1:3 for the L:CH ratio.

In addition to the relevance of food supply and its quality,
another crucial factor for bivalve hatcheries is the influence of
endogenous factors, possibly related to the genetic constitu-
tion of individuals (growth phenotypes). This has been dem-
onstrated to exert a substantial influence on the growth rate of
bivalves by modulating physiological parameters, particularly
those involved in energy acquisition [18–25]. These differ-
ences in growth rate within the same cohort have been shown
to be sustained for periods of at least 4 months [24, 26].
Consequently, the analysis of interactive effects between these
factors and dietary conditions is of the utmost interest, par-
ticularly in clams. Previous studies performed by our labora-
tory have revealed that physiological responses to changes in
both the quantity and biochemical composition of the food
may be modulated differently in different growth phenotypes
[18, 19, 26]. In view of the aforementioned considerations, the
investigation of the potential interactions that may emerge
from the dietary influences and the interindividual variations
in growth could optimize production practices through the
selection of lines. Consequently, the present experiments
encompassed interindividual comparisons between fast and

slow-growing lines, obtained from the same age cohort (for
details, see [18]).

In this line, growth rates and related energy balances have
been recorded in the GCS clam fed mixtures of microalgae and
yeasts of different proportions to achieve a range (0.6–2.2) in the
ratios of L:CH in the diet, while C:N ratios were kept constant
[18]. Despite the fact that previous studies have demonstrated
the feasibility of replacing up to 80% of the diet with yeast for
growing R. decussatus specimens [27], the results of this study
revealed a clear negative effect of increasing the proportion of
yeast in the mixture. This negative effect does not appear to be
attributable to a dietary lipid limitation alone since the lowest L:
CH ratio tested (L:CH ratio=0.6; corresponding to the 80%
substitution of phytoplankton with yeast) was still above the
optimal ratio reported in other clam species [15, 17]. In R. phi-
lippinarum, the reduced feeding rates recorded with the micro-
encapsulated food appear to account for the corresponding low
growth performance observed with this diet [15]. In contrast
with these findings, the detrimental effects on growth rates of
R. decussatus were rather based on a strong reduction in the
absorption efficiency (AE) of the clams fed the low-lipid diets
[18]. This observation points to the importance of a detailed
consideration of the digestive balances involved in the differen-
tial absorption of dietary components, thereby, substantiating
the present approach, in which elemental analysis was incorpo-
rated into the characterization of the physiological components
of the energy budget. Consequently, C and N balances were
determined together with the calculation of C:N ratios and the
ratios of both elements to energy in the experimental setup
utilized to determine energy balances [18]. These experiments
were designed to allow the analysis of both chronic and acute
responses to diets differing in composition by a factor of 3.5 in
terms of L:CH ratio and were performed independently in fast-
and slow-growing phenotypes, thus, extending the range of
physiological responses to variable nutritional conditions. In
light of the above, the main objectives of this study were: (a) to
identify the strategies of homeostatic nutrient regulation in the
form of differential processing of elemental components in
relation to both nutritional and endogenous factors and (b)
to quantify the degree to which stoichiometric adjustments
are accomplished throughout the successive components of
elemental balances, particularly with regard to their distribu-
tion between pre- and postabsorptive processes.

2. Material and Methods

Approximately 2600 spat (with an average length ranging
from 8 to 16mm) of the GCS clam, Ruditapes decussatus,
were procured from the Marine Research Centre (CIMA,
Ribadeo, Spain) and transported to our research facilities at
an approximate age of 2months. Two distinct groups of clams
were established by segregating the larger individuals (85th

percentile) from the smaller ones (30th percentile), which
were subsequently classified as fast (F) and slow (S)-growing
cohorts, respectively. The initial mean (SD) live weight of
these clam groups was determined to be 376.0mg (71.6) for
the fast-growing group and 179.1mg (54.2) for the slow-
growing group, respectively. Prior to conducting the
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experiments, individuals were confirmed to maintain their F
or S status under our uniform laboratory conditions through a
pilot growth experiment for 51 days.

2.1. AnimalMaintenance, Diet Characteristics, and Experimental
Design. A detailed account of the dietary composition, animal
maintenance, and experimental design can be found in Arranz
et al. [18], Materials and Methods, Sections 2.1–2.2). For the
purposes of this section, a concise overview will be provided.

The clams from each F and S groups were randomly distrib-
uted into two separate feeding tanks andmaintained in the same
conditions of salinity (34‰) and temperature (17°C). Each tank
received a different diet composition (Table 1) at a concentration
of 2mm3 L−1 (~20,000 cells mL−1). The tanks were cleaned of
biodeposits and water was changed daily. Diet compositions
consisted of mixtures of the microalgae species Rhodomonas
lens (freshly collected from laboratory cultures) and the baker’s
yeast (commercial brand Royal from Mondelez International)
Saccharomyces cerevisiae (dried pellets) in the proportions as
indicated in Table 1. Prior to the start of the experiments, diets
were characterized in order to determine the proximate bio-
chemical composition as follows: samples of the diet stocks
(>1L) were centrifuged at 4°C and 3700–3800 rpm for 15
min, and the pellets were freeze-dried. Triplicate samples were
then used for the independent extraction and quantification of
carbohydrates, proteins, and total lipids, employing colorimetric
methods (for detailed procedures, see [18]). Both diets exhibited
comparable protein content, with the primary distinction in
biochemical composition stemming from the markedly higher
L:CH ratio observed in the microalgae-rich diet (D1) relative to
the yeast-rich diet (D3). This resulted in a 30% increase in energy
content per unit of organic weight in D1 compared to D3.

Diets were characterized frequently during the condi-
tioning period and acute exposure experiments, by filtering
a known amount of water onto preweighed glass fiber filters
(GF/C). The particle concentration and organic content of
the suspended food were determined based on gravimetric
measurements. Afterwards, the filters were rinsed with ammo-
nium formate (0.9% w/v) to remove any residual salts. The
filters were then dried for 24–48 h at 100°C to determine the
dry weight and subsequently burned for 6 h at 450°C to deter-
mine the ash weight. The total particulate matter (TPM,
mgL−1) and particulate inorganic matter (PIM, mgL−1) were
determined through the dry and ash weight, respectively, while
the particulate organic matter (POM, mgL−1) was obtained as
the difference between TPM and PIM. As for elemental analy-
sis (CHN), GF/C filters were rinsed with 50mL of filtered
seawater and immediately frozen at −20°C, lyophilized, and
maintained at −20°C until being analyzed. The analyses were

conducted at the SGIker facilities (UPV/EHU) by means of a
Euro EA Elemental Analyzer (CHNS) from Euro Vector, with
acetanilide serving as the standard. Subsets of samples were
burned for 6 h at 450°C and subsequently measured in the
elemental analyzer to correct for the inorganic C and N frac-
tions. The gravimetric data concerning the concentration of
suspended particles (TPM and POM, both in mgL−1) and
elemental composition (C, H, and N) of D1 and D3 diets are
presented in Arranz et al. [18]. The data presented in the afore-
mentioned study revealed no differences in TPM or POMwere
reported between the acclimation diets. The calculated element
ratios (Table 1) were identical for the C:N and slightly different
for the C:H ratio, which was approximately 10% higher in D1.

Clams were maintained on the above diets for 30 days to
acclimate to feeding conditions before conducting the experi-
ments. These consisted of physiological determinations required
in both energy and elemental balances performed on the groups
of clams acclimated to D1 and D3. Each acclimation group was
measured while feeding the D1 and D3 diets dosed at two dif-
ferent rations: high ration (H: [particles]= 2mm3 L−1), which is
coincident with the acclimation ration, and low ration (L:
[particles]= 1mm3 L−1). According to this experimental design,
groups of clams were arranged as illustrated in Table 2.

2.2. Determinations of the Elemental Balance. The physiolog-
ical measurements necessary to compute the elemental bal-
ances have been previously reported [18]. In brief, five
replicates were used per experimental group to determine the
clearance rate (CR), AE, ammonia excretion rate (VNH4-N),
and oxygen consumption rate (VO2). Prior to the computation
of elemental balances, physiological rates were standardized to
a common dry weight of tissue (29.14mg soft tissue dry
weight). Themeans (SD) of these standard values are presented
in Table 2.

In the present work, the values of the physiological
parameters presented in Table 2 have been combined with
the elemental analysis of the diets and feces to compute the
nitrogen and carbon balances as follows:

2.2.1. Ingestion Rates (IRs). The particulate organic N and C
(PON and POC, respectively) were calculated as the product
between POM and the proportion of organic N and C pres-
ent in the diet as follows:

PON mgL−1ð Þ ¼ POM ×
N%
100

: ð1Þ

POC mgL−1ð Þ ¼ POM ×
C%
100

: ð2Þ

TABLE 1: Diet composition, carbohydrates (%), proteins (%), lipids (%), ratios of biochemical components (proteins/carbohydrates, Pr:CH;
proteins/lipids, Pr:L; lipids/carbohydrates, L:CH) and elemental components, and energy content (E cont., J mg POM−1).

Diet Composition Carbohydrates Proteins Lipids Pr:CH Pr:L L:CH C:N C:H E cont.

D1
R. lens: 80%

S. cerevisiae: 20%
15.47 50.33 34.20 3.25 1.47 2.21 4.77 4.15 26.29

D3 R. lens: 20% S. cerevisiae: 80% 32.60 47.85 19.55 1.48 2.44 0.60 4.84 3.71 19.96
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The IRs of N and C (IRN and IRC (µg h−1)) were then
calculated by multiplying the CR by the POM of each ele-
ment:

IRN ¼ PON × CR: ð3Þ

IRC ¼ POC × CR: ð4Þ

2.2.2. Absorption Rates (ARs) and Absorption Efficiencies.
The ARs of each element (ARN and ARC; µgh

−1) were calcu-
lated as the difference between the corresponding ingestion
(IRN and IRC; µgh−1) and egestion rates (ERN and
ERC; µgh

−1). These latter were calculated as the product of
the organic IR (OIR), the AE, and the proportion of organic
N and C in the feces:

ERN ¼ OIR × 1 − AEð Þ × N%  fecesð Þ
100

: ð5Þ

ERC ¼ OIR × 1 − AEð Þ × C %  fecesð Þ
100

: ð6Þ

The AE (AEN and AEC, in decimal units) was then esti-
mated as the quotient between the AR and IR of each ele-
ment:

AEN ¼ ARN

IRN
: ð7Þ

AEC ¼ ARC

IRC
: ð8Þ

2.2.3. Carbon and Nitrogen Loss. Carbon loss due to respira-
tion (RC; µg C h−1) was estimated from the rates of oxygen

consumption (mg O2 h
−1), assuming a respiratory quotient

(RQ) of 0.9. Respiration rates were obtained with the aid of
oximeters through the monitoring of the decline in oxygen
concentration in sealed chambers (volume) filled with fil-
tered seawater (0.2 µm millipore membranes). The nitrogen
loss due to excretion (EN; µg N h−1) was assessed through the
determination of ammonia production along a 3-h period in
flasks filled with 80mL of filtered seawater (0.2 µm millipore
membranes), using the phenol–hypochlorite method [28]. It
was assumed that all of the N losses were due to excretion. In
both determinations, chambers without animals were employed
as controls and were processed in the same way as the rest of the
chambers.

2.2.4. Elemental Balances of Carbon and Nitrogen. Elemental
balances of carbon (SFGC; µg C h−1) and nitrogen (SFGN; µg
N h−1) were calculated as the difference between the amount
of C or N absorbed and excreted:

SFGC ¼ ARC − RC: ð9Þ

SFGN ¼ ARN − EN: ð10Þ

2.3. Data Analysis. Analyses were performed after testing the
data for normality (Shapiro–Wilk) and homoscedasticity
(Levene). The statistical significance of differences between
treatments (i.e., diet composition and ration or growth cate-
gory) with respect to elemental balance parameters, was tested
through a two or three-way ANOVA, or nonparametric
ANOVA on ranks, depending on the specific case being
analyzed. Linear regression analysis was used to estimate the
relationships between two ormore quantitative variables. All of
the statistical analysis as well as the elaboration of graphical
material was performed by means of the R software, version

TABLE 2: Mean (SD) size-standardized values of clearance rate (CR), absorption efficiency (AE), metabolic rate (VO2), and ammonia excretion
rate (VNH4-N) obtained in Arranz et al. [18] and used here to calculate the elemental balances.

Conditioning diet Exposure diet Exposure ration Growth
CR

(L h−1)
AE

VO2

(µL h−1)
VNH4-N
(µg h−1)

D1

D1
H

F 0.11 (0.04) 0.79 (0.08) 28.21 (4.41) 0.39 (0.09)
S 0.09 (0.02) 0.89 (0.02) 32.41 (14.21) 0.44 (0.11)

L
F 0.16 (0.06) 0.63 (0.18) 29.55 (6.33) 0.24 (0.12)
S 0.12 (0.04) 0.73 (0.13) 13.84 (4.33) 0.3 (0.17)

D3
H

F 0.32 (0.04) 0.34 (0.03) 19.07 (4.32) 0.18 (0.06)
S 0.11 (0.04) 0.53 (0.1) 14.77 (16.79) 0.25 (0.18)

L
F 0.39 (0.18) 0.57 (0.05) 25.3 (10.94) 0.3 (0.09)
S 0.11 (0.04) 0.55 (0.11) 10.16 (5.7) 0.2 (0.12)

D3

D1
H

F 0.11 (0.02) 0.81 (0.05) 27.01 (10.67) 0.69 (0.3)
S 0.1 (0.03) 0.88 (0.06) 27.45 (13.5) 0.47 (0.11)

L
F 0.17 (0.03) 0.88 (0.03) 21.72 (8.91) 0.37 (0.12)
S 0.14 (0.09) 0.84 (0.07) 14.87 (17.7) 0.43 (0.18)

D3
H

F 0.14 (0.04) 0.4 (0.05) 17.19 (4.72) 0.22 (0.04)
S 0.12 (0.02) 0.5 (0.09) 9.95 (6.32) 0.18 (0.07)

L
F 0.12 (0.09) 0.67 (0.11) 22.76 (12.94) 0.15 (0.05)
S 0.09 (0.03) 0.76 (0.08) 6.99 (0.92) 0.09 (0.03)
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4.2.0 [29]. A p-value of less than 0.05 was considered to be
statistically significant.

3. Results

Components of elemental C and N balances were calculated
using the physiological rates and efficiencies reported in
Table 2, along with Formulas (1)–(10), for the different
experimental groups of F and S clams acclimated to diets
of different composition and then fed two different compo-
sition diets dosed at high and low ration. A summary of the
averaged effects of each of the aforementioned variables
(based on means of pooled values) on those components is
provided in Table 3.

As illustrated in the data presented in this table, the
feeding rates (represented by ingestion) of clams acclimated
to D1 exhibited an increase relative to those acclimated to
D3. However, this led to a reduction in AE, resulting in only
minor differences in ARs between both conditioning groups.
Similarly, minor effects were observed in the balances (SFG),
as the components of energy expenditure were barely
affected by diet conditioning.

Regardless of the maintenance diet, exposure of clams to
D3 induced a strong positive feeding response leading to an
approximately 50% increment in IRs, compared to clams fed
D1. However, benefits of this response were fully canceled by
the reduced AE experienced by clams when fed on the D3
relative to D1 composition, which resulted in the same AR
values for both exposure diets. Similarly, SFGC were consis-
tent across both diets; however, high rates of N excretion
with D1 resulted in a reduction of SFGN values.

As for the effects of ration, the decrease in food concen-
tration produced consistent reductions (~50%) in all compo-
nents of C and N balances and consequent SFGs, while no
effects of ration were observed on the averaged values of AE.

Compared to the S group, the F group demonstrated an
approximately 50% increase in feeding rates, although this

increment declined to approximately 35% for AR and SFG
due to slightly higher AEs recorded in slow growers.

The above summary description provides only a limited
account of the complexity of effects emerging from the com-
bination of up to four factors affecting the physiological
behavior, particularly with regard to the interaction between
acute (exposure) and chronic (conditioning) effects of changes
in diet composition. To address this complexity, both types of
effects were independently approached by means of a series of
multiple-factor ANOVA. This tested the statistical significance
of (a) the effects of the conditioning diet and growth category
(two factors) on the parameters recorded in clams fed the D1
and D3 diets dosed at the food ration (H) used in conditioning
(Table 4) and (b) the combined effects of the exposure diet, its
composition, and the ration, along with the growth category
(three factors), on the parameters recorded in the clam groups
that had been acclimated to diets D1 and D3 (Tables 5 and 6).
The parameters examined can be classified into two categories:
The first category of parameters comprises rates and efficien-
cies involved in the elemental balances of both elements (C and
N). The second category comprises C :N ratios computed for
these rates and efficiencies.

3.1. Chronic Conditioning Effects. The mean values of the
parameters for the complete set of experimental groups are
presented in Table 4, along with the results of two-factor
ANOVAs that were conducted to compare these means as
a simultaneous function of the conditioning diet and the
growth group. No significant effects associated with the
composition of the conditioning diet were found for any of
the components of elemental balances in experiments where
clams were fed the D1. However, C:N ratios of feces significantly
decreased in the D3 conditioning group, which also entailed
significant differences in the C:N ratios for both the rates and
efficiencies of absorption. Conversely, significant differences
were found between conditioning groups for the ingestion and
ERs of clams fed the D3 diet. However, no substantial alterations

TABLE 3: Means of pooled values for the four factors (conditioning and exposure diets, ration, and growth category) regarding elemental
balances parameters: ingestion (IR), egestion (ER), absorption (AR), ammonia excretion (E) and respiration (R) rates, and elemental balances
(SFG) for N and C (µgh−1). Absorption efficiency (AE), as well as absorption efficiencies of C and N are given in decimal units.

Parameter
Conditioning diet Exposure diet Exposure ration Growth category

D1 D3 D1 D3 H L F S

IRN 14.28 (1.83) 10.91 (0.82) 10.08 (0.57) 15.75 (2.05) 15.82 (1.49) 9.55 (1.19) 15.48 (1.89) 10.02 (0.71)
IRC 73.76 (9.21) 56.8 (4.17) 53.59 (2.94) 79.89 (10.44) 81.42 (7.58) 50.02 (5.99) 80.09 (9.5) 52.03 (3.64)
ERN 5.4 (1.16) 2.93 (0.51) 1.69 (0.17) 7.26 (1.24) 5.75 (1.17) 2.66 (0.49) 5.63 (1.24) 2.85 (0.44)
ERC 30.59 (6.3) 16.25 (2.77) 10.16 (1.07) 39.99 (6.8) 31.77 (6.3) 15.52 (2.94) 31.85 (6.73) 15.88 (2.39)
ARN 8.88 (0.84) 7.99 (0.54) 8.39 (0.51) 8.49 (0.94) 10.07 (0.52) 6.89 (0.76) 9.85 (0.85) 7.17 (0.49)
ARC 43.17 (3.82) 40.55 (2.78) 43.43 (2.57) 39.89 (4.23) 49.64 (2.51) 34.5 (3.54) 48.25 (3.85) 36.15 (2.53)
AE 0.65 (0.03) 0.74 (0.03) 0.8 (0.02) 0.56 (0.03) 0.68 (0.04) 0.71 (0.02) 0.67 (0.03) 0.71 (0.03)
AEN 0.69 (0.03) 0.76 (0.03) 0.83 (0.02) 0.59 (0.02) 0.71 (0.03) 0.74 (0.02) 0.71 (0.03) 0.74 (0.03)
AEC 0.65 (0.03) 0.74 (0.03) 0.81 (0.02) 0.56 (0.03) 0.68 (0.04) 0.71 (0.02) 0.68 (0.03) 0.72 (0.03)
EN 0.31 (0.03) 0.36 (0.04) 0.44 (0.03) 0.2 (0.02) 0.4 (0.04) 0.28 (0.03) 0.35 (0.04) 0.32 (0.03)
RC 7.58 (0.7) 6.71 (0.73) 8.56 (0.66) 5.39 (0.66) 8 (0.74) 6.34 (0.67) 8.58 (0.53) 5.87 (0.78)
SFGN 8.58 (0.84) 7.62 (0.52) 7.95 (0.49) 8.29 (0.94) 9.67 (0.52) 6.61 (0.76) 9.5 (0.85) 6.85 (0.48)
SFGC 35.59 (3.7) 33.84 (2.51) 34.87 (2.46) 34.51 (3.98) 41.64 (2.5) 28.16 (3.3) 39.67 (3.75) 30.28 (2.35)
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were evident in the C:N ratios of any of the elemental balance
parameters under this exposure diet (Table 4 and Figure 1).

The F clams exhibited higher ingestion, egestion, and
ARs of both N and C compared to the S clams, although
these differences attained high significance only when fed the
D3 diet (Figure 1 and Table 4). The absorption efficiencies of
both elements, instead, were significantly higher in the S than

in the F clams, irrespective of the exposure diets. Chronic
effects of conditioning to either the D1 or D3 diets were
neatly different between growth groups, although the
affected parameters differed between clams feeding on D1
and D3. The greatest differences were recorded in the expo-
sure to D3, where all acquisition parameters experienced an
approximately twofold increase in F clams conditioned to D1

TABLE 4: Mean (SD) values of physiological responses of F and S clams conditioned to either D1 or D3 then fed on either D1 or D3: ingestion
(IR), egestion (ER), absorption (AR), ammonia excretion (E) and respiration (R) rates, and elemental balances (SFG) for N and C (µgh−1). IC:
N, EC:N, AC:N, and MC:N stand for the C:N ratio of the ingested, egested, and absorbed materials, and the C:N of metabolic losses (RC/EN),
respectively.

Diet growth
D1 D3 Statistical differences

F S F S D G D
∗
G

Exposure to D1
IRN 13.21 (4.14)D 10.6 (1.77) 12.45 (1.96) 11.99 (3.12) — — —

IRC 68.74 (21.54)D 55.18 (9.23) 64.82 (10.19) 62.39 (16.22) — — —

ERN 2.32 (1.34)D,G 1 (0.28) 2.16 (0.64) 1.32 (0.76) — ∗ —

ERC 14.97 (8.61)D,G 6.04 (1.71) 11.67 (3.45) 7.74 (4.43) — ∗ —

ARN 10.88 (3.2) 9.6 (1.57) 10.29 (1.69) 10.66 (2.81) — — —

ARC 53.77 (15.7) 49.14 (7.99) 53.15 (8.78) 54.64 (14.51) — — —

AEN 0.83 (0.06)D,G 0.91 (0.02) 0.83 (0.04) 0.89 (0.06) — ∗∗ —

AEC 0.79 (0.08)D,G 0.89 (0.02) 0.82 (0.04) 0.88 (0.06) — ∗∗ —

EN 0.41 (0.09) 0.46 (0.12) 0.73 (0.32) 0.49 (0.11) — — —

RC 9.9 (1.55) 11.38 (4.99) 9.48 (3.75) 9.64 (4.74) — — —

SFGN 10.47 (3.2) 9.13 (1.65) 9.56 (1.71) 10.17 (2.81) — — —

SFGC 43.86 (16.38) 37.76 (10.45) 43.67 (8.99) 45 (15.05) — — —

IC:N 5.21 (0.02)D 5.21 (0.02) 5.21 (0.02) 5.21 (0.02) — — —

EC:N 6.44 (0.03)D,G, D
∗G 6.01 (0.04) 5.39 (0) 5.85 (0) ∗∗∗ ∗∗∗ ∗∗∗

AC:N 4.95 (0.12)D 5.12 (0.02) 5.17 (0.01) 5.12 (0.05) ∗∗ ∗ ∗∗

AEC:N 0.95 (0.02)D 0.98 (0.00) 0.99 (0) 0.98 (0.01) ∗∗ ∗ ∗∗

MC:N 25.49 (8) 25.48 (12.28) 14.74 (8.08) 20.49 (11.03) — — —

SFGC:N 4.12 (0.34) 4.08 (0.71) 4.56 (0.36) 4.37 (0.64) — — —

Exposure to D3
IRN 41.54 (4.71) 14.25 (4.54) 18.45 (4.85) 15.29 (2.88) ∗∗ ∗∗∗ ∗∗∗

IRC 212 (24.02) 72.7 (23.19) 94.14 (24.74) 78.02 (14.71) ∗∗ ∗∗∗ ∗∗∗

ERN 25.45 (1.65) 6.5 (2.97) 10.02 (1.78) 7.05 (2.19) ∗∗∗ ∗∗∗ ∗∗∗

ERC 137.2 (10.06) 35.56 (16.26) 54.51 (11.22) 39.25 (12.19) ∗∗ ∗∗∗ ∗∗∗

ARN 16.1 (3.25) 7.74 (1.87) 8.43 (3.17) 8.23 (1.57) — ∗∗ ∗∗

ARC 74.79 (15.45) 37.14 (8.77) 39.63 (13.94) 38.76 (7.93) — ∗∗ ∗

AEN 0.38 (0.04) 0.56 (0.1) 0.45 (0.05) 0.54 (0.08) — ∗∗ —

AEC 0.35 (0.04) 0.53 (0.1) 0.42 (0.04) 0.5 (0.09) — ∗∗ —

EN 0.19 (0.07) 0.27 (0.19) 0.24 (0.04) 0.19 (0.08) — — —

RC 6.69 (1.52) 5.19 (5.89) 6.04 (1.66) 3.49 (2.22) — — —

SFGN 15.91 (3.19) 7.47 (1.82) 8.19 (3.15) 8.04 (1.64) — ∗∗ ∗∗

SFGC 68.1 (14.15) 31.95 (13.45) 33.59 (12.8) 35.27 (6.86) — ∗ ∗

IC:N 5.1 (0.03) 5.1 (0.03) 5.1 (0.03) 5.1 (0.03) — — —

EC:N 5.39 (0.05) 5.47 (0) 5.42 (0.16) 5.56 (0.10) — ∗ —

AC:N 4.64 (0.07) 4.81 (0.11) 4.73 (0.12) 4.7 (0.13) — — —

AEC:N 0.91 (0.01) 0.94 (0.02) 0.93 (0.02) 0.92 (0.03) — — —

MC:N 37.31 (6.38) 36.99 (62.14) 25.89 (4.14) 26.2 (26.51) — — —

SFGC:N 4.27 (0.05) 4.13 (1.08) 4.11 (0.19) 4.4 (0.3) — — —

Note: Results of two-way ANOVA p-values for comparisons between acclimation effects are also shown; where D and G represent diet and growth group effect,
respectively. Asterisks display different significance levels ( ∗p <0:05, ∗∗p <0:01; ∗∗∗p <0:001). Superscripts (D, G, and D ∗G) indicate differences between
conditioning groups (D1 and D3) when they are fed on their conditioning diet.
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relative to D3, while no such effect was evident in S clams. This
complex response is explained by significant effects of both
growth group (G) and the interaction with conditioning diet
(D

∗
G) formost parameters of the elemental balances and result-

ing SFG values. The main F vs. S differences during exposure to
D1 were documented in the C:N ratios for egestion and absorp-
tion, as well as AEs, where significant effects of growth group (G)
were recorded. However, the direction of these F vs. S differences
shifted between D1 and D3 conditioning groups, as indicated by
significant interactions D

∗
G (Table 4).

As a general observation, the C:N ratios decreased sequen-
tially along the successive balance components, from average
values of 5.15 for the ingested ration to 4.9 for the absorbed
ration and to 4.25 for the final balance or SFG, due to the
increase in the C losses relative to N losses both in the feces,
and to a greater extent, in metabolic products (the average C:
N ratio for metabolic processes was 26.5). Both of these stoi-
chiometric adjustments occurred for each experimental
group, although the magnitude of the latter differed between
treatments according to differences in metabolic C:N values.
This resulted in a greater ratio in clams fed D3 compared to
D1 (31.59 vs. 21.55) or conditioned toD1 relative toD3 (31.31
vs. 21.83), while remained similar for the two growth groups
(26.47 and 27.29 in F and S clams, respectively).

3.2. Acute Effects Induced by Changes in Diet Composition
and Ration. Short-term effects of changes in the quality (com-
position (C)) and quantity (ration (R)) of exposure diets on the
components of the elemental balances were analyzed in F and S
individuals. To facilitate interpretation of these effects, statistical
testing relied on three-factor ANOVAs applied separately to each
conditioning group (D1 and D3; Tables 5 and 6). Both the
composition and concentration of the diets fed in the exposure
experiments exerted significant effects on most acquisition
parameters (i.e., ingestion, egestion and ARs and absorption
efficiencies of C and N), either considered as isolated factors or
through their interaction (C

∗
R). Moreover, these characteristics

hold for both groups of conditioning D1 (Table 5) and D3
(Table 6). In general, the rates of nutrient acquisition (both C
and N) increased with increasing food concentration (H vs. L
rations) and were higher when feeding the diet D3 compared to
D1, although this later effect of food composition was much
stronger in clams acclimated to D1 compared to D3 (Table 3).

The absorption efficiencies of both N and C (Figure 2)
were mainly affected by the composition of the exposure diet.
Clams fed the D3 exhibited, on average, an approximately
40% reduction in AEs relative to those fed D1. As previously
indicated (Table 3), this tends to offset the effects of over-
feeding achieved with D3, resulting in AR differences that are
only marginally significant or not significant (Tables 5 and
6). On the other hand, the behavior of AE in response to a
change in food concentration (ration) was strongly depen-
dent on diet composition, as evidenced by the high signifi-
cance of the corresponding interaction term (C

∗
R; Tables 5

and 6). For instance, the effects of increasing the D1 ration
on AE were either positive or neutral, while they were clearly
negative in the case of D3 (Figure 2), likely due to the greater
increases in IRs achieved with this diet.

The main acute effects on metabolic processes were asso-
ciated with diet composition. The change from diet D1 to D3
promoted reductions in both excreted N and respired C that
were by 54% and 30% on average, respectively (i.e., computed
for both conditioning diets and in F and S clams; Table 3).

The growth category (F vs. S) of clams conditioned to D1
exerted highly significant effects on all acquisition parameters,
corresponding to the higher rates achieved by F compared to S
clams (Table 5). However, the majority of these differences
were observed in clams fed the D3 diet rather than the D1 diet
(Figure 1), accounted for by a highly significant composition
and growth category (C

∗
G) interaction term for these param-

eters (Table 5). None of these growth category effects on the
acquisition rates of nutrients were observed in clams condi-
tioned to D3. Instead, metabolic losses of C and N were sig-
nificantly higher in fast growers (Tables 4 and 6).

The resulting balances (SFG) of N and C are shown in
Figure 3. The SFG values were consistently higher (~40%) in
clams fed the high ration, although differences with the low
ration weremarginally significant (Tables 5 and 6). Additionally,
food composition and growth condition exerted significant
effects on N and C balances, but only in clams conditioned to
D1. The most relevant effect was the large difference observed
between F and S clams fed the D3 (Figure 3), accounted for by
high significance of the C

∗
G interaction (Table 5).

Food composition exerted significant effects on C:N
ratios for all acquisition parameters, including AE (Tables 5
and 6). The C:N ratios for metabolic products and SFG were
significantly affected by food composition but only in D3
conditioned clams. Extensive effects of ration on acquisition
parameters were also recorded in this group, both as an
isolated factor and in combination with food composition
(C

∗
R interaction; Table 6). Significant F vs. S differences

were observed in the C:N ratio of certain acquisition param-
eters, particularly in D1 conditioning. However, C:N ratios
for SFG exhibited significant differences between growth
groups only after conditioning to D3.

4. Discussion

A combination of acute and chronic responses to diets dif-
fering in biochemical composition promoted differential
effects on the acquisition and use of carbon (C) and nitrogen
(N) in R. decussatus juveniles, despite the diets having similar
C:N ratio. Additionally, these effects were dependent upon
the ration dosed and differed between fast and slow growers.
Overall, the main trends observed in elemental balances
reflected the behavior observed in energy balances [18],
although specific differences between the two approaches
were reported for certain physiological components.

4.1. Optimal Energetic Status Enables Acute Feeding Responses
and Nutritional Compensation. Given that C and N availabil-
ity was similar across different dietary compositions, the IRs
of both elements (IRN and IRC) merely reflected the behavior
of the CR (Table 2). The main evidence of an acute feeding
response to changing diet composition was the pronounced
increase in CR of clams conditioned to D1 when transferred
to D3, particularly evident in F clams. As previously discussed
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[18], this would compensate for the drastic reduction in
absorption efficiencies (AEN and AEC) recorded in clams
fed the D3 diet, allowing ARs to improve, on average,
between exposure diets D1 and D3 (Table 4). In the absence
of such overfeeding response, as seen in clams conditioned to
D3, or S clams of the D1 conditioning group, the exposure to
the low quality D3 diet resulted in significantly lower N and C
ARs (Figure 1), translating to lower SFG values (Table 4). An
increase in feeding activity to compensate for poorly digest-
ible food items (more abundant in D3 diets) is a common
response in bivalves [30]. However, the present results indi-
cate that an optimal energetic status is a prerequisite for such
an adjustment. This explains why this response was observed
exclusively in the F clams from the D1 conditioning group.
Clams of this same condition (F/D1) also compensated for
the quantitative reduction in food supply, from high (H) to
low (L) ration, by minimizing both N and C fecal losses,

confirming the potential of prior nutritional status in active
physiological regulation.

4.2. The Lipid-Poor D3 Diet Imposes Digestive Constraints
That Reduce Elemental Balances. The digestive performances
of clams fed two diets were neatly different as the absorption
efficiencies of both N and C attained with the phytoplankton-
rich diet (D1) were approximately 50% higher compared to the
yeast-rich diet (D3). This difference was only slightly affected
by the conditioning diet and growth category. Low susceptibil-
ity of yeast cells to the digestive enzyme attack in the clam gut,
likely due to the unsuitable composition of their cell walls, was
inferred from the strong negative relationship found with diet
D3 for the overall organics AE (Conover) and the IR of organ-
ics [18]. This relationship also applies to the absorption pro-
cesses of both elements (AEN= 0.73 e−13:99IRN and AEC= 0.72
e−3:34IRC ). Such a relationship indicates strong constraints on
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digestion and absorption processes, resulting in longer gut res-
idence times for less digestive food particles [31]. This leads to
greater digestive investments and enhanced losses of endoge-
nous organics in the feces (i.e., the metabolic fecal losses: MFL)
[4, 32]. Indeed, experimental evidence with bivalves fed on
complex particle assemblages in seston shows that the digestive
processing of more refractory organic particles (nonmicroalgal
particles such as detritus) requires about twice the metabolic
fecal losses per unit of organic ingestion compared to proces-
sing phytoplankton cells [33, 34].

Because MFLs are known to have an elevated lipid con-
tent, specific requirements for this component might be dou-
bly constrained with diet D3. This is due to the poor digestive
balances achieved with this diet, which has reduced lipid
content and high rates of lipid egestion [18]. As a potentially
limiting component, the digestive fate of lipids with the dif-
ferent diet compositions was indirectly assessed using a ratio
of elements (N and C) to energy. This compared the amount
(µg) of each element ingested or absorbed per Joule of energy
ingested or absorbed, respectively (Figure 4). Due to the
higher energy content of lipids compared to the rest of the
major biochemical components (proteins and carbohy-
drates), the main difference in these ratios resulted from
differences in food composition. The consistently lower
values achieved with diet D1 reflected the higher lipid abun-
dance characteristic of this phytoplankton-rich diet, com-
pared to the lower energy content/higher abundance of

carbohydrates in the yeast-rich diet (Figure 4). Likewise,
departure of ratios computed for the absorbed ration from
the corresponding values for the ingested ration (dashed
lines in Figure 4) would indicate a reduction in the lipid
content of feeds during digestive and absorptive processes.
This is compatible with the reported lipid enrichment of fecal
materials in bivalves [5, 35, 36], associated with MFL [4],
which predominantly contain lysosomal membranes and
lipid droplet residuals from intracellular digestion [37, 38].
This interpretation explains the higher digestive lipid imbal-
ance found under the lipid-poor D3 diet, especially when
dosed at high ration and in F clams (Figure 4). This is consis-
tent with the concept that elevated digestive turnover rates
and consequent high MFLs are hallmarks of these conditions.

The differences in absorption vs. ingestion ratio were
generally greater for N than for C (Figure 4), reflecting the
assumedly low N content of MFLs in the form of a preferen-
tial absorption of N relative to C. The AE ratios for both
elements (AEC/AEN=AEC:N) were consistently below 1
(Figure 5), with notable quantitative differences between
conditions. Overall, preferential N absorption (lower AEC:N
ratios) was greater in F clams and clams fed the low quality
D3 diet at high ration, although this rule is exclusively appli-
cable to the D1 conditioning group (Figure 5). The evidence
presented in Figure 5 shows that the AE for N progressively
diverges from that for C as the overall AE (Conover)
decreases. This confirms the assumption that the preferential
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absorption of N (relative to C) would be quantitatively related to
the degree of digestive performance constraint by the magnitude
of MFL, as characteristically occurs with yeast-rich diets as well
as diets dosed at high ration. Quite in the same line, Ibarrola et al.
[39] reported differences in absorption efficiencies for major
biochemical components in cockles (C. edule) that also increased
with decreasing the AE of overall organics. The highest values
were recorded for proteins and the lowest for lipids, while inter-
mediate valueswere recorded for carbohydrates. The preferential
absorption of N with low-quality diets promoting reduced AEs
was a particularly remarkable feature of the digestive behavior in
a congeneric clam species (R. philippinarum) fedmicroalgal cells
manipulated to achieve an approximately 3x reduction in the N
content relative to the high quality diet. In this case, AE of N
exceeded that of C by up to 50% under chronic N deficit con-
ditions [8]. The increased efficiency of N absorption associated
with reduced dietary N availability was interpreted as a compen-
sation for nutrient imbalances to maintain elemental homeosta-
sis [3, 4, 6, 40–43]. This contrasts with the present experiments
where no specific N limitation would be expected with the low-
quality diets. However, the greater intensity of the digestive
response observed under N deficit conditions suggests the
involvement of additional active mechanisms (i.e., lysosomal
protease induction [44]) to enhance protein absorption.

4.3. Postabsorptive Processes Significantly Influence Elemental
Balances in Clams, With Notable Differences in C:N Ratios
Driven by Diet Composition and Physiological Status. The
release of metabolic products through respiration and

ammonia excretion showed little variation among condi-
tions and had minor effects on energy balances [18]. How-
ever, the combined contribution of both metabolic expenses
to the net elemental balances, regarding C:N ratios, resulted
crucial. When changes in these ratios are traced through the
successive components of elemental balances (Figure 6), it
becomes clear that the main step in the relative N enrichment
achieved for the retained fraction (or SFG) occurs in the post-
absorptive phase, primarily due to large amounts of C
respired respect to the N excreted. On average, the contribu-
tion of these post-absorptive processes amounts to approxi-
mately 70% of total C:N change compared to approximately
30% attributable to digestive processes in the preabsorptive
phase.

However, the noteworthy difference in both the extent of
overall stoichiometric adjustments (total reduction of C:N
ratios from the ingested to the retained fractions) and its dis-
tribution between pre- and postabsorptive components can be
attributed to different growth or diet conditioning groups of
clams. For instance, a more comprehensive adjustment was
observed in F clams (Figure 6b; 21.5% mean reduction) com-
pared to S clams (15.7%), as well as in clams conditioned to D1
(Figure 6a; 22.5%) compared to those conditioned to D3
(15.3%). No differences were observed in this respect between
clams fed at high (16%) or low (18%) food rations (Figure 6c),
and either D1 (19.0%) or D3 (18.5%) compositions, where
initial differences in C:N ratios of the ingested diets were
approximately maintained for the retained fraction. Thus, it
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appears that improved physiological status associated with
both endogenous and nutritional conditions, prior to the
onset of physiological measurements, enabled a more effi-
cient stoichiometric coupling between consumed diets and
biosynthetic requirements of growing tissues. With regard
to the distribution of these adjustments between pre- and
postabsorptive processes, no differences were observed
between conditioning groups D1 and D3, which aligned
with the mean 29%/71% distribution. Additionally, minimal
deviations were noted for different growth groups, with
metabolic processes having a slightly higher influence
(73%) in S compared to F (69%) clams. However, great
differences were observed related to the feeding regime dur-
ing physiological experimentation. For instance, the frac-
tional contribution changed from 12%/88% in clams fed
the diet D1 to 45%/55% in those fed the diet D3. Clearly,
the improved digestive balance of N achieved with the latter
diet accounts for this greater contribution of preabsorptive
processes towards the total stoichiometric adjustments.

In summary, an analysis of variations in the C:N ratio
along the pre- and postabsorptive processes revealed signifi-
cant differences in stoichiometric adjustments between
clams fed diets with different L:CH ratios, despite similar
C:N ratios in both diets. The lack of comparative N limita-
tion suggests that the preferential absorption of this nutrient
with the low-quality (low lipid) diet reflects greater digestive
C imbalances, leading to considerable metabolic fecal losses.
This lipid imbalance is likely to be the cause of the reduced
growth rates observed in clams fed a less digestible diet, with
AE declining to approximately 50% of the values recorded
with the high-quality (high lipid) diet. The potential for
overfeeding to compensate for reduced AE appears con-
strained by the clams’ energetic status prior to the feeding
experiments, a phenomenon observed only in fast-growing
clams conditioned to high-quality (D1) diets.
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