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ABSTRACT: The growth strategies of pelagic larvae of 3 fish species from the Bay of Biscay belong-
ing to 2 different shape groups, the eel-like anchovy Engraulis encrasicolus and sardine Sardina
pilchardus, and the tadpole-like horse mackerel Trachurus trachurus, are compared in terms of
changes in their biochemical composition and energy allocation. In anchovy and sardine, the relative
amount of protein increased and relative amounts of carbohydrates and lipids decreased throughout
their growth. The biochemical composition in horse mackerel did not change significantly during
growth. Differences between the 2 shape groups could be associated with the various energy alloca-
tion patterns related to dissimilar growth strategies. Although the patterns of change in biochemical
composition during growth are different in the 2 shape groups, they show a very similar biochemical
composition at the notochord flexion stage, indicating convergences in life-history patterns of the dif-

ferent species.
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INTRODUCTION

Successful recruitment is crucial to increasing the
size of a population and it is well known that mortality
at early stages of development determines recruitment
variability in fishes (Cushing 1990, Leggett & Deblois
1994). Inter-annual variability in the recruitment of
some small and medium pelagic species seems to
affect population dynamics much more strongly than
the eventual effects of variations in fishing intensity
(Southward et al. 1988, Sharp & McLain 1993). There-
fore, for the proper management of these fisheries, it is
essential to understand the mechanisms that govern
year-to-year fluctuations in abundance and year-class
strength of small and medium pelagics.

Although the relative significance of individual
recruitment mechanisms is not clear, it is commonly
accepted that starvation as well as predation deter-
mine larval mortality. Fish larvae are forced to adopt
strategies to avoid both starvation and predation in
order to increase their survival probability. According
to the 'growth mortality hypothesis’ (Hare & Cowen
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1997), faster growing larvae may be able to gain
advantages by shortening a developmental phase (the
‘'stage-duration’ mechanism; Houde 1987) if, as a con-
sequence, larval death probability due to starvation
and/or predation decreases (the ‘biggger is better’
mechanism, Miller et al. 1988). Therefore, larvae
should allocate a considerable amount of energy to
favour optimal growth rates.

However, in organisms living in seasonally changing
environments, there must be trade-offs between
energy allocation to growth, predation avoidance, and
the storage of enough reserves to overcome periods of
resource scarcity or energy demanding stages. Small-
bodied animals are faced with strong competing
demands for surplus energy, since they have the high-
est rates of food consumption, growth, respiration and
risk of starvation (Post & Parkinson 2001). Fish larvae
devoting all their energy to growth might be able to
swim more efficiently, avoid predation and have a
broader prey spectrum. But if larvae did not store some
energy, they would not survive periods of resource
scarcity, such as northern temperate winters. Contrary
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to expectations of the bigger-is-better hypothesis
(Miller et al. 1988), Gagliano et al. (2007) found that, if
large enough energy reserves were available, there
was no apparent disadvantage for small-sized fish at
hatching. Additionally, larvae allocating all their
energy to growth would not be able to face up to
energy demanding stages, such as metamorphosis,
when changes in morphology, physiology and behav-
iour consume a large amount of lipids (Nursall 1989).

Larvae of different fish species differ in their mor-
phology, their developmental status at hatching, and in
their physiological or behavioural capabilities (Miller et
al. 1988). Those specific characteristics, together with
the environmental circumstances that each larva expe-
riences, would determine the best energy allocation
strategy to increase larval fitness, i.e. its ability to sur-
vive and reproduce. Thus, larvae will allocate variable
resource proportions towards the conflicting demands
of energy storage (basically lipids) and/or somatic
growth (mostly proteins). During early growth of an-
chovy Engraulis encrasicolus and sardine Sardina
pilchardus, larvae tend to achieve an ‘optimal propor-
tion" of biochemical constituents that increase larval
survival (Diaz 2008, Diaz et al. 2008). In this context, the
quantitative comparison of the rate of accretion of the
various biochemical constituents in different species, or
in the diverse size-classes of the same species, is a par-
ticularly useful approach for testing growth predictions,
as well as for analysing the various strategies of energy
allocation relative to survival probability.

The study of the early developmental stages of
anchovy, sardine and horse mackerel Trachurus tra-
churus is extremely interesting since they show very
variable annual recruitment and are among the 3 most
important commercial pelagic species for the Bay of
Biscay fishery. Anchovy and sardine belong to the ‘eel-
like' larvae shape group (Froese 1990, Estensoro 2006)
and horse mackerel to the ‘tadpole-like’ group. The
eel-like larvae have a large body length, small body
section and small heads, whilst the tadpole-like larvae
have a short body and large heads. Larval shape is an
indicator of the different growth strategies of fish lar-
vae (Froese 1990); so differences in growth-related
indices and in energy allocation strategies are ex-
pected between the eel-like and the tadpole-like larval
groups, which will be reflected in differences in the
accretion of various biochemical components. The
aims of the present study are (1) to analyse the accre-
tion dynamics of various biochemical constituents dur-
ing larval growth of anchovy, sardine and horse mack-
erel, because they are key factors in the understanding
of the different larval energy allocation strategies, and
(2) to examine the ecological implications of such
strategies with respect to how they might be linked to
body shape.

MATERIALS AND METHODS

Study area and sampling. Temperature and food
availability are the main factors affecting growth and
nucleic acid-based indices of fish larvae in the sea
(Esteves et al. 2000, Caldarone 2005). To eliminate the
possible effects of these factors in the comparisons,
only the larvae of anchovy, sardine and horse mackerel
obtained during the same month (June 2001) were
included in the present study. Sampling was con-
ducted at 3 stations (D1, D2 and D3) on a cross-shelf
transect in the Bay of Biscay on the Basque continental
shelf off San Sebastian (Fig. 1). In this area, the climate
is temperate with moderate winters and warm sum-
mers. Since the shelf is very narrow, hydrological con-
ditions are highly variable, resulting from the mixing
of coastal, shelf and open ocean waters.

Larvae were captured using oblique tows with a 40 cm
diameter bongo fitted with a 335 pm mesh net. All tows
were performed during daytime and above the thermo-
cline, to maximize the number of larvae collected
(Palomera 1991). To describe and compare environmen-
tal conditions, temperature and salinity were measured
at 4 evenly distributed depths from the surface to the
depth of the thermocline. To determine food availability,
the concentration of microparticles (20 to 200 pm) and
the presence of the main prey of fish larvae (copepod
eggs, nauplii, and copepodites) were determined (Last
1980). These prey samples were obtained by towing a 25
cm diameter, 20 pm mesh net from above the thermo-
cline up to the surface. No significant differences among
the 3 stations were found in the average value of envi-
ronmental conditions above the thermocline. The con-
centration of total microplankton and the specific main
prey items for fish larvae increased from inshore to off-
shore stations. A more detailed description of the envi-
ronmental sampling methodology and data may be
found in Diaz et al. (2007).
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Fig. 1. Location of the sampling points in the Bay of Biscay.

D1, D2, D3: sample stations. Depths and distance to coast

(m/km): D1 (60/2.8); D2 (120/16.7); D3 (250/29.6). 100 and
200 m depth contours are shown
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Laboratory work. Standard lengths (SL, mm) of
thawed larvae were measured using a binocular
microscope fitted with an ocular micrometer. Since the
number of larvae from each individual sampling sta-
tion was insufficient to allow statistical comparisons
between stations, larvae from the 3 stations (D1, D2
and D3) were grouped for each species.

Three subsamples of larvae were taken from each
species and used to estimate (1) organic matter (OM)
content (anchovy n = 31, sardine n = 22, horse mack-
erel n = 28); (2) proteins, carbohydrates, and lipids (an-
chovy n = 24, sardine n = 31, horse mackerel n = 32);
and (3) RNA and DNA contents (anchovy n = 27, sar-
dine n = 23, horse mackerel n = 28). All larvae were
first rinsed with distilled water (to eliminate salt) and
freeze-dried; afterwards, dry weight was determined
with a Sartorius M3P microbalance. The first subsam-
ples of larvae were ashed at 450°C for 4 h and OM con-
tent was calculated as the difference between dry
weight (DW) and ash weight. Larvae of the second
subsample were used to quantify proteins, carbohy-
drates and lipids colorimetrically. Proteins were mea-
sured according to the Lowry et al. (1951) method,
modified by Markwell et al. (1978), using bovine serum
albumin as the standard. Lipids were extracted follow-
ing the Bligh & Dyer (1959) method and quantified
with the sulfophosphovanillin method of Zollner &
Kirsch (1962), with cholesterol as the standard. Carbo-
hydrates were quantified following the procedure of
Dubois et al. (1956), using glucose as the standard. Lar-
vae of the third subsample were used to determine nu-
cleic acid contents (DNA and RNA), which were quan-
tified following the protocol proposed by the precision
and accuracy of tools in recruitment studies (PARS pro-
ject, www.efan.no/pars/) after several intercalibration
trials (Belchier et al. 2004). The mean ratio between the
slopes of the standard curves for DNA and RNA
(DNA/RNA) was 2.65 + 0.025. A more detailed descrip-
tion of the laboratory work may be found in Diaz et al.
(2008).

Data treatment. The energy allocation strategy dur-
ing growth of the 3 species was determined by model-
ling the rate of accretion of biochemical constituents.
Differences in accretion rates were examined using
various approaches: (1) analysis and comparison of the
isometric or allometric increase in each biomolecule
and species relative to OM increase using log-log
equations; (2) measurement of the relative amount of
each biomolecule and the RNA/DNA ratio change in
relation to OM during growth; and (3) between-species
comparison of nucleic acid accretion using ANCOVA.

The relationships between DW and SL, together with
OM and SL, were best fitted by an exponential model
[DW = aexp(bSL)] in anchovy and sardine and by a
potential model (DW = aSLP) in the case of horse mack-

erel (Fig. 2). These equations were subsequently used
to estimate the OM of larvae in the protein, carbohy-
drate, lipid, and nucleic acid analyses.

ANCOVA was used to compare the log-log regres-
sion models. Species was the independent (categori-
cal) variable, and the logarithm of proteins, carbohy-
drates, lipids, DNA and RNA were the dependent
variables. Log OM was the covariate. Slope values
close to 1 indicate a basically isometric growth pattern,
whilst slope values <1 and >1 indicate a negative and
positive allometric dependence with OM, respectively.

To analyse how the relative importance of each bio-
molecule and the RNA/DNA ratio changes in relation
to OM during growth, experimental data were fitted to
a 2-parameter hyperbolic function. The hyperbolic
functions were used to estimate the theoretical bio-
chemical composition of anchovy and sardine larvae at
their notochord flexion stages. In horse mackerel, as no
variation trend was found in the biomolecules during
growth, the average composition of the larvae around
notochord flexion (5.75 to 6.25 mm) was used to esti-
mate the composition in the notochord flexion larvae.
In anchovy, the flexion of the notochord occurs at 9 to
10 mm (Ré 1996), in sardine at 11 to 12.5 mm (Ré 1984),
and in horse mackerel at 6 mm (Russell 1976), so the
average SL at the notochord flexion stages were used
(9.5 for anchovy and 11.5 for sardine). Finally, any
structure is considered to be full-grown when it has
reached a size equal to 95% of its asymptotic value
(Amenzoui et al. 2006), thus the larval OM content and
the SL corresponding to this content were calculated
for anchovy and sardine.

To compare the variations in the RNA/DNA ratio
(dependent variable) throughout growth in the 3 spe-

SL (mm)

Fig. 2. Engraulis encrasicolus, Sardina pilchardus and Tra-
churus trachurus. Relationship of standard length (SL) and or-
ganic matter (OM) content of larvae. Mean SL and corre-
sponding OM at notochord flexion are indicated. Engraulis
encrasicolus (—): dry weight (DW, mg) = 0.0151e03%975L 2 =
0.913 and OM (mg) = 0.0094e%32*5L 12 = 0.711 (n = 31); Sar-
dina pilchardus (---): DW (mg) = 0.0019e%430%L 12 = 0.924
and OM (mg) = 0.0015e%41205L 12 = 0.899, (n = 22)); Trachurus
trachurus (----): DW (mg) = 0.0017SL3%218 r2 = 0.934 and OM
(mg) = 0.0012SL30200, 12 = 0.901 (n = 28)
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cies (independent variable), ANCOVA was used, with
SL as a covariate. Similarly, the RNA content (depen-
dent variable) in the 3 species (independent variable)
was compared with larval DNA content as a covariate.
When no significant differences were found between
species for a given biomolecule, a common equation
was calculated for this biomolecule using the entire
data set. All statistical analyses were performed using
Statgraphics Plus 5.0. The significance level was set at
p <0.05.

RESULTS

The size distribution and developmental stages dif-
fered between species (Fig. 3). Horse mackerel larvae
were smaller than anchovy and sardine larvae, but
more horse mackerel larvae were in their postflexion
stage (55%) than anchovy (35.3%) and sardine
(46.3 %) larvae.
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Fig. 3. Size frequency distribution for standard length (SL) of
(a) Engraulis encrasicolus, (b) Sardina pilchardus and (c) Tra-
churus trachurus larvae used in the biochemical composition
analysis. The vertical line shows the mean size of notochord
flexion. The number (n) of larvae before and after notochord
flexion is indicated

Biochemical composition of larvae

The slopes and the intercepts of the regressions
relating biochemical constituents to OM were signifi-
cantly different among species in most cases (Table 1),
but there were several exceptions: (1) the intercepts
and the slopes of the equations relating DNA to OM
were not significantly different between anchovy and
sardine; (2) equations relating carbohydrates and
lipids to OM were not significantly different between
anchovy and horse mackerel (Tukey's test, p > 0.05).
In each of those 3 cases, a single equation with the
same slope and intercept was calculated for both spe-
cies (Table 2). Additionally, the slopes of the regres-
sions relating proteins to OM were not significantly
different between anchovy and sardine; thus, we cal-

Table 1. Engraulis encrasicolus, Sardina pilchardus and Tra-

churus trachurus. ANCOVAs to test the effect of species on

biomolecule composition (log ng larva™!) with organic matter
(log OM ng larva™!) as a covariate. CHs: Carbohydrates.

Intercept Slope
F P F P
Proteins 27.7 <0.0001 10.7 <0.0001
CHs 70.9 0.0007 40.0 0.0210
Lipids 25.5 <0.0001 70.5 0.0010
DNA 40.1 0.0201 10.0 0.0001
RNA 13.7 <0.0001 70.6 0.0010

Table 2. Engraulis encrasicolus, Sardina pilchardus, and Tra-

churus trachurus. Equations relating OM (lg ng larva™!,) and

biochemical composition. Prot: proteins; CH: carbohydrates;

Lip: lipids. CI: confidence interval. Note: all of the regressions
had p values < 0.0001

2

Equation CI slope T

Anchovy

log Prot = 1.098 log OM -0.727
log CH = 0.896 log OM - 1.049
log Lip = 0.915 log OM - 0.294
log DNA = 1.071 log OM + 2.165
log RNA =1.143 log OM - 2.111

Sardine

log Prot = 1.098 log OM - 0.652
log CH = 0.688 log OM + 0.228
log Lip = 0.886 log OM - 0.160
log DNA = 1.071 log OM + 2.165
log RNA =1.218 log OM - 2.412

Horse mackerel

log Prot = 1.008 log OM - 0.189
log CH = 0.896 log OM - 1.049
log Lip = 0.915 log OM - 0.294
log DNA = 0.847 log OM - 0.920
log RNA = 1.223 log OM - 2.412

1.079-1.119 0.995
0.748-1.044 0.731
0.865-0.966 0.809
1.033-1.108 0.985
1.029-1.257 0.981

1.079-1.119 0.995
0.568-0.807 0.826
0.835-0.938 0.977
1.033-1.108 0.985
1.155-1.281 0.974

0.975-1.037 0.993
0.748-1.044 0.731
0.865-0.966 0.809
0.749-0.956 0.923
1.164-1.284 0.974
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culated 2 equations with equal slopes but
2 different intercepts (Table 2). Finally, as
the intercepts of the equations relating
RNA to OM were not significantly differ-
ent for sardine and horse mackerel, 2
equations, with equal intercepts but dif-
ferent slopes, were calculated (Table 2).

The allometric relationships between
biochemical constituents and OM were
consistent in anchovy and sardine, but
sometimes differed from those of horse
mackerel. In the 3 species, the highest
slopes were found for RNA, followed by
proteins. However, in anchovy and sar-
dine these slopes were followed by DNA,
lipids and finally carbohydrates, while in
horse mackerel they were followed by
lipids, carbohydrates and DNA (Table 2).
For the 3 species, there was a clearly pos-
itive allometry with OM (slope > 1) in
RNA, and a slightly positive allometry in
proteins. Also in the 3 species, there was a
negative allometry in lipids. However, in
horse mackerel the slope of proteins was
so close to 1 that the confidence interval
included values below 1; thus, it is con-
ceivable that protein content varies iso-
metrically with OM. Finally, DNA showed
a slightly positive allometry in anchovy
and sardine, but a negative one in the
case of horse mackerel.

A rectangular hyperbola—an asymp-
totic function—best described the rela-
tionship between the percentage of a bio-
chemical constituent and the total OM
content in anchovy and sardine (Fig. 4).
The relationship between protein per-
centage and OM was initially positive and
became asymptotic when protein content
reached 74% of OM in anchovy and
75.6 % of OM in sardine. The percentages
of carbohydrates and lipids decreased as
the OM increased: carbohydrates became
constant at 2.1 % of OM in anchovy and at
3.7% of OM in sardine. Lipids became
asymptotic when they reached 21.0% of
OM in anchovy and 16.1% in sardine.
The back-calculated OM content and
length at which larvae reached the 95%
of the asymptotic percentage values of
each biochemical constituent corre-
sponded to a higher OM content, longer
SL and a more advanced ontological
stage in the case of anchovy compared to
sardine (Table 3).

Protein (%)

Carbohydrates (%)

Lipids (%)

90

80

70

60

50

12

10

50

40

30

20

[ % [Egg P% = (74.00M)/(OM + 28.7), n = 24, r2 = 0.532, ACI = 67.9-80.1%

L SP: P% = (75.60M)/(OM + 5.6), n = 31, 12 = 0.644, ACI =73.6-77.7%

= TT: P% mean =71.8, SD =4.3,n = 32

—
0 300 600 900 1200 1500 1800

T T T T T T T T T T T T T
EE: CH% = (2.10M)/(OM - 36.9), n = 24, 12 = 0.466, ACI=1.4-2.8%

L. SP: CH% = (3.70M)/(OM - 14.7), n = 31,12 = 0.637, ACI = 12.4-17.0% | -
r k TT: CH% mean =2.5,SD = 0.9, n = 32 7]
L ¢ ]
L ® —
o ! ]
L o ]
T N T .- g
° °
L o i
[Feeers R o R B
7} | | | | | | | | | | -
900 1200 1500 1800

T T T T T T T T T T T T T
EE: L% = (21.00M)/(OM - 32.6), n = 24, 12 = 0.510, ACI = 7.3-24.8%

SP: L% = (16.10M)/(OM - 8.5), n = 31,2 = 0.387, ACl = 14.3-17.8%
TT: L% mean =18.6, SD=4.5,n =32

[¢]
I B

900
OM (ug larva™)

1200

1500

300 600 1800

o

Fig. 4. Engraulis encrasicolus (EE, O, —), Sardina pilchardus (SP, @,
---) and Trachurus trachurus (TT, O, ====- ). Relationship of the percentage
of each biomolecule with the organic matter (OM) content of larvae (see
explanation in ‘Data treatment’). ACI: Asympotic 95 % confidence interval;

SD:

standard deviation; P%: protein percentage;CH%: carbohydrate
percentage; L%: lipid percentage
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Table 3. Engraulis encrasicolus and Sardine pilchardus. Cal-
culation of the mean (+ SD) organic matter (OM) content and
standard length (SL) at which larvae reach 95 % of the asymp-
totic value of each biomolecule. To transform OM content into
SL, the following equations were used: anchovy SL =
In[(OM/0.0094)/0.3234]; sardine SL = In[(OM/0.0015)/0.4120]

Corres- Corres-
ponding OM ponding
(ng larva™) SL (mm)
Anchovy
P% = (74.00M)/(OM + 28.7) 545 12.6
CH% = (2.10M)/(OM - 36.9) 738 13.5
L% = (21.00M)/(OM - 32.6) 652 13.1
Sardine
P% = (75.6 0OM)/(OM + 5.6) 106 10.3
CH% = (3.70M)/(OM - 14.7) 294 12.8
L% = (16.10M)/(OM - 8.5) 170 11.5
T T T T T T ]
g : ;
E o ° ° e Oe * E
F 0 g m—————— @ == ————— === i
F e ]
- | EE: R/D = (38.40M)/(OM + 50.8), n = 27; r2 = 0.384, ACl =2.8-4.0 |
[ |SP:R/D = (4.30M)/(OM + 22.9), n = 23; 2 = 0.831 ACl=4.0-4.6 |
L TT: R/D mean = 3.6, SD =0.5,n =28 ]
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Fig. 5. Engraulis encrasicolus (EE, O, —), Sardina pilchardus

(SP, @, ---) and Trachurus trachurus (TT, O, ====- ). Relation-

ship of the RNA/DNA ratio and organic matter (OM) content

of larvae (See explanation in Data treatment). ACI: Asympotic
95 % confidence interval; SD: standard deviation

The relationship between the RNA/DNA ratio and
OM content also took the shape of a rectangular hyper-
bola in the case of anchovy and sardine, and it became
asymptotic when the index reached values of 3.4 and
4.3, respectively (Fig. 5). In horse mackerel, it was not
possible to fit the data to an hyperbolic model due to

the high variability of biochemical composition and
RNA/DNA ratios in the smallest larvae. Nevertheless,
the percentages and the RNA/ DNA ratio stabilized in
the largest larvae (Figs. 4 & 5). The average values for
each biomolecule percentage and RNA/DNA index in
postflexion larvae were very close to the asymptotic
values of the clupeoids: P% =71.1, CH% =2.4%, L% =
19.1% and RNA/DNA = 3.8.

The biochemical composition of larvae in the noto-
chord flexion stage, modelled according to the equa-
tions relating biomolecule percentage to OM in
anchovy and sardine, were very similar to the average
values in the size range around nothocord flexion (5.75
to 6.25 mm) in horse mackerel (Table 4). In all 3 spe-
cies, proteins were the main larval component, fol-
lowed by lipids and carbohydrates.

Differences between the specific growth trajectory
and morphology of anchovy and sardine larvae on the
one hand and those of the horse mackerel larvae on
the other were evident from the very first larval stage.
For a given size, horse mackerel larvae were much
heavier than those of anchovy and sardine (Table 5;
Fig. 2). The larvae of clupeoids, belonging to the eel-
like shape group (Froese 1990, Estensoro 2006), have
low weights but large body lengths, while this relation-
ship is inverted in horse mackerel larvae, belonging to
the tadpole-like group (Froese 1990, Estensoro 2006).
Growth rates are higher in clupeoids than in horse
mackerel (Estensoro 2006), with 0.47 mm d?! in
anchovy and 0.70 mm d™! in sardine, compared to
0.20 mm d~! in horse mackerel. Consequently, all onto-
logical events occur at a similar age but at a longer SL
in clupeoids compared to horse mackerel (Table 5).

The relationship between RNA/DNA ratio and SL
was significant for the 3 species (Fig. 6). The intercept
of the equation relating RNA/DNA ratio to SL was sig-
nificantly different in the 3 species (F = 45.2, p <
0.0001), but not in the case of the slope (F= 1.3, p =
0.2795). Therefore, 3 regression equations with equal
slope but different intercepts were calculated to relate
RNA/DNA ratio to SL (Fig. 6). The slopes of the regres-
sions of anchovy (slope = 3.22; CI = 3.0 to 3.4) and sar-
dine (slope = 4.67; CI = 4.5 to 4.8) coincide closely with
the asymptotic values predicted by the hyperbolic mod-

Table 4. Engraulis encrasicolus, Sardina pilchardus and Trachurus trachurus. Calculation of biochemical composition and

RNA/DNA index at flexion stage, using the average values for the 5.75 to 6.25 mm size range in the case of horse mackerel

and the hyperbolic functions in the case of anchovy and sardine. SL: standard length; OM: organic matter; Prot: proteins;
CH: carbohydrates; Lip: lipids

SL (mm) OM (ng larva™) Prot (%) CH (%) Lip (%) RNA/DNA
Anchovy 9.5 213.9 67.0+7.4 26+1.0 24.9+53 2.8+0.7
Sardine 11.5 167.2 732 +2.5 3.9+0.8 16.4 + 2.1 3.8+0.3
Horse mackerel 6 277.7 73.5+4.9 1.8+0.3 17.5+5.0 3.3+0.6
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Table 5. Engraulis encrasicolus, Sardina pilchardus and Trachurus trachurus.
Standard length (SL) of each ontogenic event in larvae according to Russell
(1976), and the calculated OMs and age that correspond to these stages. OM
content was calculated using the equations of the present study relating OM
to SL when the SL of a determinate stage was within the size range of larvae
included in the present study. When the SL was out of the range this is indi-
cated as 'na’ (not applicable). Age was estimated using the average growth
rates, calculated for Estensoro (2006) in the same study area using larvae that
covered the same size range as the present study (anchovy: 0.47 mm d%;
sardine: 0.70 mm d~!; horse mackerel: 0.20 mm d})

mackerel and sardine (intercept: F=6.2,
p = 0.0164, slope: F= 0.1, p = 0.8054), 2
equations with the same slope but a dif-
ferent intercept were calculated for
these 2 species (Fig. 6). The slope of the
equation relating RNA to DNA content
of anchovy was significantly lower than
that of the sardine and horse mackerel.

SL (mm OM (larva™ Age (d
(mm) arva™) ge @ DISCUSSION
Anchovy
Egg size 1.2t01.9 x0.5t0 1.2 The differences in morphological,
Yolk absorption 4-5 na 1-3 physiological and behavioural charac-
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els for RNA/DNA ratio versus OM content in a larva:
RNA/DNA = 3.4 and ACI = 2.8 to 4.0 for anchovy, and
RNA/DNA =4.30 and ACI=4.0to 4.6 for sardine.

The relationship between RNA and DNA content
among the 3 species was significantly different, both in
the intercept and the slope (Fig. 7) (intercept: F= 174,
p <0.0001, slope: F=49.8, p<0.0001). However, as the
slope was not significantly different between horse
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between RNA/DNA ratio and standard length (SL) of

larvae

(2002) found the same biochemical
trends in anchovy and sardine as those
identified in the present study, i.e. a positive relation-
ship between protein percentage with SL, together
with a negative relationship of SL with lipids and car-
bohydrates. In contrast, in the case of horse mackerel,
they did not find any dependence of protein and lipid
percentages on SL. The relative increase of proteins
and the decrease of lipids with increasing size of
anchovy and sardine larvae conform to the definition
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interval
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of ‘Type 1' larvae put forward by Pfeiler (1986). The
overall strategy of the Type 1 larva can be summarised
as: (1) to maximise growth and minimise the duration
of the larval phase; (2) to shorten the time expended in
the size-classes more exposed to predation (Folkvord &
Hunter 1986, Rice et al. 1993); and (3) to increase the
locomotive capabilities and, therefore, prey spectrum
(Blaxter & Hempel 1963). Muscle, which is composed
mostly of protein, is a key tissue influencing larval
growth and it is linked directly to locomotory capacity
and floatability. ‘Type 1' larvae show energy allocation
strategies that fit with the ‘growth—mortality’ hypothe-
sis, as already hypothesized for sardines (Ramirez et al.
2001, Alemany et al. 2006).

According to the trends in the biochemical composi-
tion during growth, horse mackerel does not have
Type 1 larvae. Owing to their morphological and phys-
iological characteristics, horse mackerel larvae may
not need to grow as fast as clupeoids to reduce poten-
tial predation and/or starvation risks during their ini-
tial developmental phases. In fact, perciforms (the
order to which horse mackerel belongs) reach devel-
opmental milestones at smaller sizes than clupeoids
(Leis 2006). For a given SL, eel-like larvae swim more
slowly (Blaxter & Hunter 1982) and have smaller heads
and mouths (Estensoro 2006) than tadpole-like larvae.
Hence, as a result of their greater swimming ability,
larvae of horse mackerel might be more efficient than
clupeoid larvae of the same SL both in capturing prey
and in escaping from predators. For example, larvae of
the jack mackerel Trachurus japonicus, a congeneric
species to horse mackerel, have much greater preda-
tion avoidance ability than that of clupeoid larvae
(Lenarz 1973). Additionally, their bigger mouths allow
horse mackerel larvae to have a broader prey spec-
trum and permits the consumption of large, energeti-
cally profitable prey items, which allows larvae to shift
to higher trophic levels earlier in their life (Schmitt &
Holbrook 1984, Stergiou & Fourtouni 1991). Swimming
ability to escape and to forage (Bailey & Batty 1984), as
well as mouth size (Karpouzi & Stergiou 2003, Esten-
soro 2006), increases with larval size. More specifi-
cally, larvae are specialized predators that may get
immediate benefit from giving high priority to the
development of feeding (Osse & van den Boogaart
1999) and locomotory structures. Thus, in all species,
larger larvae would have higher survival probabilities,
but these increases should be more important in eel-
like larvae due to their initially lower swimming abili-
ties and smaller mouths. The cruising speed of sar-
dines increases from 10 to 30 cm min~! over 3 wk
(Blaxter & Staines 1971), whilst the feeding success of
anchovy increases from 10 to 90 % over the same time
period (Hunter 1972). Therefore, the strategy of
increasing the allocation of resources to maximize

growth rate of somatic structures related to larval
swimming and feeding is probably the optimum
growth strategy for clupeoids, at least until the build-
ing up of reserves to cope with periods of negative
energetic balance becomes necessary. In contrast, the
absence of any clear trend in the biochemical composi-
tion of horse mackerel larvae seems to indicate that the
standard larva has, from the very beginning, a propor-
tion of biochemical components that meets the
requirements for sustaining optimal growth and that,
after an initial stage of high variability, quickly
becomes stable and remains stable up to greater larval
sizes than those analysed in this study.

The SL at which 95% of the asymptotic value of a
biochemical constituent are reached is similar in sar-
dine and anchovy, but this size corresponds to a less
advanced ontogenetic stage (Ré 1984, 1996), weight
and age in sardine than in anchovy. In sardine, 95 % of
the asymptotic values are achieved in larvae with a SL
corresponding to a flexion larva (SL = 11.3 to 12.2 mm)
(Ré 1996), while the same percentage in anchovy is
reached in postflexion larvae (SL = 11.6 to 12.5 mm)
(Ré 1996). Furthermore, as the average growth rate of
sardines is higher than that of anchovy (sardine
0.70 mm d!, anchovy: 0.47 mm d!; Estensoro 2006),
sardines would need less time (10 to 12 d) than
anchovy (17 to 19 d) to reach their respective asymp-
totic values. So, although the asymptotic biochemical
composition is similar in both species, this composition
will be attained at different weights and ages depend-
ing on the ontogeny of each species. Metamorphosis
begins in sardine at an age of about 40 d and in
anchovy around 37 d (Houde & Zastrow 1993). Conse-
quently, percentages in biochemical components very
close to the presumed optimum (i.e. corresponding to
95 % of the asymptotic value) seem to be reached well
before the beginning of metamorphosis.

Although the larvae of clupeoids and horse mackerel
show different trends in their biochemical composition
during early growth, the relative amounts of biomole-
cules become similar in older larvae. This indicates
that, during ontogeny, there may be convergences in
the larval biochemical composition of different species.
Proteins are the main organic component in flexion-
stage larvae, followed by lipids and, finally, carbohy-
drates, as observed in other fish larvae (Ehrlich 1974a,
Cetta & Capuzzo 1982, Donnelly et al. 1995).

The relative amounts of biomolecules and the
RNA/DNA ratio at which asymptotic values are
reached will reflect the ‘optimal proportions’ of bio-
molecules in anchovy and sardine (Diaz et al. 2008).
Furthermore, it looks as if the ‘optimal proportion’ val-
ues, derived from the asymptotic approach, were func-
tionally equivalent to the ‘stabilisation’ values found in
horse mackerel. Similarly, it appears that different spe-
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cies tend to have a similar biochemical composition at
the end of their larval development, but that each spe-
cies would reach this ‘consensus’ biochemical compo-
sition using different strategies and following different
trajectories depending on their primary (at hatching)
biochemical characteristics. In this sense, Vila-Gispert
& Garcia-Berthou (2002) studied the early life history
of 301 fish species from all over the world and con-
cluded that, despite phylogenetic constraints, basic life
history patterns showed consistency among distant
geographic regions, latitudinal ranges and basic adult
habitats, indicating convergences in life history pat-
terns.

Almost certainly, both the energy allocation strategy
and the optimal value of the RNA/DNA ratio will
change in larvae across ontogenetic stages. Energy
storage levels of the earliest larvae will probably
remain low because they will be more compelled to
invest energy in growing by hyperplasy than the more
developmentally advanced larvae. Once larvae de-
velop all anatomical characteristics needed for effi-
cient swimming, they are better suited to escape
predators and to find and capture prey. Consequently,
during this stage, they do not need to growth as fast
and can invest in energy storage, i.e. growing by
hypertrophy could increase survival more than contin-
ued investment in hyperplasic growth. The decrease in
the overall growth rate with age in late larvae is
reflected in a decrease in RNA/DNA ratios in late lar-
vae and juveniles (Fonseca et al. 2006, Vinagre et al.
2008). Therefore, a slower-growing older larva may be
in equally good condition as a faster-growing younger
larvae (Chicharo & Chicharo 2008). Thus, it is essential
to determine the relation of the RNA/DNA ratio with
size or age under different conditions to interpret the
physiological meaning of a determinate RNA/DNA
value and to assess the condition of the larvae at each
stage.

The similarity of the slopes in the RNA versus DNA
regression for anchovy and sardine with the asymp-
totic values predicted by the hyperbolic models of
RNA/DNA ratio versus OM content shows that the
slope of this regression in a larval population of indi-
viduals of different sizes, but at similar ontogenetic
stages, is equivalent to the value of the RNA/DNA ratio
at which it becomes stable during larval growth. In
addition, the fact that the slope of the regression for
horse mackerel is identical to that for sardine would
indicate that the slope's value is not significantly differ-
ent from the asymptotic value of an eventual hyperbola
at which experimental data of RNA/DNA ratio versus
OM would be fitted in horse mackerel. Moreover,
arithmetical media of RNA/DNA ratios in postflexion
larvae of horse mackerel enter into the confidence
interval of the asymptotic value of the hyperbola for

sardine larvae. Thus, by comparing the actual value of
the RNA/DNA ratio found in an individual larva with
the value of the slope of the regression of RNA versus
DNA contents in a given population, we should be able
to assess its condition.

By showing the relation between a given energy
allocation strategy and its potential ecological advan-
tages depending on the fish larvae morphology, the
results of the present study demonstrate the impor-
tance of the analysis of biochemical data. Our conclu-
sions confirm the results of Guisande et al. (1998) and
Riveiro (2002) regarding the different energy alloca-
tion strategies in clupeoids and horse mackerel. How-
ever, it is the very first time that larval morphology has
been related to a different energy allocation strategy.
For that reason, we propose caution when interpreting
divergences in biochemical composition during devel-
opment as being related to different energy allocation
strategies in the 2 differing larval morphologies treated
in this work, namely, the eel-like and the tadpole-like
larval groups.

The morphology of a fish larva is determined by its
phylogenetic roots no less than by the environmental
parameters to which it is exposed. It must be kept in
mind that fish larvae, despite being morphologically
simple, are in fact creatures highly adapted to interact
successfully with the complex and dynamic environ-
ment in which they must develop (Fuiman 1996). As
a consequence, an enormous disparity of situations
exists. Larvae that are morphologically very similar,
e.g. leptocephalus larvae (a kind of eel-like larva), may
be of phylogenetically different origin, like the larvae
of the orders Anguilliformes and Elopiformes, while
closely related species of the genus Hygophum
(Teleostei: Myctophidae) show 3 different larval mor-
phologies (Yamaguchi et al. 2000). This makes any
attempt to clarify which factor affects the actual mor-
phology of a larva profoundly difficult: (1) the driving
force behind the general pattern of phylogenetic
canalization of the larval development or (2) the spe-
cific ontogenetic change of any kind (e.g. morphologi-
cal, biochemical, behavioural) that, by modifying the
performance of a larva, would improve its level of
adaptation to the particular environment where it lives
(Fuiman 1996).

However, to understand the interactions between
morphology, phylogeny, environment and the energy
allocation strategy, it would be necessary to broaden
this kind of study to different morphological types and
species of larvae. Firstly, more larvae of the same body
shape and taxonomic family should be examined to
increase the number of replicates, especially in the
case of tadpole-like larvae. Secondly, larvae of the
same morphological group that are phylogenetically
distant or, vice versa, belonging to the same taxonomic
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group but differing in larval morphology should be
examined to prove that the strategies are linked to
body shape and not to other factors, or that they are
more closely connected with body shape than with
other factors. Moreover, the changes in biochemical
composition during growth of these species under
other environmental conditions and locations should
be examined to strengthen the results of the present
study. In fact, larval composition could change based
on parental effect (Riveiro et al. 2000, Diaz et al. 2008)
and environmental conditions, principally temperature
and food availability (Buckley 1982, Garcia et al. 2006).
Finally, it would be of great interest to measure the
biochemical composition in bigger larvae and juve-
niles of these 3 species to examine the eventual
changes in energy allocation strategies during more
advanced developmental stages.
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