Vol. 36: 115-122, 1987

Energetics of spider crab Hyas araneus megalopa
in relation to temperature and the moult cycle
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ABSTRACT: Megalopa of spider crab Hyas araneus were reared to metamorphosis at 6 and 18 °C, and
larval dry weight, carbon, nitrogen, and hydrogen content as well as oxygen consumption were
measured at regular intervals during the moult cycle. When larval age is expressed as a percentage of
total instar duration, it becomes obvious that the general pattern of growth (bell-shaped curves) is not
influenced by temperature: all measures of biomass increase during the postmoult and intermoult
stages of the moult cycle, reach maximum values in early premoult, and decrease again during later
premoult. Also maximum and final biomass values are similar at the 2 temperatures. Conversion of
elemental composition to biochemical data suggests that both protein and lipid are utilized as
metabolic substrates during the premetamorphic phase of ‘negative growth’, but relatively more lipid is
catabolized at 18 than at 6 °C. Rates of oxygen consumption are strongly influenced by both tempera-
ture and the stage of the moult cycle. At 6 and 12 °C individual respiration rates (R} decrease during
postmoult (the 12°C values were taken from another study for comparison), then increase, and
eventually decrease again in late premoult. At 18 °C there is an almost steady decrease in R during the
entire moult cycle. Both assimilation (A) and growth (G) rate (in units C d°!) decrease steadily during
megalopa development, regardless of temperature. In Stage D, of the moult cycle A equals the
metabolic demand and thus, G becomes zero. During later premoult stages, G is negative, and A
becomes zero prior to metamorphosis. Net growth efficiency (K;) decreases from ca 45 to 65 % in early
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postmoult to zero in Stage D,.

INTRODUCTION

Growth patterns of decapods during single larval
moult cycles have been analysed in only a few species
(Pagurus bernhardus: Dawirs 1981; Hyas araneus:
Anger & Dawirs 1982, Anger & Jacobi 1985; H. coarc-
tatus: Jacobi & Anger 1985a; Carcinus maenas: Dawirs
1983, 1986, Dawirs et al. 1986; Nephrops norvegicus:
Anger & Piischel 1986), and only Dawirs et al. (1986)
described effects of temperature on those growth
patterns.

In Hyas spp. patterns of growth and metabolism
during the moult cycle of the megalopa stage were
found to differ from those during the zoeal stages
{Anger & Jacobi 1985, Jacobi & Anger 1985a). While
all previous measurements of its growth had been
conducted at an intermediate, fairly optimum tempera-
ture (12 °C), in the present investigation measurements
were made at extremely low and high temperatures (6
and 18 °C).

These temperatures are close to the limits tolerated
by this larval stage of H. araneus. Since 18°C is
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already above its optimum for successful development
in the laboratory (Anger 1983a), and is near the max-
imum temperature at which it was found in plankton
samples (Roff et al. 1986), the question is posed
whether there are significant alterations in net growth
efficiency or other energetic traits at high temperature.
Such effects might be expected from adaptations
related to the boreal-subarctic distribution of this
spider crab species (Christiansen 1969, 1982).

MATERIAL AND METHODS

Larvae were obtained from a single female Hyas
araneus and mass-reared at 12 °C as described by
Anger et al. (1983). When they reached the megalopa
stage, they were transferred to net-bottom tubes and
then maintained individually (for details see Dawirs
1982, Kunisch & Anger 1984) at constant 6 or 18 °C. All
larval stages were fed exclusively on freshly hatched
Artemia sp. (San Francisco Bay Brand).

Larvae having the same age within the megalopa
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instar were sampled every 2 (18°C) or 4d (6 °C) for
measurements of biomass and respiration. Dry weight
(W), carbon (C), nitrogen (N), and hydrogen (H) were
measured in 11 to 13 replicate samples of individual
megalopae (Tables 1 & 2), applying standard tech-
niques (Anger et al. 1983). Energy content was esti-
mated from C (Salonen et al. 1976). Approximate
amounts of lipid and protein were estimated from C
and N, respectively (Anger et al. 1983).

Another subsample of the larvae was used for mea-
surements of respiration at the rearing temperature,
applying the Winkler method (see Anger & Jacobi
1985 for details). Metabolic losses of C were estimated
using a conversion factor of 0.3375 ug C/ug O,, which
is based on a respiratory quotient (RQ) of 0.9. The latter
assumption is derived from the biochemical composi-
tion of the larvae (Anger et al. 1983) and of their food
(Watanabe et al. 1983) as well as on observations in
other zooplankton (Dagg et al. 1982).

This study is based on a total of 258 CHN analyses
(with an equal number of megalopae) and 168 meas-
urements of respiration (with a total of 504 megalopae).
This does not include another study conducted at 12°C,
results of which are partly used in this paper.

RESULTS
Growth, elemental and biochemical composition
Metamorphosis of the megalopa to the juvenile crab

began 16d (at 18°C) and 38d (6°C) after moulting.
Sampling was terminated on Days 18 and 40, respec-

tively, when most individuals were at least very close
to metamorphosis. These times were defined as the
average durations of development at the 2 temper-
atures tested.

Changes of biomass and respiration during the
course of megalopa development at 6 and 18°C are
shown in Tables 1 & 2, respectively. The patterns may
be described, in general, by the quadratic equation
proposed by Anger & Jacobi (1985):

y = ap + ajt + af (1)

where y = any measure of biomass or metabolism (per
individual); ¢ = time of development (d); and ao, ai,
and a, = fitted constants. These parameters are com-
piled in Table 3.

The shape of these growth curves is shown, as an
example, for dry weight (W) in Fig. 1 (lower graph).
When the time of development is expressed as a per-
centage of total instar duration, almost identical
growth curves are obtained at 6 and 18°C, with max-
imum values at ca 55 to 60% development (Fig.1,
upper graph). When measures of total organic substan-
ces within W (C, N, H, or energy) are considered,
however, a difference between the 2 growth patterns
becomes apparent: during the period of final loss, the
values at 18°C tended to be consistently slightly lower
than those at 6°C, in particular in C and energy.

Fig. 2 shows the relative fractions of C and N, the
weight ratio of these elements, and weight-specific
energy during the moult cycle. During postmoult and
early intermoult (2 to 6d after moulting at 18°C, 2 to
12d at 6°C) the relative C, N and energy figures
decreased, while the C/N ratio increased. This indi-

Table 1. Hyas araneus megalopa. Growth and metabolism in relation to age (d), at 6 °C. Dry weight (W), carbon (C), nitrogen (N},
and hydrogen (H) in pg, energy content (E) in J ind™!; repiration rate (R) in ug O, ind™' h™' Arithmetic means *+ standard
deviation; n: number of measurements in W, C, N, H, E; in R, n=8

Parameter Age (d)
0 4 8 12 16 20 24 28 32 36 40
w 253 343 447 468 542 535 536 524 475 473 440
+22 +40 + 54 + 60 +50 + 57 +82 +55 +44 +92 + 84
c 103 122 144 144 201 194 223 205 186 182 147
*+9 *+16 *+19 * 45 +26 + 27 +50 + 27 +24 + 47 *+36
N 23.8 26.4 27.1 33.0 38.7 38.2 46.6 42.1 40.6 384 33.3
+23 +2.7 +3.7 +43 +4.5 +4.8 +73 +4.2 +4.2 +7.8 +6.8
H 14.3 17.5 20.3 21.4 29.2 27.9 37.4 29.4 322 258 21.6
+2.7 +3.3 +3.4 +7.5 +53 +4.9 +8.6 +4.9 +4.0 +8.5 +6.4
E 3.8 4.2 4.8 5.4 7.1 6.1 8.3 7.4 6.7 6.5 5.0
+0.4 +0.6 +0.7 +1.0 +1.0 +1.6 +272 +1.1 +1.0 +19 +14
R 0.64 0.58 0.54 0.67 0.59 0.58 0.64 0.60 0.53 0.48 0.45
+0.04 +0.05 +0.05 +0.08 +0.06 +0.09 +0.07 +0.06 +0.07 +0.09 +0.05
n 12 13 13 13 12 13 12 11 12 12 13
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Table 2. Hyas araneus megalopa. Growth and metabolism in relation to age (d), at 18 °C. For explanation see Table 1

Parameter Age (d)
0 2 4 6 8 10 12 14 16 18
w 253 414 448 524 562 520 489 516 440 432
+22 + 54 +53 +61 +63 +61 +72 + 56 + 76 + 67
C 103 140 157 174 212 174 173 175 146 144
+9 +20 + 24 +28 +32 +29 +35 +24 +32 +29
N 23.8 28.6 32.0 36.3 39.8 40.2 37.1 38.3 334 32.2
+2.3 +3.1 +4.3 +59 +124 +51 +6.9 +4.2 +6.3 +6.6
H 14.3 20.5 23.8 24.6 30.3 23.8 27.0 27.1 21.8 21.8
+2.7 +3.6 +52 +49 +53 +4.9 +57 + 3.6 +5.2 +4.7
E 3.8 4.8 5.4 5.9 7.6 5.9 6.0 6.0 4.9 4.9
+04 +0.7 +0.9 +1.0 +14 +1.1 +1.3 +0.9 +1.2 +1.1
R 1.29 1.26 1.20 1.05 1.11 1.08 0.97 1.10 0.81 0.75
+0.10 + 0.07 +0.11 +0.14 +0.10 +0.07 +0.07 +0.18 +0.12 +0.08
n 12 12 12 12 12 13 13 12 12 12

Table 3. Hyas araneus megalopa. Fitted constants (ao, a;, a,) and coefficient of determination (r?) for Eqn (1) describing: growth in
dry weight (W), carbon (C), nitrogen (N), hydrogen (H) (all in mg), and energy (E, J ind™'), and the course of respiration (R, ug
0O, ind™' h™Y), in relation to age (d). R;: respiration during first; R,: during second half of the moult cycle

Parameter 6 °C 18 °C
ap a, a, r? ao ay as r
w 0.267 0.0231 —0.000484 0.952 0.292 0.0488 —-0.00238 0.874
C 0.0894 0.00925 —0.000190 0.874 0.108 0.0161 -0.000818 0.824
N 0.0206 0.00158 —0.0000304 0.858 0.0234 0.00300 —0.000142 0.952
H 0.0116 0.00157 —0.0000318 0.802 0.0154 0.00235 -0.000115 0.799
E 3.2 0.328 —0.00671 0.796 3.8 0.536 —-0.0277 0.765
R, 0.632 —-0.0146 0.000627 0.839 1.309 —-0.0413 0.00162 0.813
R, 0.326 0.0251 —0.000562 0.870 0.820 0.0656 —0.00388 0.730

cates that more inorganic than organic matter and,
within the latter, more lipid than protein were accumu-
lated during this phase of the moult cycle, independent
of temperature. During premoult (the second half of the
moult cycle) the percentage of C and H, the C/N ratio,
and weight-specific energy were in general higher at 6
than at 18°C.

Approximate lipid and protein contents may be esti-
mated from these C and N values (Anger et al. 1983).
Very similar curves as for dry weight (Fig. 1) are
obtained from these conversions. They indicate that
there are high gains in both constituents during post-
moult and intermoult, and that maximum values occur
when Wis also maximum (after ca 60 % of moult cycle
duration). Estimates of both lipid and protein during
the premoult phase of biomass loss are consistently
higher at 6 than at 18°C with a greater difference in
lipid than in protein. Lipid/protein weight ratios reveal
an increase in postmoult and a decrease in premoult,
with almost consistently higher values at 6°C (0.32 to
0.36) than at 18°C, (0.31 to 0.34). When lipid and

protein values are expressed as a percentage of W,
they indicate that at 18°C, as compared to 6°C, rela-
tively more lipid than protein is utilized during pre-
moult (Fig. 3).

Metabolism

Individual respiration rates of megalopa reared at 6
and 18°C are given in Tables 1 & 2, respectively. Their
patterns of change during development are shown and
compared directly in Fig. 4. Values obtained at 12°C
were taken for comparison from a different study
(Hirche & Anger in press) which was conducted in the
same season and with identical methods, but with
megalopae from a different female. These larvae had,
in general, a somewhat higher biomass than those
reared at 6 and 18°C.

Respiration curves were similar in shape at 6 and
12°C, but almost constantly decreasing at 18°C
(Fig.4). These patterns may in all cases be described
by 2 quadratic equations [same type as in biomass, Eqn
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Fig. 1. Hyas araneus megalopa. Dry weight during develop-

ment at 6 and 18 °C. Lower graph: mean values * standard
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Fig. 2. Hyas araneus megalopa. Carbon (C), nitrogen (N) (%

of dry weight, W), weight-specific energy content (J mg™' W;

estimated from C: Salonen et al. 1976), and C/N weight ratio
during development at 6 and 18 °C

(1)], for the first and second half of the moult cycle,
respectively {Table 3). Direct comparison of metabolic
changes during development is possible in Fig.4
(upper graph), where time is expressed in relative
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0O 10 20 30 40 S0 60 70 80 90 100
Development (% of moult cycle duration)
Fig. 3. Hyas araneus megalopa. Lipid and protein content (%

of dry weight, W; estimated from carbon and nitrogen, respec-
tively: Anger et al. 1983) during development at 6 and 18 °C

units (% of moult cycle duration). From these curves
the temperature quotient (Q;o) for the range 6 to 18 °C
may be calculated. Its course shows a sinusoidal
pattern inversely related in shape to the respiration
curves at 6 and 12 °C. During the first half of the moult
cycle, Q¢ values were high (1.8 to 1.9), then they
decreased to ca 1.5 to 1.6, i.e. effects of temperature
changes on larval metabolism were in general lower in
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Fig. 4. Hyas araneus megalopa. Individual respiration rate (R}
during development at 6, 12 and 18 °C (12 °C values from
larvae from a different hatch)
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Fig. 5. Hyas araneus megalopa. Weight-specific respiration
rate (QO,) during development at 6, 12 and 18°C (12°C
values from larvae from a different hatch)

the second than in the first half of megalopa develop-
ment. This was particularly obvious in the range
between 12 and 18 °C, where Q;, decreased during
premoult to values around 1.0. In the lower tempera-
ture range (6 to 12 °C), however, rather the opposite
trend may be seen, with lowest Q;, values in early
postmoult and highest in late premoult.
Weight-specific respiration rates (QO,) during
megalopa development are shown in Fig. 5. At all 3
temperatures compared there was a conspicuous
decrease during postmoult and intermoult, followed by
constantly low (618 °C) or increasing values (12 °C).
The relative positions of the QO, curves in the upper
graph of Fig. 5 indicate again that temperature
changes within the lower range (6 to 12 °C) have very
little influence on metabolism of early postmoult
megalopae (Qq near 1.0) whereas increased tem-
peratures (12 to 18 °C) have a strong effect. Later in
development, in premoult, the opposite trend may be
seen (Q;o near 1.0 in the upper temperature range).

Net growth efficiency (K>)

When rates of growth (G) and metabolism (M) are
converted to units of carbon or energy per day, assimi-
lation (A) and net growth efficiency (K;) can be calcu-

lated on a daily basis during megalopa development
(Fig. 6: C-based budgets shown as an example). Varia-
tion in M appears quite low as compared to that in A
and G. Assimilation and growth rates decreased,
regardless of temperature, during postmoult and inter-
moult, and G became zero when ca 55 to 60 % of moult
cycle duration had elapsed. Thereafter, during pre-
moult (dashed lines in Fig. 6), assimilation was lower
than metabolic demand, and growth rates became
negative. In late premoult (after 80 to 90 % of total
development time), losses became theoretically grea-
ter than can be accounted for by metabolism. It cannot
be determined yet whether this is an artifact of the
models of growth and respiration used here, or if there
are carbon losses other than by respiration (see ‘Dis-
cussion’).

When the complete instar was considered, similar
total net growth values (ca 44, 54, and 41 ug C) were
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Fig. 6. Hyas araneus megalopa. Partial carbon budget during
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where assimilation (A) falls short of metabolic demand (M)
and thus, tissue growth (G} is negative
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found at 6, 12, and 18 °C, respectively (Tables 1 & 2).
Metabolic losses at these temperatures were calcu-
lated as 182, 170, and 115pg C during the entire
megalopa instar {obtained by integration of respiration
curves, Fig. 4; constants in Table 3; conversion to C
values, assuming an RQ = 0.9). Net growth efficiency
of the megalopa was thus estimated as 20, 24, and 21 %
at 6, 12, and 18 °C, respectively. These figures cannot
be considered significantly different, since actual net
growth is estimated only roughly by calculating the
difference between initial and final carbon values, and
the 12°C megalopae originated from a different
female. This suggests that K; is not significantly influ-
enced by temperature. In total A, G and M values (see
above), however, there was a slight decreasing ten-
dency with increasing temperature.

When K, was calculated from the above models of
growth and respiration (Fig. 4, Table 3) on a daily
basis, similar patterns were found at all 3 tem-
peratures: K, values decreased from ca 45 to 65 % in
early postmoult, to zero when ca 55 to 60 % of the
megalopa moult cycle had elapsed, and then became
negative. This energetic trait of the ultimate larval
instar of Hyas araneus appeared little influenced by
temperature {Fig. 6, upper graph}.

DISCUSSION

The typical bell-shaped biomass growth pattern of
the megalopa which had already been observed but
considered with reservation by Anger & Dawirs (1982),
was found again in the present study (Fig. 1). It is
consistent with results obtained in other recent studies
on Hyas araneus (Anger et al. 1983, Anger & Jacobi
1985), H. coarctatus (Jacobi & Anger 1985a), and Car-
cinus maenas (Dawirs et al. 1986). In all these instan-
ces, the megalopa ceased to grow when a little more
than half (ca 50 to 60 %) of the entire moult cycle
duration had passed. Thus, it might be a common
growth pattern in the ultimate larval stage of brachy-
urans.

Losses of biomass and energy during premoult are
partly accompanied or caused by reduced feeding
rates (Anger & Dietrich 1984, Dawirs & Dietrich 1986).
Assimilation (Fig. 6) may not then be sufficient to meet
the metabolic demand for internal reconstruction pro-
cesses preparing metamorphosis to the first juvenile. If
there is complete food deprivation during this pre-
metamorphic developmental phase, however, losses of
biomass are greater than in continually fed megalopae
(Anger et al. 1983). This also indicates that feeding and
assimilation do not cease completely when maximum
biomass is reached.

The relative time when maximum biomass and

energy in the megalopa of Hyas araneus are reached
(ca 55 to 60 % of instar duration) corresponds to that of
the early premoult (Dy) stage of the moult cycle (Anger
1983b). This stage has recently been identified as a
critical point which, when reached under good feeding
conditions, will allow potentially autonomous {food-
independent} development through the rest of the
moult cycle (Anger 1984). Anger & Spindler (in press)
suggested that essential substances (probably sterols)
have reached a critical pool size in this stage, so that
sufficient amounts of the moulting hormone can be
synthesized, regardless of further absence or presence
of food. The megalopa shows ‘negative growth' after
this point of development, i.e. assimilation rate
becomes smaller than the respiratory losses (Fig. 6),
whereas moulting hormones reach their peak concen-
tration later in premoult (Spindler & Anger 1986).

It is interesting to note that other physiological traits
of the megalopa also appear to change after passing
the ‘D threshold” (Anger 1984): respiration rate (only
at temperatures below 18°C) increases and ap-
proaches a maximum (Fig. 4), whereas digestive
enzyme activities decrease to a minimum (Hirche &
Anger In press). These parallel findings again
emphasize the particular significance of Stage D,
within the moult cycle of larval decapods.

In late premoult, when 80 to 90 % of the megalopa
moult cycle has been passed, assimilation rate
approaches zero (Fig. 6). Further increase in daily
losses of biomass and energy may be an artifact caused
by our simple growth model. There might also, how-
ever, be other sources of carbon loss prior to metamor-
phosis, in addition to respiration: increased excretion
of urea, amino acids, or of other organic substances.
This problem will have to be analysed in more detail
in future studies on megalopa physiology and
biochemistry.

The present results have shown that temperature,
even when extremely high or low, does not signifi-
cantly alter the dry weight growth pattern, as long as
it still allows development {Fig. 1, upper graph). When
biochemical composition of the megalopa is consid-
ered, however, a temperature effect becomes apparent:
carbon and nitrogen data strongly suggest that at high
temperature (18 °C) relatively more lipid and less pro-
tein are catabolized during the premoult phase of the
megalopa.

The respiration curve is also changed at 18°C
(Fig. 4), possibly indicating a stress condition. Weight-
specific respiration rates during premoult (Fig. 5) are
equally high at 12 and 18°C (Q;y = 1.0). Lack of
increase or even a decrease in metabolic rates has
often been found when enhanced temperatures
approached the upper limit of tolerance {e.g. Schatz-
lein & Costlow 1978, Vernberg et al. 1981). This is



Anger: Energetics of spider crab megalopa 121

probably what happened at 18 °C. In the field (German
Bight) the megalopa should normally encounter tem-
peratures ranging from ca 5 to 13 °C (Anger 1983a).

Changes of the Qo value during a single moult cycle
show that this potential source of error should be taken
into consideration in studies of temperature effects on
larval metabolism, i.e. larvae should be moult-staged.
Short-term changes are particularly significant in
weight-specific respiration rate during postmoult
(Fig. 5). Jacobi & Anger (1985b) measured a Q; of 1.8
for late intermoult megalopae of Hyas araneus in the
temperature range 6 to 18 °C. This is very close to the
present results (1.7 in the same stage of the moult
cycle, after ca 50 % of instar duration).

The present results (Fig. 6) suggest that the general
bioenergetic traits of the megalopa, in particular its net
growth efficiency, are not significantly changed by
extremely high or low temperature. Significantly
increased mortality at 18 °C (Anger 1983a) thus cannot
be explained by a simple failure to assimilate or to
convert sufficient amounts of matter and energy. Total
values of assimilation, net growth, and metabolism are
similar at 6, 12, and 18 °C. Since mortality at unsuit-
ably high temperature becomes particularly obvious
when metamorphosis is imminent, this suggests that
some enzymatic or hormonal system involved in the
regulation of late moult cycle events may be disturbed.
Future studies will concentrate further on such pre-
sumable interactions between environmental varia-
bles, parameters of bioenergetic budgets and systems
controlling developmental and other physiological
processes in the larval development of decapod crusta-
ceans.
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