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Abstract Energy budget is one of the most studied
parameters in aquatic animals under environmental chal-
lenge. To examine how prolonged starvation would affect
their energy budget, respiration rate (RR), ammonia
excretion rate (ER), oxygen consumption to ammonia—
nitrogen excretion (O:N) ratio and scope for growth (SfG)
representing the balance between energy intake and met-
abolic output, two Asian horseshoe crab species, Tachyp-
leus tridentatus and Carcinoscorpius rotundicauda, were
investigated in two feeding regimes (fed and starved) over
a period of 7 weeks. No significant effects of species and
time course, as well as their interaction, on absorption
efficiency were observed in the fed treatments. For both
species, RR and ER of the starved treatments significantly
decreased, while their O:N ratio significantly increased
during the experiment. However, such values for the fed
treatments remained relatively stable over the study period.
A rapid reduction in SfG was only apparent in the first
week of the starved treatments for both species; thereafter,
their SfG remained relatively constant. In the fed treat-
ments, SfG of T. tridentatus was significantly lower than
that of C. rotundicauda throughout the experiment. In
general, C. rotundicauda showed a greater decrease in SfG
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under starvation than 7. tridentatus, suggesting that they
may have a more competitive life-history strategy for
adjusting to poor nutritional conditions.

Introduction

Food ingestion, ammonia excretion and oxygen consump-
tion rates are the governing factors for growth in aquatic
animals because they reflect energy utilization. In partic-
ular, scope for growth (SfG) elicited from these physio-
logical parameters is useful for estimating the energy
budget of animals under environmental challenge (Beiras
et al. 1994).

Horseshoe crabs are an ancient animal group, often
referred to as living fossils. There are only four species of
horseshoe crabs living in the world. Of the two Asian
species, Tachypleus tridentatus (Leach, 1819) is distributed
from North Borneo and Malaysia, along the coast of China
and northward towards Japan (Sekiguchi 1988; Shin et al.
2009; Hu et al. 2010), whereas Carcinoscorpius rotundic-
auda (Latreille, 1802) occurs further to the west in Indo-
nesia, Malaysia, the Philippines, Thailand and the Bay of
Bengal, India (Sekiguchi 1988; Chatterji 1994). The mor-
phological characteristics of these two species are different,
adult 7. tridentatus being larger in size and having three
distinct immovable spines above the insertion of the post-
anal spine, while C. rotundicauda is relatively smaller with
a sub-triangular postanal spine in cross section and a
weakly recurved auriculate process (Mikkelsen 1988; Chiu
and Morton 2003). However, these two species can co-exist
in the same habitat (Hu et al. 2009; Shin et al. 2009).

Horseshoe crabs are benthic feeders which primarily
consume bivalve molluscs, such as clams and mussels
(Patil and Anil 2000; Botton et al. 2003; Carmichael et al.
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2004). Botton (1984) examined the population of the adult
American horseshoe crab Limulus polyphemus and con-
cluded that bivalves are their most favourable diets. In
marine environments, the amount of food available for
animal consumption can be highly seasonal (Clarke 1988;
Wassmann 1991). Hence, horseshoe crabs show a consid-
erable diversity of feeding mechanisms and specialization,
such as limiting energy expenditures or increasing foraging
effort, so as to enable them to survive in an apparently food
deficient environment (Botton et al. 2003).

Previous studies have revealed that animals tend to
accumulate energy reserves when nutritional conditions are
favourable for use in maintenance, growth and reproduc-
tion during periods of low food availability (Nakaoka
1992; Brockington and Clarke 2001). Related strategies
may include physiological adaptations, such as high
absorption efficiency, and behavioural plasticity (Lopez
and Levinton 1987; Taghon and Greene 1992). Stead et al.
(2003) indicated that the estimation of energy budget in
aquatic species could contribute towards an overall com-
prehension of their feeding strategies and energy utiliza-
tion, as well as their physiological responses to seasonal
changes in food availability. However, such information is
lacking in horseshoe crabs, as there are limited physio-
logical data on how these animals respond to different food
conditions in the field.

The aim of the present study was to compare, under
totally different nutritional conditions (i.e., fed or starved),
the physiological responses of 7. tridentatus and C. rotun-
dicauda, in terms of respiration rate, ammonia excretion
rate and O:N ratio. The physiological parameters measured
at different observation time points were also compared in
an attempt to construct a relationship between starvation
time course and metabolism. Finally, the energy budgets, as
represented by SfG, were estimated for 7. tridentatus and
C. rotundicauda in order to determine which species is
more energetically efficient when suffering from poor
nutritional conditions.

Materials and methods

Experimental animals

Adult male T. tridentatus (prosomal width: 162—-176 cm)
and C. rotundicauda (prosomal width: 92-99 cm) were
obtained from a local fish market in Hong Kong.
Experimental design

A three-way orthogonal experimental design, with two

species (T. tridentatus and C. rotundicauda), two food
treatments (fed and starved) and five observation time
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points (Week 0, 1, 3, 5, 7), was adopted in the present
study. Horseshoe crabs in the fed treatment were offered
clam (Ruditapes philippinarum) meat ad libitum. There
were six individual replicates per experimental treatment
(24 total individuals) and the experiment lasted for
7 weeks. The experiment was conducted in two tempera-
ture-controlled, re-circulating systems, and each system
contained 12 tanks. As the body size of T. tridentatus is
some two times larger than that of C. rotundicauda, dif-
ferent tank size and water flow rates were adopted to ensure
that the water volume occupied by each individual and flow
of water exchange in the tanks were similar for the two
species. One system, housing the larger tanks (length:
66 cm, width: 46 cm, height: 50 cm, water volume: 60 L),
was assigned to T. tridentatus, while the other system,
housing the smaller tanks (length: 50 cm, width: 40 cm,
height: 30 cm, water volume: 20 L), was assigned to
C. rotundicauda. Each tank was connected to a filter tank
filled with zeolites and activated carbon. Filtered seawater
was re-circulated through the filter at a rate of 0.8 L min~"
in the T. tridentatus system and 0.25 L min~' in the
C. rotundicauda system. During the experiment, water
temperature was maintained at 21-22°C, salinity 33-34 %o
and pH 8, which corresponded to the general seawater
quality conditions in Hong Kong. Continuous aeration was
supplied to each tank, with dissolved oxygen (DO) ranging
from 6 to 8 mg L™'. Photoperiod was maintained at
12D:12 L with the light period from 07:30 to 19:30
throughout the experiment.

Physiological measurements

Absorption efficiency (AE), representing the efficiency at
which the organic matter is absorbed from the ingested
food, was determined as follows. The food was dried in an
oven (110°C) for 24 h, weighed, burned in a muffle furnace
(450°C for 6 h) and reweighed. Faeces were collected with
a pipette from the experimental tank 24 h after feeding, and
the organic content of the faeces was determined by the
same method as described previously. AE was calculated
according to Conover’s (1966) formula:

AE = (F—E)/[(1 — E) x F]

where AE = absorption efficiency (%), F = ash-free dry
weight:dry weight ratio in the food, and E = ash-free dry
weight:dry weight ratio in the faeces.

Food consumption rate (FC) was estimated according to
the following procedures. The fed animals were offered
clam meat ad libitum. The clam meat, with pre-determined
wet weight, was placed in tanks daily (17:00 h), and the
wet weight of the remaining clam meat left from the pre-
vious day was collected and weighed. A control with clam
meat but without horseshoe crab was set up, in order to
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determine the weight change of clam meat after 24 h
immersion in the seawater. The dry weight of consumed
food was estimated using a regression relating the wet
weight and the dry weight of clam meat. The gross energy
of the dry clam meat was measured by using a bomb cal-
orimeter (model Parr 1281, USA). The consumed food
energy was then converted to joules using a conversion
factor of 18.37 J mg ™' dry weight estimated for clam meat
from the bomb calorimeter measurements.

Respiration rate (RR) was measured every 2 weeks at
the same hour before the horseshoe crabs were fed,
approximately 20 h after their previous meal, since
feeding can evoke an increase in respiration rate due to
mastication and movement of the animals (Hirata and
Yamasaki 1987; Pedrosa et al. 2002). Each horseshoe
crab was placed in a separate tank filled with aerated
seawater, and the tank was sealed for 1 h. Initial and final
DO levels of the seawater in each tank were measured
using an oxygen probe (model YSI5000, USA). Three
tanks without animals served as the control. Measure-
ments on the 24 individuals were made simultaneously.
The volume of each horseshoe crab was subtracted from
the volume of the tank to obtain the volume of water.
Oxygen concentrations in each tank were not allowed to
drop below 75% of saturation throughout the experiment
(Norkko et al. 2005). Energy expended on respiration was
calculated using a conversion factor of 13.98 J mg O3
(Ivlev 1934).

Excretion rate (ER) was estimated as follows. After
respiration rate measurement, the ammonia excretion rate
of the horseshoe crabs was measured. The concentration of
ammonia excreted was determined after 1 h using the
phenol-hypochlorite method (Solorzano 1969). Three
tanks without animals served as the control. Triplicate
samples (5 mL) were collected and treated with sodium
hypochlorite and phenol in the presence of sodium nitro-
prusside. The amount of ammonia in the sample was
measured by the absorbance of the blue indophenol colour
developed using a spectrophotometer at A = 640 nm. ER
was converted to energy terms using a conversion factor of
0.0251] pg_l NH,-N (Elliott and Davison 1975).

The ratio of oxygen consumption to ammonia—nitrogen
excretion in atomic equivalents (O:N) was calculated to
determine the proportion of protein relative to carbohydrate
and lipid catabolized for energy metabolism, with the fol-
lowing formula (Widdows 1985):

O :N = (mg0Oh™'/16)/(mgNH; — Nh~'/14)

where mg O, h™' was the rate of oxygen consumption and
mg NH,~N h™' was the rate of ammonia—nitrogen excre-
tion for the same horseshoe crab during the same period.

StG was calculated using the energy balance equation
given by Bayne and Newell (1983):

SfG = Ab — (R + U)

where SfG = scope for growth (J h_l), Ab = the absorbed
rate (J hfl), R = energy lost in respiration (J hfl) and
U = energy lost in ammonia excretion (J h™'). Ab was
calculated as FC (J hfl) x AE (%).

Statistical analysis

Results were expressed as mean = standard error (SE).
Prior to statistical analysis, assumptions for normality of
distribution of the data and homogeneity of variances were
tested with the Shapiro-Wilk’s W test and Levene’s test,
respectively. Data that did not meet the above assumptions
were transformed, as follows. The data of T. tridentatus
respiration rate were divided by 100 and then cosine
transformed. The data of C. rotundicauda O:N ratio were
cosine transformed. The data of SfG of the two horseshoe
crab species were divided by 100 and then arcsine
transformed.

Two-way repeated measures analysis of covariance
(ANCOVA) was employed to analyse species and obser-
vation time point effects on AE of fed horseshoe crabs,
with body size (prosomal width) as covariate. Three-way
repeated measures ANCOVA was used to analyse species,
food treatments and observation time point effects on RR,
ER, O:N ratio and SfG of horseshoe crabs, with body size
(prosomal width) as covariate.

Tukey’s honestly significant difference (HSD) post-
multiple range tests or Student #-tests were used to compare
treatment means in cases where factors did not significantly
interact. When interaction between or among factors was
significant, the influence of each factor on treatment means
was tested at fixed levels of the other factors. Differences
were considered significant at P < 0.05. All statistical
analyses were undertaken using SPSS version 16.0.

Results

No significant effects of species (P = 0.259) and obser-
vation time points (P = 0.315), as well as their interaction
(P = 0.518) on AE were observed in the fed horseshoe
crabs (Table 1, Fig. 1).

Significant interactions between species and food treat-
ments, between species and time course, between food
treatments and time course, and among species, food
treatments and time course were detected for RR, ER, O:N
ratio and SfG throughout the experiment (P < 0.05;
Table 2).

RR of fed T. tridentatus was significantly lower than
that of the fed C. rotundicauda from Week 0 to Week 5
(P < 0.05). No significant difference between species was
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Table 1 Summary of two-way repeated measures ANCOVA results for effects of species (S) and observation time points (T) on absorption

efficiency of fed adult horseshoe crabs, with body size as covariate

Factor Degrees of freedom Mean square F P
Absorption efficiency S 1 0.002 2.433 0.259

T 4 <0.001 1.406 0.315

SxT 4 <0.001 0.878 0.518

Species: T. tridentatus and C. rotundicauda; observation time points: Week 0, 1, 3, 5, 7
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Fig. 1 Absorption efficiency (AE) of two horseshoe crab species fed
with clam meat: a T. tridentatus and b C. rotundicauda (P > 0.05)

found in fed treatments in Week 7 (P = 0.056), as well as
in starved treatments from Week 1 to Week 7 (P > 0.05).
A continued drop in RR in the starved treatment of each
species was evident over the experimental period
(P < 0.05; Fig. 2). For each species, RR of the fed treat-
ment was significantly higher than that of the starved
treatment from Week 1 to Week 7 (P < 0.05). For both
species, time course had a significant influence on RR
(P < 0.05), except for the fed T.
(P = 0.247).

ER of fed T. tridentatus was significantly lower than that
of fed C. rotundicauda throughout the experiment
(P < 0.05), as well as starved T. tridentatus and C. rotun-
dicauda in Week 7 (P = 0.026). No significant difference
between species was found in starved treatments from
Week 1 to Week 7 (P > 0.05). For each species, a continued
decrease in ER was apparent in the starved group
(P < 0.05), but no significant temporal difference was

tridentatus group
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observed in the fed group (P > 0.05; Fig. 3). ER of the fed
T. tridentatus was significantly higher than that of the
starved group from Week 3 to Week 7, while ER of the fed
C. rotundicauda was significantly higher than that of the
starved group from Week 1 to Week 7 (P < 0.05).

O:N ratio of fed T. tridentatus was significantly higher
than that of fed C. rotundicauda from Week 0 to Week 3
(P < 0.05), as well as starved T. tridentatus and C. ro-
tundicauda in Week 1 (P = 0.037). No significant differ-
ence between species was found in fed treatments in Week
5 (P = 0.132) and Week 7 (P = 0.072), as well as starved
treatments from Week 3 to Week 7 (P > 0.05). For each
species, a significant increase in O:N ratio was noted in the
starved treatment (P < 0.05), but temporal changes in O:N
ratio were minimal in the fed treatment (P > 0.05) over
the experimental period (Fig. 4). O:N ratio of the fed
T. tridentatus was significantly lower than that of the
starved counterparts in Week 5 (P < 0.001) and Week 7
(P = 0.046), while O:N ratio of the fed C. rotundicauda
was significantly lower than that of the starved ones from
Week 3 to Week 7 (P < 0.05).

StG of fed T. tridentatus was significantly lower than
that of fed C. rotundicauda throughout the experiment
(P < 0.05). No significant difference between species was
found in starved treatments from Week 1 to Week 7
(P > 0.05). For each species, a rapid reduction in SfG was
apparent in the starved treatment from Week 0 to Week 1
at the start of the experiment; thereafter, their SfG
remained relatively stable over the study period (Fig. 5).
SfG of the fed treatment was significantly higher than that
of the starved treatment from Week 1 to Week 7 in both
species (P < 0.05). In the fed treatments, only significant
temporal changes in SfG were noted in 7. tridentatus
(P = 0.001), but not in C. rotundicauda (P = 0.353).

Discussion

In the present study, mortality was not observed for the two
Asian horseshoe crab species during prolonged starvation
of 7 weeks. However, a decrease in RR and ER but an
increase in O:N ratio was noted in both starved species
over the experimental period. A rapid reduction in energy
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gzslfeieaizglrmnzzzuiighree_ Factor ggfgﬁ;ens] of Mean square F P
ANCOVA results for effects of
species (S), food treatments Respiration rate s 1 33516.552 2334 <0.001
(F) and observation time points
(T) on respiration rate, excretion F 1 2124.553 259.600 0.004
rate, O:N ratio and SfG of adult T 4 207.012 23.673 <0.001
horseshoe crabs, with body size Sx F 1 2139.320 257.796 0.004
as covariate SxT 4 208.206 23.765 <0.001
FxT 4 103.787 19.631 <0.001
SxFxT 4 104.500 19.861 <0.001
Excretion rate S 1 47.489 142.833 0.007
F 1 50.781 1997 0.001
T 4 5.526 43.014 <0.001
Sx F 1 10.450 468.898 0.002
SxT 4 0.923 11.804 0.002
FxT 4 4.303 108.497 <0.001
SxFxT 4 0.849 14.992 0.001
O:N ratio S 1 8753.605 337.510 0.003
F 1 599.854 99.613 0.01
T 4 133.476 13.092 0.001
Sx F 1 636.418 49.329 0.02
SxT 4 129.011 15.219 0.001
FxT 4 126.809 16.291 0.001
SxFxT 4 99.556 14.204 0.001
SfG S 1 0.027 8205 <0.001
F 1 0.046 3577 <0.001
T 4 0.002 128.322 <0.001
Sx F 1 0.013 242.577 0.004
Species: T. tridentatus and C. SxT 4 0.001 34.308 <0.001
rotundicauda; food treatments: FxT 4 0.003 545.110 <0.001
fed and starved; observation SYFxT 4 0.001 79.039 <0.001

time points: weeks 0, 1, 3, 5, 7

budget, as estimated by SfG, was apparent in the first week
of starvation, but thereafter, the SfG was maintained at
relatively low levels for both horseshoe crab species. The
present findings also revealed species-specific differences
in response to food treatments, in which RR, ER and SfG
of fed T. tridentatus were significantly lower than those of
the fed C. rotundicauda for most of the experimental
period. On the contrary, C. rotundicauda showed a greater
decrease in SfG than T. tridentatus under starvation.
Most taxa suffering from prolonged food limitation
could ultimately succumb to severe starvation and eventual
mortality. There are various physiological strategies which
allow different species to survive starvation (McCue 2010).
Many previous studies have shown that metabolic rates in
fed animals are higher than those of the starved animals
(Widdows 1973; Hagerman and Szaniawska 1994; Hervant
et al. 1997; Wood 2001). Similar observations were noted
in the present study. While both horseshoe crab species
survived in the 7-week starvation treatment, the fed ani-
mals showed a higher metabolic rate than the unfed ones.

Widdows and Hawkins (1989) divided the total metabolic
expenditure of well-fed mussels into costs of maintenance,
digestion-absorption and growth in the proportion 3:1:2.
They demonstrated that costs of growth considerably
enhanced the metabolic rate of well-fed mussels. In the
present experiment, no significant differences of body
weight between both fed and starved treatments were
observed in both species (see Hu et al. 2010). This is in
agreement with other studies which showed that body
weight reduction is not necessarily the response to starva-
tion, for example, some crustaceans (Hervant and Renault
2002; Comoglio et al. 2004) tend to replace organic mass
lost from tissues with water so that they exhibit virtually no
net change in body weight during prolonged starvation.
The reason for this specific physiological mechanism is
still unclear. McCue (2010) suspected that the increased
tissue water content results from increased osmotic pres-
sure in tissues, which stems from increased metabolite
levels, and cells somehow replace lost organic matter with
water in order to maintain their size, and ultimately
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Fig. 2 Effects of treatments on respiration rate (RR; mean £ SE) in
two horseshoe crab species: a T. tridentatus and b C. rotundicauda
(fed solid line; starved dashed line). For each species, values in the
same food treatment with different superscripts are significantly
different among different observation time points (P < 0.05)* Means
significant differences were detected between fed and starved groups
in the same observation time point (P < 0.05)

functionality, during starvation. Nevertheless, at a mini-
mum, successful starvation strategies must enable an ani-
mal to mobilize endogenous physiological fuels such as
proteins, lipids and carbohydrates to meet the energetic
demands required to carry out the basic processes of life.
Previous studies have indicated that horseshoe crabs can
withstand a long period of starvation by consuming nutri-
ents from their yellow connective tissues (e.g., fat, glyco-
gen and protein) for their basic survival maintenance
(Weng et al. 2001; Weng and Hong 2003; Wei et al. 2007).
The present study could not verify this statement, but did
find that the energy reserves in horseshoe crabs might be
able to maintain them through a long period of starvation
(at least 7 weeks).

Aquatic animals differ in their abilities to tolerate star-
vation (McCue 2010). Some animals, such as the blue
mussel Mytilus edulis (Bayne and Widdows 1978), Euro-
pean frog Rana esculenta (Grably and Piery 1981) and
hypogean crustaceans (Hervant et al. 1997), are able to
survive on energy reserves despite negative SfG over
several months of starvation, suggesting that they may have
sufficient capacity to balance the competing demands of
energy intake, storage and utilization to permit survival for
prolonged starvation (Helson and Gardner 2007). Further
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Fig. 3 Effects of treatment on excretion rate (ER; mean + SE) in
two horseshoe crab species: a T. tridentatus and b C. rotundicauda
(fed solid line; starved dashed line). For each species, values in the
same food treatment with different superscripts are significantly
different among different observation time points (P < 0.05)* Means
significant differences were detected between fed and starved groups
in the same observation time point (P < 0.05)

studies should be conducted to elucidate how much energy
a horseshoe crab needs to expend to withstand long-term
starvation.

The present findings only reflected the response of
adult horseshoe crabs under a single diet of clam meat in
the laboratory. While field observations have reported that
these animals can forage on a wide range of prey avail-
able locally (Botton et al. 2003; Carmichael et al. 2004),
adult horseshoe crabs tend to exhibit a strong feeding
preference for clams in the wild (Botton 1984; Chatterji
et al. 1992). Such a diet preference has also led to the use
of clams as feed for adult horseshoe crabs reared in
captivity (Smith and Berkson 2005). In the present single-
diet experiment, the mean AE of clam meat by both
horseshoe crab species was high (over 90%). In the nat-
ural environment, however, such high AE of food by
horseshoe crabs might not be achievable as adult horse-
shoe crabs ingest prey containing a variety of organic
compounds with a potentially different, but mostly lower
degree of digestibility (Chatterji 1992; Botton et al.
2003). The poorer food quality could result in a lower AE
(Stead and Thompson 2003), hence, affecting growth and
body reserves of the animals for fighting against starva-
tion in the wild.
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Adaptive mechanisms for facing the energetic limita-
tions caused by starvation may involve a reduction in
energy expenditure (Westerterp 1977; Dunlap 1995; Her-
vant et al.1997; van Dijk et al. 2002; Nagashima et al.
2003). Energy allocated to respiration is used for anabolism
and maintenance. The higher respiration rate found in fed
horseshoe crabs in the experiment could result from the
active feeding process (Hirata and Yamasaki 1987; Pedrosa
et al. 2002), anabolism of products of digestion or higher
metabolic activity in these animals (Hill and Lawrence
2006). The present study noted that starvation significantly
reduced the energy allocated to respiration in both horse-
shoe crab species. Such differences in respiration rate
caused by starvation were also found in similar studies on
prawns (Dall and Smith 1986), oysters (Beiras et al. 1994)
and mussels (Helson and Gardner 2007).

Besides respiration, ammonium excretion could also be
affected by both maintenance and anabolism (Hill and
Lawrence 2006). For both horseshoe crab species, starved
groups had significantly lower excretion rates than fed
groups. Previous studies have indicated that ammonia
excretion is able to offer an integrated means to analysing
the protein metabolism of aquatic animals (Dall and Smith
1986; Hagerman and Szaniawska 1994; Chen and Lin
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Fig. 5 Effects of treatment on SfG (mean + SE) in two horseshoe
crab species: a T. tridentatus and b C. rotundicauda (fed solid line;
starved dashed line). For each species, values in the same food
treatment with different superscripts are significantly different among
different observation time points (P < 0.05)* Means significant
differences were detected between fed and starved groups in the
same observation time point (P < 0.05)

1995; Schmitt and Uglow 1997). Regnault (1987) demon-
strated that in crustaceans most ammonia excreted is a
product of the catabolism of amino acids from the meta-
bolic pool (body reserves) derived from diet. Wood (2001)
further reported that protein is a major metabolic fuel in fed
fish, whereas oxidation of lipids and carbohydrates is found
to be predominant in starved animals.

Atomic O:N ratio is related to the availability of energy
stores and the utilization of body protein. This ratio of
oxygen consumption to nitrogen excretion by atomic
equivalent produces an index of the relative amounts of
protein, as compared to carbohydrates and lipids, catabo-
lized by the organism. Theoretically, the minimum value
for an O:N ratio is around 7 (when only protein is being
catabolized). Mayzaud and Conover (1988) calculated that
organisms should have an O:N ratio of 24, catabolizing
equal proportions of lipids and proteins. Therefore, when
the O:N value of an animal is higher than 24, lipids or
carbohydrates could be identified as the major components
in its catabolism. As Mayzaud and Conover (1988) sug-
gested, O:N ratios could be variable, rising or falling in
response to starvation, depending on the biochemical
composition of the organism. In the present study, signif-
icant effects of food treatment or sampling time on the O:N
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ratio of the two horseshoe crab species were found. In fed
T. tridentatus, the mean O:N ratios ranged from 16.2 to
19.9, indicating mainly protein catabolism, while ratios
ranging from 19.1 to 43.7 were recorded in starved ani-
mals, denoting a change in utilization of protein to lipid or
carbohydrate stores (Bayne et al. 1985). Similar observa-
tions were found in C. rotundicauda. The present findings
were consistent with a previous study, conducted by this
team, which showed that starved horseshoe crabs prefer to
use glucose or lipids, rather than protein, as energy sources
(Hu et al. 2010).

Helson and Gardner (2007) pointed out that positive SfG
values are indicative of growth potential, while negative
SfG values indicate that energy expenditure is greater than
energy acquisition. Many studies have shown that diet is
the main factor affecting SfG (Beiras et al. 1994; Kesar-
codi-Watson et al. 2001; Navarro et al. 2002). For both
horseshoe crab species, positive SfG values were found in
the fed treatment, while negative SfG values were recorded
in the starved treatment after 1 week of the experiment.
SfG remained fairly constant in the starved groups, there-
after, over the time course of the study period.

StG values of fed C. rotundicauda were significant
higher than that of fed 7. tridentatus, which implies that
C. rotundicauda might have acquired more energy for
growth when the two species were fed ad libitum. It is
hypothesized that the energy content, per gram of wet
weight, of C. rotundicauda is much higher than that of
T. tridentatus, because its soft tissue versus shell content is
relatively higher. Therefore, C. rotundicauda needs to
devote more SfG energy to soft tissue growth. For both
species, the starved groups showed a rapid reduction in SfG
at the start of the experiment (Week O to Week 1), and then
no significant difference in SfG between species was found
thereafter. Carcinoscorpius rotundicauda showed a greater
decrease in SfG under starvation than 7. tridentatus, which
suggested that they may have a more competitive life-
history strategy than T. fridentatus for adjusting to poor
nutritional conditions.

Conclusions

The present study demonstrated that the two Asian horse-
shoe crabs (7. tridentatus and C. rotundicauda) exhibited a
similar trend of responses in energy budget under pro-
longed starvation. For both species, respiration rate,
excretion rate and SfG of the starved groups significantly
decreased, while their O:N ratio significantly increased
throughout the 7-week experiment. However, species-
specific differences could be observed between the
two horseshoe crab species, in which C. rotundicauda
showed a greater decrease in SfG under starvation than

@ Springer

T. tridentatus. The present study was consistent with pre-
vious reports in that sympatric species occupying similar
habitats may elicit different responses to environmental
challenges for survival (Qvarnstrom et al. 2009). The
present findings suggest that for these two Asian horseshoe
crabs, C. rotundicauda may have a more competitive life-
history strategy than 7. tridentatus for adjusting to starva-
tion in nature.

Acknowledgments We gratefully acknowledge three anonymous
reviewers for their constructive comments. We would also like to
express our thanks to Raymond Chan and Amy Chong of the
Department of Biology and Chemistry, City University of Hong
Kong, for their technical assistance. The work described in this paper
was fully supported by a Strategic Research Grant (Project No.
7002581) from City University of Hong Kong, Hong Kong.

References

Bayne BL, Newell RC (1983) Physiological energetics of marine
mollusks. In: Saleuddin ASM, Wilbur KM (eds) The mollusca,
vol 4. Academic Press, New York, pp 407-515

Bayne BL, Widdows J (1978) The physiological ecology of two
populations of Mytilus edulis L. Oecologia 37:137-162

Bayne BL, Brown DA, Burns K, Dixon DR, Ivanovici A, Livingstone
DR, Lowe DM, Moore MN, Stebbing ARD, Widdows J (1985)
The effects of stress and pollution on marine animals. Praegar,
New York, pp 315-320

Beiras R, Camacho AP, Albentosa M (1994) Comparison of the scope
for growth with the growth performance of Ostrea edulis seed
reared at different food concentrations in an open-low system.
Mar Biol 119:227-233

Botton ML (1984) Diet and food preferences of the adult horseshoe
crab Limulus Polyphemus in Delaware Bay, New Jersey, USA.
Mar Biol 81:199-207

Botton ML, Shuster NCJ, Keinath AJ (2003) Horseshoe crab in a food
web: who eats whom? In: Shuster NCJ, Barlow BR, Brockmann
HJ (eds) The American horseshoe crab. Harvard University
Press, London, pp 133-153

Brockington S, Clarke A (2001) The relative influence of temperature
and food on the metabolism of a marine invertebrate. J] Exp Mar
Biol Ecol 258:87-99

Carmichael RH, Rutecki D, Annett B, Gaines E, Valiela 1 (2004)
Position of horseshoe crabs in estuarine food webs: N and C
stable isotopic study of foraging ranges and diet composition.
J Exp Mar Biol Ecol 299:231-253

Chatterji A (1994) The horseshoe crab—a living fossil. A Project
Swarajya Publication, Orissa

Chatterji A, Mishra JK, Parulekar AH (1992) Feeding behaviour and
food selection in the horseshoe crab, Tachypleus gigas (Miiller).
Hydrobiologia 246:41-48

Chen JC, Lin CY (1995) Responses of oxygen consumption,
ammonia-N excretion and urea—N excretion of Penaeus chin-
ensis exposed to ambient ammonia at different salinity and pH
levels. Aquaculture 136:243-255

Chiu HMC, Morton B (2003) The morphological differentiation of
two horseshoe crab species, Tachypleus tridentatus and Carcin-
oscorpius rotundicauda (Xiphosura), in Hong Kong and a
regional Asian comparison of them. J Nat Hist 37:19-26

Clarke A (1988) Seasonality in the Antarctic marine environment.
Comp Biochem Phys B 90:461-473



Mar Biol (2011) 158:1591-1600

1599

Comoglio LI, Gaxiola G, Roque A, Cuzon G, Amin O (2004) The
effect of starvation on refeeding, digestive enzyme activity,
oxygen consumption, and ammonia excretion in juvenile white
shrimp Litopenaeus vannamei. J Shellfish Res 23:243-249

Conover RJ (1966) Assimilation of organic matter by zooplankton.
Limnol Oceanogr 11:338-354

Dall W, Smith DM (1986) Oxygen consumption and ammonia—N
excretion in fed and starved tiger prawns, Penaeus esculentus
Haswell. Aquaculture 55:23-33

Elliott JM, Davison W (1975) Energy equivalents of oxygen
consumption in animals energetics. Oecologia 19:195-201

Grably S, Piery Y (1981) Weight and tissue changes in long-term
starved frogs Rana esculenta. Comp Biochem Physiol A
69:683-688

Hagerman L, Szaniawska A (1994) Hemolymph nitrogen compounds
and ammonia efflux rates under anoxia in the brackish water
isopod Saduria entomon. Mar Ecol Prog Ser 103:285-289

Helson JG, Gardner JPA (2007) Variation in scope for growth: a test
of food limitation among intertidal mussels. Hydrobiologia
586:373-392

Hervant F, Renault D (2002) Long-term fasting and realimentation in
hypogean and epigean isopods: a proposed adaptive strategy for
groundwater organisms. J Exp Biol 205:2079-2087

Hervant F, Mathieu J, Barre H, Simon K, Pinon C (1997)
Comparative study on the behavioral, ventilatory, and respiratory
responses of hypogean and epigean crustaceans to long-term
starvation and subsequent feeding. Comp Biochem Physiol A
118:1277-1283

Hill SK, Lawrence JM (2006) Interactive effects of temperature and
nutritional condition on the energy budgets of the sea urchins
Arbacia punctulata and Lytechinus variegatus (Echinodermata:
Echinoidea). J] Mar Biol Assoc UK 86:783-790

Hirata H, Yamasaki S (1987) Effect of feeding on the respiration
rate of the rotifer Brachionus plicatilis. Hydrobiologia
147:283-288

Hu MH, Wang YJ, Chen Y, Shin PKS, Cheung SG, Li QZ (2009)
Summer distribution and abundance of juvenile Chinese horse-
shoe crab (Tachypleus tridentatus) along an intertidal zone of
Beibu gulf, Southern China. Aquat Biol 7:107-112

Hu MH, Wang YJ, Tsang ST, Cheung SG, Shin PKS (2010) Effect of
prolonged starvation on body weight and blood-chemistry in two
horseshoe crab species: Tachypleus tridentatus and Carcino-
scorpius rotundicauda (Chelicerata: Xiphosura, Limulidae).
J Exp Mar Biol Ecol 395:112-119

Ivlev VS (1934) Eine Micromethode zur Bestimmung des Kalori-
engehalts von Nihrstoffen. Biochem Z 6:49-55

Kesarcodi-Watson A, Klumpp DW, Lucas JS (2001) Comparative
feeding and physiological energetics in diploid and triploid
Sydney rock oysters (Saccostrea commercialis)-11. Influences of
food concentration and tissue energy distribution. Aquaculture
203:195-216

Lopez GR, Levinton JS (1987) Ecology of deposit feeding animals in
marine sediments. Q Rev Biol 62:235-260

Mayzaud P, Conover RJ (1988) O-N atomic ratio as a tool to describe
zooplankton metabolism. Mar Ecol Prog Ser 45:289-302

McCue MD (2010) Starvation physiology: reviewing the different
strategies animals use to survive a common challenge. Comp
Biochem Phys A 156:1-18

Mikkelsen T (1988) The secret in the blue blood. Science Press,
Beijing

Nagashima K, Nakai S, Matsue K, Konishi M, Tanaka M, Kanosue K
(2003) Effects of fasting on thermoregulatory processes and the
daily oscillations in rats. Am J Physiol-Reg 1 284:1486-1493

Nakaoka M (1992) Spatial and seasonal variation in growth rate and
secondary production of Yoldia notabilis in Otsuchi Bay, Japan,

with reference to the influence of food supply from the water
column. Mar Ecol Prog Ser 88:215-223

Navarro JM, Leiva GE, Gallardo CS, Varela C (2002) Influence of
diet and temperature on physiological energetics of Chorus
giganteus (Gastropoda: Muricidae) during reproductive condi-
tioning. New Zeal J Mar Freshw Res 36:321-332

Norkko J, Pilditch CA, Thrush SF, Wells RMG (2005) Effects of food
availability and hypoxia on bivalves: the value of using multiple
parameters to measure bivalve condition in environmental
studies. Mar Ecol Prog Ser 298:205-218

Patil JS, Anil AC (2000) Epibiotic community of the horseshoe crab
Tachypleus gigas. Mar Biol 136:699-713

Pedrosa MAC, Lima AMIJ, Duarte DPF, Da-Costa CP (2002) The
effect of feeding on the respiratory activity of the sloth. Braz J
Med Biol Res 35:851-854

Qvarnstrom A, Wiley C, Svedin N, Vallin N (2009) Life-history
divergence facilitates regional coexistence of competing Fice-
dula flycatchers. Ecology 90:1948-1957

Regnault M (1987) Nitrogen excretion in marine and fresh water
crustacea. Biol Rev 62:1-24

Schmitt ASC, Uglow RF (1997) Effects of ambient ammonia levels
on blood ammonia, ammonia excretion and heart and
scaphognathite rates of Nephrops norvegicus. Mar Biol
127:411-418

Sekiguchi K (1988) Ecology. In: Sekiguchi K (ed) Biology of
horseshoe crabs. Science House Co. Ltd., Tokyo, pp 50-68

Shin PKS, Li HY, Cheung SG (2009) Horseshoe crabs in Hong Kong:
current population status and human exploitation. In: Tanacredi
JT, Botton ML, Smith DR (eds) Biology and conservation of
horseshoe crabs. Springer, New York, pp 347-360

Smith SA, Berkson J (2005) Laboratory culture and maintenance of
the horseshoe crab (Limulus polyphemus). Lab Animal 34:27-34

Solorzano L (1969) Determination of ammonia in natural waters by
the phenolhypochlorite method. Limnol Oceanogr 14:799-801

Stead RA, Thompson RJ (2003) Physiological energetics of the
protobranch bivalve Yoldia hyperborea in a cold ocean envi-
ronment. Polar Biol 26:71-78

Stead RA, Thompson RJ, Jaramillo JR (2003) Absorption efficiency,
ingestion rate, gut passage time and scope for growth in
suspension and deposit-feeding Yoldia hyperborea. Mar Ecol
Prog Ser 252:159-172

Taghon GL, Greene RR (1992) Utilization of deposited and
suspended particulate matter by benthic interface feeders.
Limnol Oceanogr 37:1370-1391

van Dijk PLM, Staaks G, Hardewig I (2002) The effect of fasting and
refeeding on temperature preference, activity and growth of
roach, Rutilus rutilus. Oecologia 130:496-504

Wassmann P (1991) Dynamics of primary production and sedimen-
tation in shallow fjords and polls of Western Norway. Oceanogr
Mar Biol 29:87-154

Wei JG, Dai JG, Jin G, Huo GH (2007) Assay of amino acids of
yellow connective tissue in mature horseshoe crab of China.
Food and Drug 9:41-43

Weng ZH, Hong SG (2003) Ultrastructural observation on nutrient
cell of yellow connective tissues in horseshoe crab (Tachypleus
tridentatus). J Jimei Univ (Nat Sci) 8:134—138 (in Chinese)

Weng ZH, Xie YJ, Hong SG (2001) Study on yellow connective
tissues in horseshoe crab (Tachypleus tridentatus Leach) 1.
Microstructural observation on the yellow connective tissues.
J Jimei Univ (Nat Sci) 6:301-307 (in Chinese)

Westerterp K (1977) How rats economize energy loss in starvation.
Physiol Zool 50:331-362

Widdows J (1973) Effect of temperature and food on heart beat,
ventilation rate and oxygen uptake of Mytilusedulis. Mar Biol
20:269-276

@ Springer



1600

Mar Biol (2011) 158:1591-1600

Widdows J (1985) Physiological procedures. In: Bayne BL (ed) The
effects of stress and pollution on marine animals. Praegar, New
York, pp 161-178

Widdows J, Hawkins AJS (1989) Partitioning of rate of heat
dissipation by Mytilus edulis into maintenance, feeding, and
growth components. Physiol Zool 62:764-784

@ Springer

Wood CM (2001) Influence of feeding, exercise and temperature on
nitrogen metabolism and excretion. In: Wright PA, Andersen PM
(eds) Fish physiology. Vol. 20. Nitrogen excretion, vol 20.
Academic Press, San Diego, pp 201-238



	Effect of starvation on the energy budget of two Asian horseshoe crab species: Tachypleus tridentatus and Carcinoscorpius rotundicauda (Chelicerata: Xiphosura)
	Abstract
	Introduction
	Materials and methods
	Experimental animals
	Experimental design
	Physiological measurements
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


