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Preface

Crustaceans form one of the most successful zoological groups, both for the number
of registered living species (67,829) and for the diversity of habitats that they
colonize (from the shallow coastline to the deep ocean basins). They are organisms
that have various anatomical variations and dimensions ranging from a few
millimeters (some copepods) to more than 4 m in length (spider crab). The variety
of life strategies has allowed them to adapt to a wide variety of environments, first
marine, then freshwater, and finally terrestrial. As for food, there are detritivores, 
herbivores, omnivores, carnivorous scavengers, and parasites.

The importance of crustaceans not only lies at the food level, but they also provide
multiple benefits to man: in the commercial field (through the exploitation of
different species, which means significant economic income worldwide); in the
pharmaceutical, food, and beverage industry; in water treatment; in agriculture; in
medicine (chitosan is used, which is extracted from the main component of the shell
that forms the body of organisms, chitin); and in the food and dye industry by the
use of carotenoids (astaxanthin) extracted from the lobster exoskeleton (Pleuroncodes
planipes) to give a reddish color to different foods. In the biological aspect, crustaceans
are fundamental in the functioning of aquatic ecosystems; with their abundance and
diversity they give structure to the macroinvertebrate communities. Because of the
position they occupy in the food chains, as secondary consumers, they are responsible
for the transformation of organic matter into energy and consumable proteins.

This book is made up of five sections. The first section is about Biology and 
Ecology. The first chapter is Crustacean, where aspects of all the animals of the
phylum Arthropoda and Subphylum Crustacea are discussed. This group of animals
are a very diverse group of invertebrate animals, which includes active animals such
as crabs, lobsters, shrimp, krill, copepods, amphipods, and more sessile creatures
like barnacles. It includes about 11,340,000 species in all habitats. This constitutes
about 83% of all the known animal species on earth. The phylum is characterized by
heteronomous metamerism, chitinous exoskeleton, and joined appendages. In very
small crustaceans, the exchange of respiratory gases occurs through the general 
body surface. Large aquatic arthropods respire through gills and book gills, whereas
terrestrial forms respire through trachea and book lungs.

The chapter entitled The robber crab Birgus latro (Linnaeus, 1767) gives us
information on the terrestrial hermit crab. It is the largest land-living arthropod 
in the world. In India, distribution of this crab is restricted to Great Nicobar Island 
and South Sentinel Island in Andaman and Nicobar Archipelago. This research
is focused on aspects of ecology such as habitat, size, eating habits, behavior, life
cycle, and distribution on the Nicobar Islands, India.

In the chapter Scyllarid Lobster Biology and Ecology, the current available
knowledge on the biology of scyllarids is presented. The author attempts to point
out where questions remain to help focus further studies on these lobsters, while
also mentioning that slipper lobsters are found in tropical and temperate habitats
with hard or soft undercarriages and at different depths, and exhibit a wide array
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of morphological, anatomical, and physiological adaptations. Amongst the 20 
genera and at least 89 species constituting four subfamilies, only some members of 
four genera, Thenus (Theninae), Scyllarides (Arctidinae), Ibacus, and Parribacus 
(Ibacinae) form significant fishery crops because of their large size. 

To the chapter titled Management of the interaction and cannibalism of postlarvae 
and adults of the freshwater shrimp Cryphiops caementarius (Molina, 1782), 
mentions that male shrimps (C. caementarius) are aggressive because one of 
their chelipeds is more developed than the other, causing greater interaction and 
cannibalism in any aquaculture system. Female shrimps are less aggressive. To 
reduce interaction and shrimp cannibalism, two management systems are proposed. 
For postlarvae, using brackish water (12%) maintains high survival (> 85%) but 
only in the initial culture, which lasts 50 days. For the fattening of adult males, 
growing in individual containers conditioned in multiple levels, allows high survival 
(87% and 100%) and yields between 0.7 kg m−2 and 1.0 kg m−2. Furthermore, in 
this system, the co-culture shrimp/tilapia is also tested to maximize performance. 
Study is still required to demonstrate the technical and economic feasibility of 
fattening male shrimps in individual containers within semi-natural ponds.

In the chapter Bateman Gradients and Alternative Mating Strategies in a Marine 
Isopod, the Bateman gradient is shown to provide a means for estimating the 
strength of sexual selection. By measuring the covariance between mate numbers 
and offspring numbers for members of each sex, this parameter identifies the 
existence and magnitude of sex differences in selection intensity. Although widely 
used for this purpose, this approach has not been applied to examine the covariance 
between mate numbers and offspring numbers among alternative mating strategies. 
Differences in this covariance could exist if the average fitness of different mating 
phenotypes was unequal, as has been suggested for alternative mating tactics.

The chapter The habitat types of freshwater prawns (Palaemonidae: 
Macrobrachium) with abbreviated larval development in Mesoamerica (Mexico, 
Guatemala & Belize) describes the freshwater prawns of genus Macrobrachium 
with abbreviated larval development that have been reported from South America, 
Asia, Africa, and North America. They have been collected from a diversity of 
freshwater habitats (caves, springs, and primary streams from so-long basins). This 
chapter details the diversity of habitats of these freshwater prawns that show a high 
plasticity in their morphological features associated with these different habitats. 

In the second section, Fisheries, the first chapter, Estimation of the maximum 
sustainable yield and the optimal fishing effort of the blue crab (Callinectes 
sapidus, Rathbun 1896) of Laguna Madre, Tamaulipas, Mexico, describes the 
economic and social importance of the crab fishery industry from Mexico, and in 
particular the blue crab (Callinectes sapidus) on the coast of the Gulf of Mexico, 
specifically in the Laguna Madre, Tamaulipas. The official measures of fishing 
management are insufficient and outdated; while those corresponding to unofficial 
scientists are nonexistent. On the Pacific Ocean side, several species of the genus 
Callinectes concur for which certain regulations (Official Mexican Standard) and 
planning (Regional Fisheries Management Plan) applicable to fisheries regulation 
are available. In the specific case of Laguna Madre, Tamaulipas, there is currently no 
specific regulation or regional fisheries planning. 

The third section, Genetics, includes the chapter A Comparison of Genetic 
Variation in Two Endemic Thermal Spring Isopods, Thermosphaeroma 

V

thermophilum and T. milleri (Crustacea: Isopoda: Sphaeromatidae), where 
Thermosphaeroma thermophilum, an endangered species, inhabits a single thermal 
spring in central New Mexico, USA. T. milleri inhabits a more complex thermal 
spring system in northern Chihuahua, Mexico. We found no significant differences
in allelic variation between the sexes within each species. Between species, 
electromorphs at each locus differed significantly in both number and moiety on
the gel, with T. milleri showing greater polymorphism and greater heterozygosity
than T. thermophilum suggesting that these populations have been separated since
the late Cretaceous period (88 myr). Moreover, consistent with the theoretical 
expectation that small, isolated populations will exhibit reduced genetic variation, 
T. thermophilum exhibits significantly less genetic variation than the more
numerous and less confined T. milleri. 

In the fourth section, Diseases, a chapter on Phage therapy for control of bacterial 
diseases of crustaceans describes one of the most important control strategies
envisaged for the management of bacterial diseases in the aquatic environment. 
There are no other effective alternative approaches for the natural control of
bacterial diseases and phage therapy remains the best method that has not yet been
exploited. The occurrence, infectivity, lytic activities, therapeutic potentials, and 
efficacy of the bacteriophages of Bacillus spp./Vibrio spp. for control of pathogenic
bacteria diseases such as Vibrio vulnificus, V. damsela, and V. furnissi in the cultures
of crustaceans are presented. An ideal method for long-term storage and recovery
of the lytic bacteriophages and validation of the usefulness of phage therapy are
reviewed. The application and efficacy of the phages of Bacillus/Vibrio against the
bacterial pathogens Vibrios in the aquaculture of crustaceans are considered.

The fifth section, Bioaccumulation, provides information on Assessment of metal 
accumulation and bioaccumulation factor of some trace and heavy metals in 
freshwater prawn and crab, describing the freshwater decapods that are a major
food delicacy because of their rich deposits of minerals. High levels of mineral 
contents such as metals are usually accumulated in the body tissues of these
organisms because of their lifestyle. Metal accumulation in freshwater decapods has
been thought to cause serious health concerns when transferred to humans along 
the food chain. Health risks associated with heavy metals include renal failure, 
skeletal deformation, and hepatic failure. The assessment of metal accumulation
and bioaccumulation factors of some trace and heavy metals in freshwater prawns
and crabs (Sudanonautes africanus and Macrobrachium rosenbergii) have shown that
the metal accumulation were in this order: Fe > Zn > Cu > Pb = Cd > Cr = Ni = V and 
Fe > Zn > Mn > Cu > Pb > Cr = Cd > Ni = V. It was noticed that Zn and Cr had the
highest bioaccumulation factors in prawns and crabs respectively. Chromium has
been observed to be carcinogenic. Consumption of Cr in the muscles of crab might
cause serious health risks to humans.

This book can be used by students, professors, and researchers in areas related to
biological sciences.
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Chapter 1

Crustacean
Imad Mahmood Ghafor

Abstract

Crustaceans include all the animals of the phylum Arthropoda Crustacea; the
word comes from the Latin crusta, which means shell. Crustaceans are a very
diverse group of invertebrate animals which includes active animals such as the
crabs, lobsters, shrimp, krill, copepods, amphipods, and more sessile creatures like
barnacles. Arthropoda is the largest phylum of Animal Kingdom. It includes about
11,340,000 species in all habitats. This constitutes about 83% of all the known
animal species on earth. Arthropoda includes spider, scorpions, prawns, crabs,
millipedes, centipedes, and many other insects. Arthropoda is characterized by
heteronomous metamerism, chitinous exoskeleton, and joined appendages. The
evolutionary acquisition of these traits is known as arthropodization. In very small
crustaceans, exchange of the respiratory gases occurs through the general body
surface. Large aquatic arthropods respire through gills and book gills, whereas
terrestrial forms respire through trachea and book lungs.

Keywords: Arthropoda, exoskeleton, crustacean: burrow, sedimentology,
Ostracoda

1. Introduction

Crustaceans are cladocerans if they have 4–6 pairs of (thoracic) legs, lack any paired
eyes, swimwith their second pair of antennae, and have at least the head not covered by
a carapace [1]. Crustaceans are some of themost important marine life to humans—
crabs, lobsters, and shrimp are widely fished and consumed around the world.

There are more than 52,000 species of crustaceans in the world, which include
popular marine animals like lobsters, crabs, shrimp, crayfish, and barnacles. Smaller
crustaceans breathe through their bodies and larger ones breathe through gills. Most
crustaceans are dioecious, meaning individuals are male or female. Reproduction
varies among species. Most of them are the most important marine animals.
Humans rely heavily on crustaceans for food; and crustaceans are also an important
prey source for marine life in the ocean food chain for a variety of animals, includ-
ing whales, fish, and pinnipeds; more diverse than any group of arthropods, crus-
taceans are second or third in abundance of all categories of animal life after insects
and vertebrates. They live in inland and ocean waters from the Arctic to the Ant-
arctic as well as from elevations in the Himalayas up to 16,000 feet to well below the
sea level. All crustaceans have a hard exoskeleton which protects the animal from
predators and prevents water loss. However, exoskeletons do not grow as the
animal inside them grows, so crustaceans are forced to molt as they grow larger. The
molting process takes between a few minutes to several hours. During molting, a
soft exoskeleton forms underneath the old one and the old exoskeleton is shed.
Since the new exoskeleton is soft, this is a vulnerable time for the crustacean until
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the new exoskeleton hardens. After molting, crustaceans typically expand their
bodies almost immediately, increasing by 40–80%. Most crustaceans reproduce
sexually with a separate male and female.

2. General characters of phylum Arthropoda

Arthropoda have the following description [2]:

1.Cosmopolitan in distribution is found in aquatic, terrestrial, and aerial forms.

2.Body has jointed appendages or legs.

3.Body is triploblastic.

4.Bilaterally symmetrical.

5.Organ system level of organization.

6.Body is divisible into head, thorax and abdomen.

7.Segmented.

8. Jointed appendages.

9.Hard external skeleton.

10.Three parts (head, thorax, and abdomen).

11.Exoskeleton composed of chitineous materials.

12.Growth type is by molting which sheds old skeleton and secretes a large one.

13.They are either oviparous or ovoviviparous.

3. Classification of phylum Arthropoda

Phylum Arthropoda have different views concerning their phylogeny. So there is
no absolute system of classification for this phylum. The below given classification
is the most accepted one. Arthropoda classified into subphylums and classes three
subphyla namely Trilobita, Chelicerata, and Mandibulata are definitively arthro-
pods, classes Trilobita, Xiphosura, Arachinida, Crustacea, Cheliopoda, Diplopoda,
and Hexapoda [3] (Table 1).

4. Classification of the crustaceans

Crustaceans have been known to humans since ancient times and have provided
us with sources of both food and legend. The classification of crustaceans has been
quite variable; the system used by [4] presented an overview of crustacean classifi-
cation, and readers are referred to that publication for a window into the labyrin-
thine history of this subphylum. This classification was recognized in [5, 6]
(Table 2).

4

Crustacea

5. General characters of class Crustacea (Crusta = shell)

1.Class Crustacea head, or cephalon (plus the acron), thorax and abjedium
(Figure 2).

Phylum Arthropoda

Subphylum Trilobata
Ex. Trithurus

Chelicerata Mandibulata

Class Xiphosura
Ex. Limulus

Crustacea
Ex. Palaemon

Arachinida
Ex. Palamnaeous

Cheliopoda
Ex. Scolopendra

— Diplopoda
Ex. Spirobolus

— Hexapoda
Ex. Musca

Table 1.
Classification of phylum Arthropoda.

Table 2.
Classification of the Crustacea [25].
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2.They are found in marine, fresh water and terrestrial habitats.

3.Possess jaw, like appendages called mandibles.

4.Crustaceans have two pairs of antennae and two pair of maxillae.

5.Some of appendages are biramous.

6. Origin and application and crustacean

Crustaceans have important economic, ecological, and esthetic values and also
can be appreciated from the perspective of bi-level functionality. Some larger crus-
taceans, including shrimp, lobsters, and crabs, are a major food commodity, while
smaller crustaceans in their own way are integral to many food webs, sometimes
considered a class or superclass rather than a subphylum. The scientific study of
crustaceans is known as carcinology. Other names for carcinology are
malacostracology, crustaceology, and crustalogy, and a scientist who works in
carcinology is a carcinologist, crustaceologist, or crustalogist. The origin crustacean
differs according to the order, suborder, or other taxons of the crustacean [7]. The
earliest crustaceans are known from Cambrian sediments including the well-known
Burgess Shale fauna. These primitive crustaceans are essentially worm-like in shape,
but they do have many of the key features of crustaceans visible even on modern
types such as shrimps [8]. So, the origin is based on the age of the genera and
species. The small planktonic and free-swilling crustaceans were common in the
Paleozoic era. It is relatively rare to find their skeletons entirely except in those
places, like the Burgess Shale, where some catastrophic events smothered them
quickly enough trevent their decay [9]. The crustaceans colonized mud firm
grounds, which were formed by erosion during a rapid sea-level fall; thus, the
burrows occur in direct association with erosional regressive surfaces and therefore
are good stratigraphic indicators of abrupt paleoenvironmental change.

7. Ecology

The ecology of the crustacean differs from one type to another. They live in
aquatic and terrestrial environments, and all are marine but a few groups have
adapted to life on land, such as terrestrial crabs and terrestrial hermit crabs. They
are also found as burrowed in the sand of beaches will near access of water. Some
freshwater crustaceans are crawfish and fairy shrimp. Crawfish live in lakes and
rivers hidden under rocks and sand. Fairy shrimp are found in vernal ponds which
are temporary puddles made by rain water. Various species have occupied almost
every conceivable niche within the aquatic environment. An enormous abundance
of free-swimming (planktonic) species occupies the open waters of lakes and
oceans. Other species live at the bottom of the sea, where they may crawl over the
sediment or burrow into it. Different species are found in rocky, sandy, and muddy
areas. Some species are so small that they live in the spaces between sand grains.
Others tunnel in the fronds of seaweeds or into man-made wooden structures. Some
members of the orders Isopoda and Amphipoda extend down to the greatest depths
in the sea and have been found in oceanic trenches at depths of up to 10,000 m.
Crustaceans colonize lakes and rivers throughout the world, even high mountain
lakes at altitudes of 5000 m. They range widely in latitude as well: in the high
Arctic, some crustaceans use the short summer to develop quickly through a gener-
ation, leaving dormant stages to overwinter [10].

6

Crustacea

8. Life cycle

The life cycle for different crustaceans may be different or they are
similarities between one crustacean and the next when it comes to their lifecycles.
The Crustacean class is the largest group of arthropods of a marine nature, and there
are approximately 30,000 different species in this group alone. The life cycle for
different crustaceans is going to have unique qualities, but there are also similarities
between one crustacean and the next when it comes to their life cycles.

Nauplius stage—this stage of crustacean life cycle is perceived as being a
defining link among all crustaceans. This is the first larval stage of crustaceans and
consists only of crustacean head and telson as neither the abdomen nor the thorax
has developed [11].

Zoea larval stage—the crustacean life cycle involves a larval stage that is known
as a zoea. When the zoea name was given to the crustacean, naturalists believed that
it was an entirely separate species.

Mysis or megalopa stage—the stage of growth following the zoea stage of growth
is either the Mysis or megalopa stage development on what crustacean group is
involved.

The crustacean is going will being to look more like to its adult form. This is also
the stage of growth where the crustacean will depend more on foraging and grazing
to feed.

Adult growth stage—the adult growth stage is reached by 1 year of age for the
most crustacean. After a year has passed, most crustacean varieties will be capable
of mating and reproducing [12].

8.1 Mating system

Crustacean produced by sexually: a small number is hermaphrodites, including
Barnacles, Remipedes, and Cephalocarida. Some may even change sex during the
course of their life. Parthenogenesis is also widespread among crustaceans, where
viable eggs are produced by a female without needing fertilization by a male. This
occurs in many branchiopods, some ostracods, some isopods, and certain “higher”
crustaceans, such as the Marmorkrebs crayfish [13].

8.2 Eggs

The fertilized eggs are simply released into the water column, while others have
developed a number of mechanisms for holding on to the eggs until they are ready
to hatch. Most decapods carry the eggs attached to the pleopods, while peracarids,
notostracans, anostracans, and many isopods form a brood pouch from the carapace
and thoracic limbs. Female Branchiura do not carry eggs in external ovisacs but
attach them in rows to rocks and other objects. Most leptostracans and krill carry
the eggs between their thoracic limbs; some copepods carry their eggs in special
thin-walled sacs, while others have them attached together in long, tangled strings
[14] (Figures 1 and 2).

8.3 Larvae

The visual systems of crustacean larvae concentrate on the compound eyes of
decapod and stomatopod larvae as well as the functional and behavioral aspects of
their vision. Larval compound eyes of these macrurans are all built on fundamentally
the same optical plan, the transparent apposition eye, which is eminently suitable for
modification into the abundantly diverse optical systems of the adults. Many of these

7

Crustacean
DOI: http://dx.doi.org/10.5772/intechopen.89730



2.They are found in marine, fresh water and terrestrial habitats.

3.Possess jaw, like appendages called mandibles.

4.Crustaceans have two pairs of antennae and two pair of maxillae.

5.Some of appendages are biramous.

6. Origin and application and crustacean

Crustaceans have important economic, ecological, and esthetic values and also
can be appreciated from the perspective of bi-level functionality. Some larger crus-
taceans, including shrimp, lobsters, and crabs, are a major food commodity, while
smaller crustaceans in their own way are integral to many food webs, sometimes
considered a class or superclass rather than a subphylum. The scientific study of
crustaceans is known as carcinology. Other names for carcinology are
malacostracology, crustaceology, and crustalogy, and a scientist who works in
carcinology is a carcinologist, crustaceologist, or crustalogist. The origin crustacean
differs according to the order, suborder, or other taxons of the crustacean [7]. The
earliest crustaceans are known from Cambrian sediments including the well-known
Burgess Shale fauna. These primitive crustaceans are essentially worm-like in shape,
but they do have many of the key features of crustaceans visible even on modern
types such as shrimps [8]. So, the origin is based on the age of the genera and
species. The small planktonic and free-swilling crustaceans were common in the
Paleozoic era. It is relatively rare to find their skeletons entirely except in those
places, like the Burgess Shale, where some catastrophic events smothered them
quickly enough trevent their decay [9]. The crustaceans colonized mud firm
grounds, which were formed by erosion during a rapid sea-level fall; thus, the
burrows occur in direct association with erosional regressive surfaces and therefore
are good stratigraphic indicators of abrupt paleoenvironmental change.

7. Ecology

The ecology of the crustacean differs from one type to another. They live in
aquatic and terrestrial environments, and all are marine but a few groups have
adapted to life on land, such as terrestrial crabs and terrestrial hermit crabs. They
are also found as burrowed in the sand of beaches will near access of water. Some
freshwater crustaceans are crawfish and fairy shrimp. Crawfish live in lakes and
rivers hidden under rocks and sand. Fairy shrimp are found in vernal ponds which
are temporary puddles made by rain water. Various species have occupied almost
every conceivable niche within the aquatic environment. An enormous abundance
of free-swimming (planktonic) species occupies the open waters of lakes and
oceans. Other species live at the bottom of the sea, where they may crawl over the
sediment or burrow into it. Different species are found in rocky, sandy, and muddy
areas. Some species are so small that they live in the spaces between sand grains.
Others tunnel in the fronds of seaweeds or into man-made wooden structures. Some
members of the orders Isopoda and Amphipoda extend down to the greatest depths
in the sea and have been found in oceanic trenches at depths of up to 10,000 m.
Crustaceans colonize lakes and rivers throughout the world, even high mountain
lakes at altitudes of 5000 m. They range widely in latitude as well: in the high
Arctic, some crustaceans use the short summer to develop quickly through a gener-
ation, leaving dormant stages to overwinter [10].

6

Crustacea

8. Life cycle

The life cycle for different crustaceans may be different or they are
similarities between one crustacean and the next when it comes to their lifecycles.
The Crustacean class is the largest group of arthropods of a marine nature, and there
are approximately 30,000 different species in this group alone. The life cycle for
different crustaceans is going to have unique qualities, but there are also similarities
between one crustacean and the next when it comes to their life cycles.

Nauplius stage—this stage of crustacean life cycle is perceived as being a
defining link among all crustaceans. This is the first larval stage of crustaceans and
consists only of crustacean head and telson as neither the abdomen nor the thorax
has developed [11].

Zoea larval stage—the crustacean life cycle involves a larval stage that is known
as a zoea. When the zoea name was given to the crustacean, naturalists believed that
it was an entirely separate species.

Mysis or megalopa stage—the stage of growth following the zoea stage of growth
is either the Mysis or megalopa stage development on what crustacean group is
involved.

The crustacean is going will being to look more like to its adult form. This is also
the stage of growth where the crustacean will depend more on foraging and grazing
to feed.

Adult growth stage—the adult growth stage is reached by 1 year of age for the
most crustacean. After a year has passed, most crustacean varieties will be capable
of mating and reproducing [12].

8.1 Mating system

Crustacean produced by sexually: a small number is hermaphrodites, including
Barnacles, Remipedes, and Cephalocarida. Some may even change sex during the
course of their life. Parthenogenesis is also widespread among crustaceans, where
viable eggs are produced by a female without needing fertilization by a male. This
occurs in many branchiopods, some ostracods, some isopods, and certain “higher”
crustaceans, such as the Marmorkrebs crayfish [13].

8.2 Eggs

The fertilized eggs are simply released into the water column, while others have
developed a number of mechanisms for holding on to the eggs until they are ready
to hatch. Most decapods carry the eggs attached to the pleopods, while peracarids,
notostracans, anostracans, and many isopods form a brood pouch from the carapace
and thoracic limbs. Female Branchiura do not carry eggs in external ovisacs but
attach them in rows to rocks and other objects. Most leptostracans and krill carry
the eggs between their thoracic limbs; some copepods carry their eggs in special
thin-walled sacs, while others have them attached together in long, tangled strings
[14] (Figures 1 and 2).

8.3 Larvae
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eyes contain a layer of reflective structures overlying the retina that produces a
counter illuminating eye shine, so they are unique in being camouflaged both by their
transparency and by their reflection of light spectrally similar to background light to
conceal the opaque retina. Besides the pair of compound eyes, at least some crusta-
cean larvae have a non-imaging photoreceptor system based on a naupliar eye and
possibly other frontal eyes. Larval compound eye photoreceptors send axons to a large
and well-developed optic lobe consisting of a series of neuropils that are similar to
those of adult crustaceans and insects, implying sophisticated analysis of visual stim-
uli. The visual system fosters a number of advanced and flexible behaviors that permit
crustacean larvae to survive extended periods in the plankton and allow them to reach
acceptable adult habitats, within which to metamorphose [15].

9. Crustacean burrow

Crustaceans are mainly males, excavate burrows largely in carbonate
substrates, and are therefore referred to as the burrowing barnacles. While their
greatest diversity is found in shallow tropical seas, the most generalized or primitive
members are found for the most part in deep water (between 1000 and 3000 m).
Trace fossils, ranging back to the Devonian if not the Ordovician [16], reveal that
species once occupied relatively high latitudes in Northern Europe and Gondwana-
land, and at least one extant species is known from Antarctic waters today.

Figure 2.
Zoea larva of the European lobster, Homarus gammarus.

Figure 1.
Eggs of Potamon fluviatile, a freshwater crab.

8

Crustacea

Interpretation of the crustacean burrows from Mallorca makes them very compa-
rable to some modern and fossil thalassinidean burrow systems [17, 18], and it is a
direct consequence of the versatile behavior of fossorial shrimps. The helical bur-
rows described herein were very likely part of complex burrow systems produced
by thalassinideans. From an ichnotaxonomic point of view, these would be

Figure 4.
Chthamalus stellatus (Sessilia).

Figure 5.
Cylindroleberididae.

Figure 3.
Helical burrows. (a) and (b) Different parallel-to-bedding sections showing their architectural variability.
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compound structures composed of pellet-lined (Ophiomorpha) and unlined
(Thalassinoides) branching tunnels, sometimes with spreiten due to vertical
shifting (Teichichnus), or double (Lapispira) helical elements. Such double helix
elements (Lapispira) were previously known only from the Jurassic as isolated
burrows, also assigned to crustaceans [13]. Despite the lesser geometric regularity of
the Mallorcan burrows, the presence of a knobby lining and the fact that these may

Figure 7.
Crayfish.

Figure 8.
Etyus martini.

Figure 6.
Fossil remains of a barnacle (Cirripedia—left) and a crab (Decapoda—right) found in the UCMP teaching
collection (images by Karen Osborn). Fossil stomatopod, center (image by Dr. Cees Hof, used with permission).
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be connected to branching systems. The new occurrence of this unusual ichnogenus
may record a case of behavioral convergence expressed in burrow architecture [19]
(Figures 3–6). While most crustaceans are marine, a large number of crayfish live
in freshwater, including crayfish (Figure 7). Etyus martini is one of the more
common crabs in the Gault Clay (Figure 8). Spiny lobsters are among the larger
crustaceans. Big specimens can weigh several kilograms and make very good eating
(Figure 9).

10. Geological history

The crustaceans, such as crabs and lobsters, that have hard exoskeletons
reinforced with calcium carbonate tend to preserve well as fossils, but many crus-
taceans have only thin exoskeletons. Most of the crustacean fossils known are from
coral reef or shallow sea-floor environments, but many crustaceans live in open
seas, on deep sea floors, or in burrows. Crustaceans tend, therefore, to be rare in the
fossil record than trilobites. Some crustaceans are reasonably common in Creta-
ceous and Cenozoic rocks, but barnacles have a particularly poor fossil record, with
very few specimens from before the Mesozoic era. The Late Jurassic lithographic
limestones of Solnhofen, Bavaria, which are famous as the home of Archaeopteryx,
are relatively rich in decapod crustaceans (five pairs of legs), such as Eryon (an
eryonoid), Aeger (a prawn), or Pseudastacus (a lobster). The “lobster bed” of the
Greensand formation from the Cretaceous period, which occurs at Atherfield on the
Isle of Wight, contains many well preserved examples of the small glypheoid lobster
Mecochirus magna. Crabs have been found at a number of sites, such as the
Cretacoues Gault clay and the Eocene London clay.

11. Crustacean example: ostracods

Ostracods are tiny crustaceans, typically about one to two millimeters in length,
with a well-documented fossil record beginning in the early Ordovician (e.g.,
[20–24]). During the Ordovician period, ostracods already possessed a global

Figure 9.
Spiny lobsters.
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biogeographical distribution from high southern latitudes to the palaeo-tropics [26].
Crustacean ostracods are variously represented in washing residue and thin sections,
two valves (left and right valves), the two valves being joined together along the
hinge line. The body covered by external shell called Carapace is composed of two
valves connected in the Dorsal side. Two valves are equal in the genus Amphisites or
overlapping in Cytherella. Ovoid shape or semi ovoid, 0.5–4 mmlength to about
30 mm. Articulation along the dorsal margin is further characterized by development
of teeth, socket, ridges, and grooves all together called hinge element (hinge ele-
ments: teeth, socket, grooves, and ridge-bar). The body is subdivided into Cephalon,
Thorax, and Posterior, seven pairs appendages (antenna, antennule, mandible, max-
illa, 1st thoracic leg, 2nd thoracic leg, and 3rd thoracic leg), one eye center, and two
lateral calcareous part—internal and outer lamella with the valves are hard calcareous
part, Carapace—right and left valve connected with hinge (Figure 10).

Figure 10.
Ostracoda shell.

Figure 11.
Ornamentation in some species of Ostracoda.
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11.1 Important part in the general shape of ostracods, on the external surface of
the test

1.Marginal denticulation: most of the species in Ostracoda have more
denticulations (resemble to tooth) accumulated on the external margin of the
valves; the number and shape of these denticulation differ from one sp. to
another sp. and these denticulation are more accumulated on the anteroventral
and posteroventral of the test.

2.Caudal process: some of the species in Ostracoda are characterized by having
elongated end that is long and narrow and ended by anus. This caudal process
is on the mid-posterior or on the posterodorsal side or posteroventral side.

3.Hinge ears: some species of Ostracoda have protuberance on anterior side of
the hinge line which is formed by addition of calcareous materials.

4.Posteroventral spine: it is an calcareous spine on the posteroventral side,
usually to the posterior side.

5.Eye tubercle: it is a protuberance on the anterior side which is the position of
eye.

6.Anteroventral beak-rostrum (Cypridea): some genera of Ostracoda are
characterized by having protuberance resembling to beak, which is most
abundant in the genus Cypridea.

11.2 Ornamentation

Is shown in the carapace view. The outer surfaces of the ostracod valves can be
smooth or ornamented with pits, striations, reticulations, spines, sulci, tubercles,
and wing-shaped (alae) (Figure 11) [22].

Figure 12.
Important parts in Ostracoda. (a) Caudal process and alae structure (b) Side view showing right and left
valves (c) Merodont hinge and alae structure, reticulation.
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11.3 Pores in ostracods

Normal pores (open normal pores and sieve normal pores) and open normal
pores: these pores penetrated the carapace, but sieve normal pores penetrated the

Figure 13.
Teeth types in Ostracoda.
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wall. Marginal pores: these pores penetrated the test wall vertically and are distrib-
uted on the external surface; the number of the pores differ from family, genus
species, and important in classification. Marginal pore canal: long pores distributed
on the marginal zone; more pores on the anterior part than the other parts are also
important in the classification. Test in ostracods is composed of calcareous material
with chitineous test around them which helps to fix the hinge. Hinge elements are
(Hinge elements: teeth, socket, grooves, ridge-bar) (Figure 12).

11.4 Teeth

The teeth in crustacean differ from one taxon to another; for example, ostracods
have Adont hinge which is the simplest, without teeth or sockets, and often form part
of a contact groove on the larger valve and a corresponding ridge on the smaller valve.
TheMerodont hinge is composed of a tooth and socket at each end of a groove or ridge
structure (complementary negative and positive structures in left and right valves).
The Entomodont hinge differs from the merodont hinge style by having a coarsely
crenulated anterior portion of themedian groove/ridge element. TheAmphidont hinge
has a more complex median structure with an anterior tooth and socket (Figure 13).

11.5 Distribution and ecology of ostracods

Ostracods as a mode of life are pelagic (planktonic) by using organic-walled shell
(less CaCO3) or by producing oil droplets. Pelagic ostracods are not preserved in the
sediments, or benthic on/in the sea floor. They can burrow, swim near the sea-bed, or
crawl on or through the sediment. Benthic forms occur in all the aquatic environ-
ments from the abyss to the shoreline. They also occur in estuaries, lagoons, freshwa-
ter lakes, ponds and streams, salt lakes, hot springs, and damp vegetation (Figure 14).

Ostracods can be influenced ecologically by various factors such as [27]:

1.Type of the substrate: swimmers have smooth, thin, bean-shaped carapace;
fine-grained (mud) dwellers have flattened ventral, wing-shaped carapace;

Figure 14.
Psychrospheric and thermospheric ostracods.
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coarse-grained (sand) dwellers have thick carapace with coarse
ornamentation; and interstitial ostracods are small, long, and robust.

2.Salinity: ostracods carapace morphology tends to vary according to variation in
salinity. They occur in fresh water (0.0–0.5‰) of rivers and estuaries,
brackish water (0.5–30‰) of lagoons and marshes, normal sea water (35–
45‰), and hypersaline water bodies (up to 57‰) of the closed seas, lakes,
lagoons, and marginal bays.

Fresh water ostracods—simple morphology, hinge adont, thin carapace, no
marginal pores, and other weakly developed variable abundance and diversity.

Most shelf seas ostracods: low abundance, high diversity, stenohaline
Cytheropteron.

Brackish lagoon and estuaries ostracods: thick shell, weakly ornamented, mar-
ginal pore canal, amphidont hinge. High abundance, low diversity, euryhaline,
Cyprideis with tubecles.

Hypersaline lagoons ostracods, high abundance, low diversity, euryhaline,Cyprideis.
Marine ostracods-continental shelf: strongly calcified carapace, strongly

ornamented, hinge well developed (Figure 15).

11.6 Application

They occur in the sedimentary column since the early Ordovician; hence, they
can be used as: stratigraphic markers, paleo-salinity indicators, paleo-depth indica-
tors, biostratigraphy, biostratigraphic correlation, and in paleoecology.

They are used as:

1.Tools for biozonation of marine strata, as they occur from Cambrian to the
present.

2. Indicators of ancient marine shorelines salinity, relative sea-floor depth.

Figure 15.
The ecological distribution of recent Ostarcoda with some tropical represented, Brassier. 2004.
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Ostracods are used for ecostratigraphy. Ecostratigraphy is the study of the
occurrence and development of fossil communities throughout geologic time, as
evidenced by biofacies, with particular reference to its relevance in stratigraphic
correlation and other fields, such as biogeography and basin analysis. Ecostratigraphic
studies by ostracods are based on their morphological changes and ornamentations,
which are divided into different biozones and as environmental zone based
on, diversity, community, and species abundant, range of the species and
environment.

11.7 Ostracods and sedimentology

The genera Karsteneis karsteni and Cythereis longaeva shows that the ratio of
closed valves that the ratio of closed valves (carapace) of high percent and thick in
the center of the cretaceous basin (rapid rate of deposition) in bohemia than the
other deposits along the sides which are thin sediment and of low rate of deposition.

Example no. 1. Some ostracods in the Garagu Formation, Dhouck City, Kurdi-
stan Region, North Iraq (Figure 16) [28].

Example no. 2. The biostratigraphic distribution of Late Ordovician ostracod
faunas from the Ellis Bay Formation on western Anticosti Island are described.
Some 62 species are recorded. The EllisBay Formation can be subdivided into three
ostracod biozones (these being partial range zones) and an interregnum, in ascend-
ing stratigraphical order these being the Longiscula subcylindrica biozone, the
Eurychilina erugoface biozone, the Tetradella anticostiensis biozone and an interreg-
num in the uppermost part of the succession, marked by the local extinction of
several taxa at the terminus of the T. anticostiensis biozone. These intervals are only
locally developed, and are not useful for inter-regional correlation. A small number
of the Ellis Bay Formation ostracod species are recorded elsewhere, from Sandbian
and Katian age successions. These include Aechmina richmondensis, Aechmina
maccormicki, Baltonotella parsispinosa, Macrocyproides trentonensis, Microcheilinella
lubrica and Spinigerites unicornis [29].

Figure 16.
(a) Cytherella sp., (b) Neocythere cf. gottisi Damotte & Grosdidier, 1963, (c) Protocythere bedoulensis
Moullade 1966, (d) Rehacythereis bernardi, (e) Cypridea bispinosa (Jones 1878) [28].
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Some 62 species are recorded. The EllisBay Formation can be subdivided into three
ostracod biozones (these being partial range zones) and an interregnum, in ascend-
ing stratigraphical order these being the Longiscula subcylindrica biozone, the
Eurychilina erugoface biozone, the Tetradella anticostiensis biozone and an interreg-
num in the uppermost part of the succession, marked by the local extinction of
several taxa at the terminus of the T. anticostiensis biozone. These intervals are only
locally developed, and are not useful for inter-regional correlation. A small number
of the Ellis Bay Formation ostracod species are recorded elsewhere, from Sandbian
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Figure 16.
(a) Cytherella sp., (b) Neocythere cf. gottisi Damotte & Grosdidier, 1963, (c) Protocythere bedoulensis
Moullade 1966, (d) Rehacythereis bernardi, (e) Cypridea bispinosa (Jones 1878) [28].
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12. Conclusions

This chapter has the following conclusions:
Crustaceans (Arthropods) are a group of animals with an armored external

skeleton (called an exoskeleton),

1.The hard exoskeleton is the part that is preserved as a fossil. Arthropod
comes from the Greek words “arthro” meaning joint and “poda” meaning foot
or leg.

2.Arthropoda is the largest phylum of Animal Kingdom. It includes about
11,340,000 species in all habitats.

3.Arthropoda is characterized by heteronomous metamerism, chitinous
exoskeleton, and joined appendages.

4. In very small crustaceans, exchange of the respiratory gases occurs through the
general body surface.

5.Large aquatic arthropods respire through gills and book gills, whereas
terrestrial forms respire through trachea and book lungs.

6.The earliest crustaceans are known from Cambrian sediments.

7.A majority of crustaceans habitats are aquatic and they live in either marine or
freshwater environments, but a few groups have adapted to life on land, such
as terrestrial crabs, terrestrial hermit crabs, and marine environments.

8.The life cycle for different crustaceans starts from the nauplius stage, followed
by the zoea larval stage and post-larval stage, and finally ends with the adult
growth stage.

9.Ostracoda is an important example in crustacean.
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Chapter 2

The Robber Crab Birgus latro 
(Linnaeus, 1767)
Selvaraj Kumaralingam

Abstract

The robber or coconut crab Birgus latro (Linnaeus, 1767) is a terrestrial 
hermit crab. It is the largest—land living arthropod in the world. As far as India 
is concerned, distribution of this crab is restricted to Great Nicobar Island and 
South Sentinel Island in Andaman and Nicobar Archipelago. The crab divided 
into a front section (cephalothorax), which has eight legs, and an abdomen. The 
front-most pair of legs has large chelae (claws), with the left being larger than the 
right. The next two pairs, as with other hermit crabs, are large, powerful walking 
legs with pointed tips, which allow coconut crabs to climb vertical or overhanging 
surfaces.

Keywords: Birgus latro, Nicobar, India, robber crab

1. Introduction

The robber or coconut crab (Birgus latro; Linnaeus, 1767) is a terrestrial 
hermit crab. It is the largest—land living arthropod in the world. As far as India 
is concerned, distribution of this crab is restricted to Great Nicobar Island and 
South Sentinel Island in Andaman and Nicobar Archipelago. In the Nicobar 
Islands the species has been reported from Car Nicobar [1], Little Nicobar, 
Katchal, Camorta and Great Nicobar [2]. The crab separated into a visible 
section (cephalothorax), which has eight legs, and an abdomen. The next two 
pairs, as with other hermit crabs, are large, powerful walking legs with pointy 
tips, which allow coconut crabs to climb vertical or overhanging surfaces. The 
fourth pair of legs is slighter with tweezer-like chelae at the end, allowing 
young coconut crabs to grip the inside of a shell or coconut husk to carry for 
protection; adults use this pair for walking and climbing. The last pair of legs is 
very small and is used by females to tend their eggs, and by the males in mat-
ing. In the present study, the general ecology of coconut crabs in around great 
Nicobar is focused.

2. Methods

Coconut crabs are generally “easy to collect” and most often hand picking is 
very effective in intertidal zones, Crabs can be preserved wet in 6–10% formalin for 
further study. Field photographs by using the following taxonomic identification 
keys [3].
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3. Results

3.1 Habitat

Coconut crabs are viewed as a standout amongst the most earthly decapods; the 
crab is an all-around adjusted loner crab, it is diurnal and night-time in propensi-
ties. Coconut crabs live alone in underground tunnels and shake hole, contingent 
upon the nearby territory. They delve their very own tunnels in sand or free soil. 
During the day, the creature remains concealed to diminish water misfortune from 
warmth. While resting in its tunnel, the coconut crab shuts the passages with one 
of its hooks to make the clammy microclimate inside the tunnel fundamental for its 
breathing organs They live solely ashore, coming back to the ocean just to discharge 
their eggs.

3.2 Size

This large sized crab grows up to 40 cm long and 22 cm wide (single sighting 
observed).

3.3 Feeding habit

Adult coconut crabs feed on fruits, nuts, seeds, and the pith of fallen trees, 
smaller worms, crustaceans and molluscs. The species is popularly associated with 
the coconut, and has been widely reported to climb trees to pick coconuts, which it 
then opens to eat the flesh.

3.4 Behavior

These Hermit crabs have a series of complex physical movements to communi-
cate with other crabs in different situations. They are active at night which makes 
it difficult to see slight differences in body motion. They raise a single leg out and 
above the rest of their body as a warning to keep away.

23

The Robber Crab Birgus latro (Linnaeus, 1767)
DOI: http://dx.doi.org/10.5772/intechopen.88429

Author details

Selvaraj Kumaralingam
Zoological Survey of India, Andaman and Nicobar Regional Centre,  
Andaman and Nicobar Islands, India

*Address all correspondence to: marinekumar@gmail.com

3.5 Lifecycle

Coconut crabs are terrestrial animals whose eggs are hatched at sea. The female 
once her eggs have been fertilized by a male crab, will release her eggs into the sea 
with a new moon and a spring tide, when the humidity and temperature are right. 
The number of eggs she releases be a great as 138,000. The species’ only dependence 
on the sea is for releasing eggs, which hatch in contact with seawater; the plank-
tonic larvae then migrate onto land where they develop into long-lived adults [4]. 
And migrate to the shoreline with other terrestrial hermit crabs. The coconut crab 
reaches sexual maturity around 5 years after hatching. They reach their maximum 
size only after 40–60 years.

3.6 Distribution

South Sentinel Island and Nicobar Islands in the Bay of Bengal, Central Pacific 
Ocean, Ryukyu Islands, Coast of Tanzania, Tropics of Cancer and Northern and 
Southern limits of Capricorn mark, Australia, Madagascar and Mauritius Island.

4. Discussion

The population of this crab is dwindling due to habitat loss as a cause of coastal 
development and exploitation by human for food. Large populations exist on the 
Cook Islands especially Pukapuka, Suwarrow, Mangaia, Takutea, Mauke, Atiu, and 
Palmerston Island. The coconut crab Birgus latro, characterized as Data Deficient 
on the IUCN Red List [5], is the largest land crab. In worldwide conservation and 
management strategies have been put in place such as ban on the capture of egg-
bearing females and avoid the hunting of non-egg-bearing adults having above 
carapace length 30 mm. In India the species protected under Schedule I category of 
Wildlife (Protection) Act, 1972. The Conservation needs of the coconut crab Birgus 
latro on the Nicobar Islands, India [6]. We recommend that more extensive surveys 
be carried out in all potential coconut crab habitats on the Andaman and Nicobar 
archipelago.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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management strategies have been put in place such as ban on the capture of egg-
bearing females and avoid the hunting of non-egg-bearing adults having above 
carapace length 30 mm. In India the species protected under Schedule I category of 
Wildlife (Protection) Act, 1972. The Conservation needs of the coconut crab Birgus 
latro on the Nicobar Islands, India [6]. We recommend that more extensive surveys 
be carried out in all potential coconut crab habitats on the Andaman and Nicobar 
archipelago.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



24

Crustacea

[1] Hume AO. Contributions to the 
ornithology of India: The islands of 
the Bay of Bengal. Stray Feathers. 
1874;2:29-324

[2] Daniel A, Premkumar VK. The 
coconut crab in the Great Nicobar 
Island. Journal of the Bombay Natural 
History Society. 1968;64:574-580

[3] Alcock A. Catalogue of the Indian 
Decapod Crustacea in the Collection 
of the Indian Museum. Kolkata, India: 
Zoological Survey of India; 1905

[4] Reese BS, Kinzie RA. The larval 
development of the coconut or robber 
crab Birgus latro (L.) in the laboratory 
(Anomura, Paguridae). Crustaceana 
Supplement. 1968;2:117-144

[5] Eldredge LG. Birgus latro. In: IUCN 
Red List of Threatened Species v. 2010.4. 
1996. Available from: http://www.
iucnredlist.org [Accessed: April 19, 
2011]

[6] Patankar V, D’souza E. Conservation 
needs of the coconut crab Birgus latro 
on the Nicobar Islands, India. Oryx. 
2012;46(2):175-178. DOI: 10.1017/
S0030605311000408

References

25

Chapter 3

Scyllarid Lobster Biology and 
Ecology
Kari L. Lavalli, Ehud Spanier and Jason S. Goldstein

Abstract

The family Scyllaridae is the most speciose and diverse of all families of marine 
lobsters. Slipper lobsters are found in both tropical and temperate habitats with 
hard or soft substrates and at different depths, and exhibit a wide array of mor-
phological, anatomical, and physiological adaptations. Among the 20 genera and 
at least 89 species constituting 4 subfamilies, only some members of 4 genera, 
Thenus (Theninae), Scyllarides (Arctidinae), Ibacus and Parribacus (Ibacinae), 
form significant fisheries because of their large size. While scientific information 
on these lobsters has increased considerably in recent decades, it is still limited 
compared with commercially valuable spiny and clawed lobsters, and is confined to 
a few key species. The present chapter presents the current available knowledge on 
the biology of scyllarids and attempts to point out where questions remain to help 
focus further studies in this important group.

Keywords: slipper lobsters, Scyllaridae, taxonomy, genetics, anatomy, physiology, 
ecology, life history, behavior, fisheries

1. Introduction

Slipper lobsters, family Scyllaridae (Latreille, 1825) have been known 
and described since the late 1700s and are considered part of the superfam-
ily Palinuroidea that consists of spiny lobsters (Palinuridae), furry lobsters 
(Synaxidae), blind claw-footed lobsters (Polychelidae), and slipper or shovel-nosed 
or bulldozer lobsters (Scyllaridae) [1, 2]. The Scyllaridae are organized into four 
subfamilies (Ibacinae, Arctidiane, Scyllarinae, and Theninae) and comprise 20 
genera with at least 89 extant species thus far recognized [3–6].

Only four genera—Scyllarides (Arctidinae), Ibacus and Parribacus (Ibacinae), 
and Thenus (Theninae)—form any kind of significant fishery because these indi-
vidual species tend to be large in size [7]. Of these four genera, Scyllarides (Gill, 
1898) has been studied extensively due to their large adult size, which makes them 
economically important; their worldwide geographical distribution in tropical and 
subtropical habitats; and their numerous species (14) [1]. Considerable knowledge 
is also available for species within the genus Thenus because of some relevance in 
certain fisheries as well as the success in rearing these animals in aquaculture [8]. 
Research on other species generally arises with overfishing of and a shift away from 
sister species (generally palinurids) and thus always lags behind exploitation, which 
is problematic for the creation of sustainable fisheries. Although small in size, lob-
sters of the genus Scyllarus often become a minor target for fisheries (e.g., [9, 10]).
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1. Introduction
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and described since the late 1700s and are considered part of the superfam-
ily Palinuroidea that consists of spiny lobsters (Palinuridae), furry lobsters 
(Synaxidae), blind claw-footed lobsters (Polychelidae), and slipper or shovel-nosed 
or bulldozer lobsters (Scyllaridae) [1, 2]. The Scyllaridae are organized into four 
subfamilies (Ibacinae, Arctidiane, Scyllarinae, and Theninae) and comprise 20 
genera with at least 89 extant species thus far recognized [3–6].

Only four genera—Scyllarides (Arctidinae), Ibacus and Parribacus (Ibacinae), 
and Thenus (Theninae)—form any kind of significant fishery because these indi-
vidual species tend to be large in size [7]. Of these four genera, Scyllarides (Gill, 
1898) has been studied extensively due to their large adult size, which makes them 
economically important; their worldwide geographical distribution in tropical and 
subtropical habitats; and their numerous species (14) [1]. Considerable knowledge 
is also available for species within the genus Thenus because of some relevance in 
certain fisheries as well as the success in rearing these animals in aquaculture [8]. 
Research on other species generally arises with overfishing of and a shift away from 
sister species (generally palinurids) and thus always lags behind exploitation, which 
is problematic for the creation of sustainable fisheries. Although small in size, lob-
sters of the genus Scyllarus often become a minor target for fisheries (e.g., [9, 10]).
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The present review is an attempt to summarize the somewhat patchy informa-
tion available in the scientific literature on scyllarids. In addition, expanding our 
knowledge on slipper lobsters may prove beneficial to humans in ways beyond 
providing a food source, given that large proteins recently isolated from Ibacus 
novemdentatus have displayed cytotoxic activity against human cancer cells [11].

2. Taxonomy, phylogeny and evolution

Lobsters were significantly more diverse in the Mesozoic, especially during the 
Triassic and Jurassic, than in the Cenozoic and Holocene. The Achelata appeared 
391–351 million years ago (MYA), but did not diverge into the palinurid and scylla-
rid lineages until the Permian (−250 MYA) [12, 13]. Fossil remains of scyllarids date 
back to the mid-Cretaceous (100–120 MYA) [3], but are not well-represented since 
their fossils come mostly from low energy (shale, clay, ironstone) or lithographic 
(limestone) deposits [14–16]. Today’s scyllarids live in different habitats (coral and 
sponge reefs, and medium to high energy environments) from fossil forms, but 
the sparse fossil record of this group makes it difficult to speculate on when their 
habitat shift occurred, although their major radiation began in the Late Jurassic and 
continued through the Holocene [14].

Slipper lobsters are closely related to the Palinuridae and Synaxidae, all of which 
comprise the Achelata; they share numerous characters, most notably their unique 
larval phase (i.e., phyllosoma) which separate the Achelata from all other Decapoda 
[3]. The plate-like antennal flagellum of slipper lobsters is a highly derived feature 
that is common to all 89 species and distinguishes them from the palinurids and 
synaxids which possess whip-like antennae. The Scyllaridae underwent considerable 
taxonomic revision from 1991 to 2002, mostly within the Scyllarinae, and now consist 
of 20 genera. The highest taxonomic diversity is among the smaller species [1, 17].

The subfamily Arctidinae consists of 2 genera and 17 species. These are some of 
the larger scyllarids. Arctides and Scyllarides species typically have a highly vaulted 
carapace, a three-segmented mandibular palp, and a shallow cervical incision along 
the lateral margin of the carapace. The subfamily Ibacinae consists of 3 genera, 
Evibacus, Ibacus and Parribacus, with a total of 15 species. In these species, the 
carapace is significantly dorso-ventrally compressed with a deep cervical incision 
along the lateral margin of the carapace. The mandibular palp is simple or two-
segmented, in contrast to the Arctidinae. One genus, Thenus, and five species are 
recognized presently in the subfamily Theninae [5]. The Theninae display extremes: 
the body is highly flattened and their eye orbits are found at the extreme antero-
lateral extent of the carapace. In contrast, the 52 species of Scyllarinae found within 
14 genera all have vaulted carapaces covered with tubercles and their eyes are more 
medial in placement. Yet both Theninae and Scyllarinae lack a flagellum on the 
exopod of the first and third maxillipeds [18]. See Figure 1 for representatives of 
these species and Figure 2 for examples of scyllarid mouthparts.

The taxonomy of Scyllaridae is based mainly on the morphology of the adults and 
to lesser extent of that of their pelagic larvae, the phylosomas. Recently molecular 
genetic tools have been used to assess taxonomic and phylogenetic issues, and the 
main clades found within Scyllaridae are in agreement [13] with current taxonomy 
based on adult morphology [1, 19, 20] and recent molecular studies [5]. All subfami-
lies (Arctidinae, Theninae and Scyllarinae) are now considered monophyletic, except 
for the Ibacinae [5]; this contrasts with a more recent analysis [21] that concluded that 
the Scyllaridae are fully monophyletic. The Arctidinae appears to represent the earli-
est branching lineage during the evolution of this group [5], which corresponds to the 
fossil record. In addition, slipper lobsters have likely evolved from shallow (onshore) 
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to deep water (offshore) species [5]. These same molecular tools suggest that two 
Atlantic species, Scyllarus depressus and S. subarctus, are a strongly supported clade 
with low genetic differentiation, indicative of a recent split into sister taxa [22].

3. Life history

The life history of scyllarids parallels that of palinurids and can be divided into 
a series of developmental phases. These lobsters typically begin their pelagic lives 

Figure 1. 
Different forms of scyllarid lobsters. (A) Scyllarus arctus; (B) Thenus orientalis; (C) Parribacus antarcticus. 
A and B from Cuvier G. Le Règne animal: D’Après son organization, pour Sevir de base a L’Histoire Naturelle 
des Animaux, et D’Introduction a L’Anatomie Comparèe. Accompagnée de planches Gravées. Imprime chez 
Paul Renouard, Paris, France, 1837; C from Dana JD. United States exploring expedition during the years 
1838, 1839, 1840, 1841, 1842 under the command of Charles Wilkes, U.S.N., Vol. XIII. Crustacea. C. Sherman, 
Philadelphia, 1852.

Figure 2. 
Scyllarid mouthparts. (1) Aboral/ventral view of third maxilliped; (2) aboral/ventral view of second 
maxilliped; (3) aboral/ventral view of first maxilliped; (4) aboral/ventral view of second maxilla; (5) 
aboral/ventral view of first maxilla; (6) mouth; (7) aboral/ventral view of mandible; (8) oral/dorsal view of 
third maxilliped; (9) oral/dorsal view of first maxilliped; (10) oral/dorsal view of mandible. From Savigny, 
J-Cés. Iconographie des Crustacés et des Arachnides de l’Égypte. De l’Imprimerie Royale, Paris, France; 1805.
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to deep water (offshore) species [5]. These same molecular tools suggest that two 
Atlantic species, Scyllarus depressus and S. subarctus, are a strongly supported clade 
with low genetic differentiation, indicative of a recent split into sister taxa [22].

3. Life history

The life history of scyllarids parallels that of palinurids and can be divided into 
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Figure 2. 
Scyllarid mouthparts. (1) Aboral/ventral view of third maxilliped; (2) aboral/ventral view of second 
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as phyllosoma larvae (Figure 3), although some scyllarids (Scyllarides aequinoctialis 
[23, 24], S. herklotsi [25], S. latus [26], Ibacus alticrenatus [27] and I. ciliates [28] 
or I. novemdentatus [19]) hatch as a naupliosoma (pre-larva), a short-lived form 
lasting a few hours that bears only the first three pairs of cephalic appendages [29]. 
Abdominal appendages are typically absent or rudimentary in early phyllosomas, 
but appear in later stages [30]. Exopodites are found on all thoracic appendages of 
phyllosoma larvae until their metamorphic molt when they are lost from all but the 
first and second maxillipeds; here exopodites are retained and used for generating 
currents around the mouth region [31]. Scyllarid phyllosomas deviate from other 
decapod larvae in that they are missing a fully developed exopod on the third maxil-
liped and this may indicate a phylogenetic separation of feeding strategy [3].

The dispersal of phyllosomas varies among species and depends largely on 
whether the parental stock is found within lagoons formed by coral island barrier 
reefs or in deeper waters [32–36]. Those hatched in coastal lagoons tend to remain 
there, while those hatched in deeper water gradually move shoreward, such that 
final-stage phyllosomas are found much closer to shore [30]. Some phyllosomas 
undertake diel vertical migrations, but data are limited as to the extent of these 
migrations and the species-specific preferences for various depths [30, 37] as well 
as the efficacy of their swimming behavior. It is likely that smaller instars vertically 
migrate less than later, larger instars [35] and may use passive transport by occupy-
ing vertical strata that move them in specific directions [30]. Some phyllosomas 
even travel attached to the aboral surface of jellyfish medusae or siphonophores 
[38–41], which may affect larval dispersal or allow them to remain relatively near 
shore [29, 30]. Understanding of phyllosoma behavior and dispersion has been chal-
lenged by the ability to correctly identify species; however, recent use of molecular 
genetics and DNA barcoding is improving the ability to make species identification 
possible in the field [42, 43].

Figure 3. 
Various stages of scyllarid phyllosoma larvae. Top, early stages of Scyllarides astori and Evibacus princeps. 
Bottom, later stages of S. astori, E. princeps, and Scyllarus martensii. From the Martin Wiggo Johnson 
Phyllosoma slide collection of the Scripps Institute of Oceanography Pelagic Invertebrate Collection website 
(https://scripps.ucsd.edu/collections/pi/overview/collection-databases-zooplankton-guide/m-w- 
johnson-lobster-phyllosoma-slide).
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Phyllosomas are raptorial feeders, using their pereiopods to grasp onto food 
items, which are then shredded by the maxillipeds and masticated by molar pro-
cesses of the mandibles [44]. Mostly fleshy foods are ingested; such food types are 
more readily available in coastal waters than in offshore, oligotrophic waters [29, 
30, 45]. Some scyllarid phyllosomas have been observed clinging onto or “riding” 
the medusa stage of some gelatinous zooplankton. For example, a recent report of a 
videotaped scyllarid lobster phyllosoma swimming while dragging a prayid sipho-
nophore behind it suggests that gelatinous forms may serve as a critical food and/
or defense against predation (by ingestion of the nematocysts) and refutes the idea 
that hitching a ride on these organisms is energy-saving due to passive transporta-
tion [41]. Recently, molecular methods using the central domain of the 18SrDNA 
gene have identified food items of some species of scyllarid and palinurid phyllo-
somas and suggest that these forms feed on appendicularians, salps, and cnidarians 
[46]. Ctenophores fed to phyllosomas of Thenus orientalis are accepted readily and 
provide nutritional support [47] and similar results were obtained with the phyl-
losomas of T. australiensis, Ibacus novemdentatus, I. ciliatus fed on jellyfish [48–51]. 
Some species of wild phyllosomas were found to contain cnidarian tissue in their 
hepatopancreas and feces, and these phyllosomas seem capable of encapsulating 
nematocysts [52] suggesting that these larvae utilize jellyfish as a food source. Few 
studies have examined exactly how phyllosomas consume jellyfish, but one possible 
mechanism is for phyllosomas to cling onto the exumbrella, feed on tentacles or oral 
arms first, and then consume the exumbrella [48, 53]. Phyllosomas riding on jel-
lyfish manage to groom and clear mucus extruded by jellyfish to dampen microbial 
growth on their bodies [54].

The final-stage phyllosoma molts into the highly specialized nisto (see 
Figure 4), or post-larval stage, which, like their spiny lobster (pueruli) and 
clawed lobster (post-larvae) counterparts, utilize surface waters to swim toward 
benthic habitats to settle. Nistos are neither completely planktonic nor completely 
benthic—they are caught in plankton tows demonstrating that they are pelagic at 
least part of the time [29]. In many species of scyllarids, the nisto appears to bury 
into soft substrates during the day and swim actively at night; some species even 
change coloration daily between these two habitats to remain cryptically colored in 
both environments [29]. Some scyllarid nistos are excellent swimmers (using their 
abdominal pleopods), while others are poor swimmers; some are also capable of 
executing tail flips (backward swimming) as a means of escape [55]. These swim-
ming differences may exist due to marked differences in the size of pleopods among 
different species [56]. However, this suggestion has not been adequately tested.

As with spiny lobster pueruli, the nisto appears to rely on energy reserves, 
rather than to actively feed [30], although the structure of the proventriculus is 
transitional between the phyllosoma and the juvenile [57] which suggests that it 
can process and sort food particles at this stage of development. The nisto also bears 
a cardio-pyloric valve that divides the anterior and posterior cardiac chambers, 
but lacks a gastric mill. Thus, if food is consumed by the nisto, it is likely soft and 
processed mainly by the mouthparts prior to ingestion [57]. Nistos appear similar 
in form to juveniles and bear the derived feature of flattened antennae, but are 
transparent instead of being reddish-brown. Their abdominal pleopods still bear 
swimming (natatory) setae [58] to aid in transitioning them from the pelagic to the 
benthic realm.

Juvenile life history of scyllarids is lacking for all species except those that have 
been successfully reared in culture (e.g., Thenus species [59] or Ibacus species 
[49, 60, 61]). This primarily is the result of a problem in sampling and not knowing 
where juvenile grounds lay. For example, in S. latus no live juvenile or nisto of the 
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migrate less than later, larger instars [35] and may use passive transport by occupy-
ing vertical strata that move them in specific directions [30]. Some phyllosomas 
even travel attached to the aboral surface of jellyfish medusae or siphonophores 
[38–41], which may affect larval dispersal or allow them to remain relatively near 
shore [29, 30]. Understanding of phyllosoma behavior and dispersion has been chal-
lenged by the ability to correctly identify species; however, recent use of molecular 
genetics and DNA barcoding is improving the ability to make species identification 
possible in the field [42, 43].

Figure 3. 
Various stages of scyllarid phyllosoma larvae. Top, early stages of Scyllarides astori and Evibacus princeps. 
Bottom, later stages of S. astori, E. princeps, and Scyllarus martensii. From the Martin Wiggo Johnson 
Phyllosoma slide collection of the Scripps Institute of Oceanography Pelagic Invertebrate Collection website 
(https://scripps.ucsd.edu/collections/pi/overview/collection-databases-zooplankton-guide/m-w- 
johnson-lobster-phyllosoma-slide).
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Phyllosomas are raptorial feeders, using their pereiopods to grasp onto food 
items, which are then shredded by the maxillipeds and masticated by molar pro-
cesses of the mandibles [44]. Mostly fleshy foods are ingested; such food types are 
more readily available in coastal waters than in offshore, oligotrophic waters [29, 
30, 45]. Some scyllarid phyllosomas have been observed clinging onto or “riding” 
the medusa stage of some gelatinous zooplankton. For example, a recent report of a 
videotaped scyllarid lobster phyllosoma swimming while dragging a prayid sipho-
nophore behind it suggests that gelatinous forms may serve as a critical food and/
or defense against predation (by ingestion of the nematocysts) and refutes the idea 
that hitching a ride on these organisms is energy-saving due to passive transporta-
tion [41]. Recently, molecular methods using the central domain of the 18SrDNA 
gene have identified food items of some species of scyllarid and palinurid phyllo-
somas and suggest that these forms feed on appendicularians, salps, and cnidarians 
[46]. Ctenophores fed to phyllosomas of Thenus orientalis are accepted readily and 
provide nutritional support [47] and similar results were obtained with the phyl-
losomas of T. australiensis, Ibacus novemdentatus, I. ciliatus fed on jellyfish [48–51]. 
Some species of wild phyllosomas were found to contain cnidarian tissue in their 
hepatopancreas and feces, and these phyllosomas seem capable of encapsulating 
nematocysts [52] suggesting that these larvae utilize jellyfish as a food source. Few 
studies have examined exactly how phyllosomas consume jellyfish, but one possible 
mechanism is for phyllosomas to cling onto the exumbrella, feed on tentacles or oral 
arms first, and then consume the exumbrella [48, 53]. Phyllosomas riding on jel-
lyfish manage to groom and clear mucus extruded by jellyfish to dampen microbial 
growth on their bodies [54].

The final-stage phyllosoma molts into the highly specialized nisto (see 
Figure 4), or post-larval stage, which, like their spiny lobster (pueruli) and 
clawed lobster (post-larvae) counterparts, utilize surface waters to swim toward 
benthic habitats to settle. Nistos are neither completely planktonic nor completely 
benthic—they are caught in plankton tows demonstrating that they are pelagic at 
least part of the time [29]. In many species of scyllarids, the nisto appears to bury 
into soft substrates during the day and swim actively at night; some species even 
change coloration daily between these two habitats to remain cryptically colored in 
both environments [29]. Some scyllarid nistos are excellent swimmers (using their 
abdominal pleopods), while others are poor swimmers; some are also capable of 
executing tail flips (backward swimming) as a means of escape [55]. These swim-
ming differences may exist due to marked differences in the size of pleopods among 
different species [56]. However, this suggestion has not been adequately tested.

As with spiny lobster pueruli, the nisto appears to rely on energy reserves, 
rather than to actively feed [30], although the structure of the proventriculus is 
transitional between the phyllosoma and the juvenile [57] which suggests that it 
can process and sort food particles at this stage of development. The nisto also bears 
a cardio-pyloric valve that divides the anterior and posterior cardiac chambers, 
but lacks a gastric mill. Thus, if food is consumed by the nisto, it is likely soft and 
processed mainly by the mouthparts prior to ingestion [57]. Nistos appear similar 
in form to juveniles and bear the derived feature of flattened antennae, but are 
transparent instead of being reddish-brown. Their abdominal pleopods still bear 
swimming (natatory) setae [58] to aid in transitioning them from the pelagic to the 
benthic realm.

Juvenile life history of scyllarids is lacking for all species except those that have 
been successfully reared in culture (e.g., Thenus species [59] or Ibacus species 
[49, 60, 61]). This primarily is the result of a problem in sampling and not knowing 
where juvenile grounds lay. For example, in S. latus no live juvenile or nisto of the 
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commercially exploited Mediterranean slipper lobster, Scyllarides latus (Latreille, 
1851), had ever been sampled despite ample information available on the ecology 
and behavior of adults of this species [62]. Museum surveys of invertebrate collec-
tions provided a small specimen of S. latus (36 mm carapace length (CL)) collected 
in 1987 with a 20 mm mesh scientific trawl net at depth of 450–700 m on a soft and 
muddy bottom at least 40 km offshore of Livorno [63]. Another specimen, even 
smaller (11.7 mm CL), was collected in Reggio Calabria, southern Italy, in the early 
1900s at a depth of >850 m and deposited in the Zoological Museum of Turin. This 
early scyllarid juvenile, likely a recent benthic recruit, suggests that the larvae drift 
large distances before settling as nistos in deeper waters with muddy habitats where 
they are possibly protected against the more numerous inshore predators. They then 
migrate as larger juveniles or sub-adults to inshore habitats [63]. Similar suggestions 
have been made for other scyllarids. A recent study [64] found Scyllarus sp. in the 
guts of deep sea fish which suggests that nistos are settling in deep waters. Ibacus 
juveniles appear to migrate shoreward from offshore waters to recruit into adult 
grounds [61]. Juveniles appear to occupy a different spatial niche from adults and 
are far more cryptic than adults because few individuals are found that are smaller 
than 20 cm TL [65, 66]. To obtain sufficient numbers of small individuals, specific 
sampling techniques must be developed which target the juveniles, which may 
prove difficult if many of the species have juvenile development in deep, oceanic 
waters. The exceptional discovery of a juvenile form of scyllarid in the old museum 
collection of Turin [63] emphasizes the importance of comprehensive surveys of 
crustacean collections, even old ones, in search for scyllarid life stages.

Figure 4. 
Nisto of Scyllarus americanus (Top). From Ref. [23]. Open access: https://archive.org/details/
larvaldevelopmen00robe. Nisto of unidentified scyllarid species in Florida waters (Bottom). Photo by Casey 
Butler.
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Gaps in life-history make growth rate determination difficult in most species, 
except for those that can be cultured with high survival rates or from grow-out 
studies when sufficient juveniles have been captured. Juveniles of reared S. nodifer 
take ~18 months and 9–10 molts to reach adult size [67]. Other fast growing species 
include Ibacus spp. that reach sexual maturity after four to six molts [68]. Cultured 
Thenus orientalis take about 400 days (19 molts) to grow to a size of c. 250 g. [69]. In 
contrast, 7–8 years are necessary for juvenile S. astori to recruit fully into the adult 
population [65]. Hence, from what little data we have on juvenile life history, it 
appears that many, but not all, of the commercially important scyllarids are capable 
of rapid growth.

Arctidinid adults (e.g. Scyllarides spp.) are typically large and tag–release 
studies suggest that adults molt annually (S. latus, [70]), although data from S. 
astori populations suggest that molts occur every 18–24 months [65, 66]. Molting 
typically occurs at night and in cooler to warmer months [71–73]. Softening of the 
old exoskeleton starts some 10–22 days pre-molt, with hardening being complete 
3 weeks post-molt. The entire process takes approximately 7 hours, with lobsters 
remaining shelter-bound for 5–9 days post-molt [74]. Slipper lobsters do not appear 
to consume their exuviae since these are generally left outside of shelters [72]. Sex 
ratios are close to unity in those species that have been adequately sampled (S. latus, 
[26, 72]; S. astori, [65]). In some species, mean CL is larger for females than for 
males (S. latus, [26, 74]), while in others, males exceed females in size (S. astori, 
[66]). Shortly after mating, females extrude a large number of eggs (conserva-
tive numbers range from 24,710 to 356,000), based on TL of the individual, with 
those eggs ranging from 0.6 to 0.7 mm diameter [26, 66, 75–77]. In some species, 
spawning occurs twice a year [76]. Such high fecundity rates may be an adaptation 
to oceanic loss of larvae and variable recruitment of nistos due to cyclic changes in 
oceanic climate [29]. Eggs are brooded for 2–8 weeks before release over a number 
of days (S. latus, [74, 78]). Ovigerous females are more commonly sampled in cooler 
months, but not warmer months [66]. There is some evidence that females may 
return to inshore reefs in the autumn earlier than males and leave sooner after shed-
ding eggs in the mid-summer, possibly to maximize thermal regimes for developing 
embryos [79]. Most species appear to move to colder, deeper waters when inshore 
water temperatures rise steeply in the summer or, for those species that remain in 
lagoons, stay at locations where thermal regimes are less than 25°C [65].

Ibacus sp. adults rarely exceed 20 cm TL [1] and are thus smaller than the adults 
of subfamily Arctidinidae. Sex ratios of all four Australian commercially caught 
species of Ibacus are approximately 1:1. Males are smaller than females because 
they molt less frequently after attaining sexual maturity. Mating occurs when the 
female is hard-shelled. Fecundity is much lower than in members of the subfamily 
Arctidinidae and it is highly variable both within and among the four species of 
Ibacus. It increases with the size of the animal [68]. Egg incubation times have been 
estimated to vary between approximately 2–4 months and are likely to be tem-
perature dependent with longer incubation in cooler water [61]. Molt frequencies 
of captive lobsters suggest seasonal molting but wild, tagged lobsters were caught 
repetitively in consecutive years without having increased in size [68]. Growth 
models for I. peronii, suggest the potential for this species to live for more than 
15 years with a maximum size reached after 5–8 years [80].

Very little information is available on adults of Parribacus spp. and what does 
exist is mainly focused on P. antarcticus. Two captured females of this species bore 
evidence of reproductive activity during summer (July) [81].

In Thenus spp. growth is quite rapid with 80% of maximum size reached by 
2 years of age. Females appear to attain larger sizes than males as evidenced by 
fishery sampled size ranges in both Indian and Australian waters [82]. Increased 
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commercially exploited Mediterranean slipper lobster, Scyllarides latus (Latreille, 
1851), had ever been sampled despite ample information available on the ecology 
and behavior of adults of this species [62]. Museum surveys of invertebrate collec-
tions provided a small specimen of S. latus (36 mm carapace length (CL)) collected 
in 1987 with a 20 mm mesh scientific trawl net at depth of 450–700 m on a soft and 
muddy bottom at least 40 km offshore of Livorno [63]. Another specimen, even 
smaller (11.7 mm CL), was collected in Reggio Calabria, southern Italy, in the early 
1900s at a depth of >850 m and deposited in the Zoological Museum of Turin. This 
early scyllarid juvenile, likely a recent benthic recruit, suggests that the larvae drift 
large distances before settling as nistos in deeper waters with muddy habitats where 
they are possibly protected against the more numerous inshore predators. They then 
migrate as larger juveniles or sub-adults to inshore habitats [63]. Similar suggestions 
have been made for other scyllarids. A recent study [64] found Scyllarus sp. in the 
guts of deep sea fish which suggests that nistos are settling in deep waters. Ibacus 
juveniles appear to migrate shoreward from offshore waters to recruit into adult 
grounds [61]. Juveniles appear to occupy a different spatial niche from adults and 
are far more cryptic than adults because few individuals are found that are smaller 
than 20 cm TL [65, 66]. To obtain sufficient numbers of small individuals, specific 
sampling techniques must be developed which target the juveniles, which may 
prove difficult if many of the species have juvenile development in deep, oceanic 
waters. The exceptional discovery of a juvenile form of scyllarid in the old museum 
collection of Turin [63] emphasizes the importance of comprehensive surveys of 
crustacean collections, even old ones, in search for scyllarid life stages.

Figure 4. 
Nisto of Scyllarus americanus (Top). From Ref. [23]. Open access: https://archive.org/details/
larvaldevelopmen00robe. Nisto of unidentified scyllarid species in Florida waters (Bottom). Photo by Casey 
Butler.
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Gaps in life-history make growth rate determination difficult in most species, 
except for those that can be cultured with high survival rates or from grow-out 
studies when sufficient juveniles have been captured. Juveniles of reared S. nodifer 
take ~18 months and 9–10 molts to reach adult size [67]. Other fast growing species 
include Ibacus spp. that reach sexual maturity after four to six molts [68]. Cultured 
Thenus orientalis take about 400 days (19 molts) to grow to a size of c. 250 g. [69]. In 
contrast, 7–8 years are necessary for juvenile S. astori to recruit fully into the adult 
population [65]. Hence, from what little data we have on juvenile life history, it 
appears that many, but not all, of the commercially important scyllarids are capable 
of rapid growth.

Arctidinid adults (e.g. Scyllarides spp.) are typically large and tag–release 
studies suggest that adults molt annually (S. latus, [70]), although data from S. 
astori populations suggest that molts occur every 18–24 months [65, 66]. Molting 
typically occurs at night and in cooler to warmer months [71–73]. Softening of the 
old exoskeleton starts some 10–22 days pre-molt, with hardening being complete 
3 weeks post-molt. The entire process takes approximately 7 hours, with lobsters 
remaining shelter-bound for 5–9 days post-molt [74]. Slipper lobsters do not appear 
to consume their exuviae since these are generally left outside of shelters [72]. Sex 
ratios are close to unity in those species that have been adequately sampled (S. latus, 
[26, 72]; S. astori, [65]). In some species, mean CL is larger for females than for 
males (S. latus, [26, 74]), while in others, males exceed females in size (S. astori, 
[66]). Shortly after mating, females extrude a large number of eggs (conserva-
tive numbers range from 24,710 to 356,000), based on TL of the individual, with 
those eggs ranging from 0.6 to 0.7 mm diameter [26, 66, 75–77]. In some species, 
spawning occurs twice a year [76]. Such high fecundity rates may be an adaptation 
to oceanic loss of larvae and variable recruitment of nistos due to cyclic changes in 
oceanic climate [29]. Eggs are brooded for 2–8 weeks before release over a number 
of days (S. latus, [74, 78]). Ovigerous females are more commonly sampled in cooler 
months, but not warmer months [66]. There is some evidence that females may 
return to inshore reefs in the autumn earlier than males and leave sooner after shed-
ding eggs in the mid-summer, possibly to maximize thermal regimes for developing 
embryos [79]. Most species appear to move to colder, deeper waters when inshore 
water temperatures rise steeply in the summer or, for those species that remain in 
lagoons, stay at locations where thermal regimes are less than 25°C [65].

Ibacus sp. adults rarely exceed 20 cm TL [1] and are thus smaller than the adults 
of subfamily Arctidinidae. Sex ratios of all four Australian commercially caught 
species of Ibacus are approximately 1:1. Males are smaller than females because 
they molt less frequently after attaining sexual maturity. Mating occurs when the 
female is hard-shelled. Fecundity is much lower than in members of the subfamily 
Arctidinidae and it is highly variable both within and among the four species of 
Ibacus. It increases with the size of the animal [68]. Egg incubation times have been 
estimated to vary between approximately 2–4 months and are likely to be tem-
perature dependent with longer incubation in cooler water [61]. Molt frequencies 
of captive lobsters suggest seasonal molting but wild, tagged lobsters were caught 
repetitively in consecutive years without having increased in size [68]. Growth 
models for I. peronii, suggest the potential for this species to live for more than 
15 years with a maximum size reached after 5–8 years [80].

Very little information is available on adults of Parribacus spp. and what does 
exist is mainly focused on P. antarcticus. Two captured females of this species bore 
evidence of reproductive activity during summer (July) [81].

In Thenus spp. growth is quite rapid with 80% of maximum size reached by 
2 years of age. Females appear to attain larger sizes than males as evidenced by 
fishery sampled size ranges in both Indian and Australian waters [82]. Increased 
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abdominal dimensions likely explain the greater weight of females, while maximi-
zation of reproductive efficiency via larger size and the ability to carry more eggs 
explains the greater mean size of females [83]. However, the two sexes eventually 
grow to a similar size [84]. Differences between Indian and Australian populations 
of thenids may reflect differences between sub-species or even between different 
species in view of the recent taxonomic revision of the genus [4].

In the T. orientalis fisheries off India, sex ratios are 1:1 [85], but off Australia they 
are skewed toward males [83] with a ratio of 0.57. In contrast, T. indicus sex ratios 
are at 1:1 throughout the year [83]. As with all scyllarids, fecundity of thenids scales 
with length. Various studies in India and Australia show at least two annual spawn-
ing periods [83, 84]; however, only a single spawning period was reported for T. 
orientalis off the Tokar delta in the Red Sea [84].

Adults of the subfamily Scyllarinae are usually small and information is very 
limited regarding growth and reproduction. Scyllarus arctus appears to have a 
continuous reproductive period where females can spawn up to three times per year 
[10]. The sex ratio is skewed toward females and mean size is larger in females.

4. Genetics and population continuity

The developmental period for scyllarid phyllosomas is far more variable than 
that for palinurids, and can last from a few weeks to at least 9 months [29, 30]. 
Lengthy duration of the larval period likely leads to wide oceanic dispersion and, 
ultimately, connectivity of geographically distant subpopulations resulting in pan-
mixia in adults. Molecular tools are just starting to be used to examine population 
structure of individual species. In one such study, S. latus collected in 2 locations 
in the Western Mediterranean and 13 locations in four regions in the NE Atlantic, 
including Southern Portugal and the Macaronesian archipelagos, revealed genetic 
homogeneity in S. latus across all regions [86]. More such studies in other species 
are needed to understand the population genetics of scyllarid species.

5. Behavior

Except for Scyllarides latus and Thenus orientalis, both of which are readily held 
in laboratory settings, behavior of most slipper lobsters has not been well studied. 
In addition, the sensory modalities used for behaviors are not well understood as 
they are in nephropid and palinurid lobsters [87].

5.1 Feeding behavior

Feeding behavior of adults is dependent on the structures with which lobsters 
can capture, manipulate, and process their food and differs with life history 
stage as mouthparts, pereiopods, and the proventriculus gain substance and size. 
Feeding habits, primarily for the adults of T. orientalis [88] and I. peronii [89], and 
Scyllarides spp. [90] are known.

As in clawed and spiny lobsters, the esophagus of slipper lobsters is short, 
presumably to allow for rapid ingestion [57]. This structure leads into the pro-
ventriculus, which is divided into the anterior cardiac stomach and the posterior 
pyloric stomach. The gastric mill of slipper lobsters is smaller and less calcified [88] 
likely due to the diet specialization that has occurred in slipper lobsters—that of 
primarily consuming bivalve flesh, or other fleshy items. Food proceeds from the 
cardiac stomach to the pyloric stomach through a cardio-pyloric valve, which lacks 
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the spines and accessory teeth seen in other decapods [88]. Dense mats of setae in 
the pyloric stomach provide filtering of semi-digested food particles with only the 
smallest particles entering from the cardiac stomach and exiting into the digestive 
gland. Larger particles are passed into the midgut caecum and hindgut [88]. Little is 
understood about the digestive enzymes involved in food breakdown [57].

Many slipper lobsters (e.g. Scyllarides spp.) are bivalve specialists and these have 
evolved the ability to use the nails of their pereiopods to shuck bivalves [90, 91]. 
During the feeding sequence, slipper lobsters typically probe the outer valves with 
their antennules, as though “smelling” and assessing the shell for its possible value 
[92]. They then pick up and hold the bivalve with either the first, third, and fourth 
or second, third, and fourth pairs of walking legs, using the dactyl tips of the first 
or second walking legs to repetitively probe the valve edges [92]. The dactyl tips 
eventually wedge into the shell edge and then push in further and further to open 
the valves; this process is known as “wedging” [90]. Once the valves are opened 
enough to fully insert one pair of pereiopod dactyls, another pair of walking legs 
(second or third) are used to cut the mantle tissue along the pallial line. The lobster 
then uses a back-and-forth “scissoring” type motion to increase the opening angle 
to reach the adductor muscles [92]. The second pair of walking legs cut the adductor 
muscles, so that the valves open freely. With the valves open, the meat is repetitively 
scraped out of the valves and passed directly to the third maxillipeds [90, 92]; see 
Figure 5. Until the flesh is actually passed back to the third maxillipeds, the anten-
nules make repeated downward motions to probe inside the valves, to touch the 
flesh, and to touch the shell as the legs scrap the flesh from it; it is likely that the 
antennules act as a dual “smell” and “taste” sensory modality due to the damage to 
pereiopod setae from the process of shucking [92].

While bivalves are a preferred food source, slipper lobsters are also known to 
consume sea urchins, crustaceans, sponges, gastropods, barnacles, sea squirts, 
algae (Ulva spp.), and fish [66, 93]. Gut contents of commercially fished T. orien-
talis in India included a high proportion of mollusks (27.7%) followed by bottom 
sediments (24.1%), fishes (22.9%), crustaceans (10.7%), polychaetes (4.2%) and 
miscellaneous food items (10.4%) [84]. Scallops, goatfish and shrimps were always 
consumed when offered under laboratory conditions [83]. Thus, based on stomach 
contents and laboratory behavior, T. orientalis appears to be an opportunistic, 

Figure 5. 
The feeding sequence of S. aequinoctialis. (1) Lobster approaches bivalve with antennules flicking and sampling 
odors; (2) pereiopods grab bivalve while antennules “taste” it to assess if feeding sequence will continue; (3) 
“wedging” of pereiopods into closed valves; (4) probing and “shucking” of the valves, while cutting adductor muscles; 
(5) close-up of pereiopods ripping adductor muscle; (6) scraping of flesh out of bivalve and delivery to mouthparts.
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abdominal dimensions likely explain the greater weight of females, while maximi-
zation of reproductive efficiency via larger size and the ability to carry more eggs 
explains the greater mean size of females [83]. However, the two sexes eventually 
grow to a similar size [84]. Differences between Indian and Australian populations 
of thenids may reflect differences between sub-species or even between different 
species in view of the recent taxonomic revision of the genus [4].

In the T. orientalis fisheries off India, sex ratios are 1:1 [85], but off Australia they 
are skewed toward males [83] with a ratio of 0.57. In contrast, T. indicus sex ratios 
are at 1:1 throughout the year [83]. As with all scyllarids, fecundity of thenids scales 
with length. Various studies in India and Australia show at least two annual spawn-
ing periods [83, 84]; however, only a single spawning period was reported for T. 
orientalis off the Tokar delta in the Red Sea [84].

Adults of the subfamily Scyllarinae are usually small and information is very 
limited regarding growth and reproduction. Scyllarus arctus appears to have a 
continuous reproductive period where females can spawn up to three times per year 
[10]. The sex ratio is skewed toward females and mean size is larger in females.

4. Genetics and population continuity

The developmental period for scyllarid phyllosomas is far more variable than 
that for palinurids, and can last from a few weeks to at least 9 months [29, 30]. 
Lengthy duration of the larval period likely leads to wide oceanic dispersion and, 
ultimately, connectivity of geographically distant subpopulations resulting in pan-
mixia in adults. Molecular tools are just starting to be used to examine population 
structure of individual species. In one such study, S. latus collected in 2 locations 
in the Western Mediterranean and 13 locations in four regions in the NE Atlantic, 
including Southern Portugal and the Macaronesian archipelagos, revealed genetic 
homogeneity in S. latus across all regions [86]. More such studies in other species 
are needed to understand the population genetics of scyllarid species.

5. Behavior

Except for Scyllarides latus and Thenus orientalis, both of which are readily held 
in laboratory settings, behavior of most slipper lobsters has not been well studied. 
In addition, the sensory modalities used for behaviors are not well understood as 
they are in nephropid and palinurid lobsters [87].

5.1 Feeding behavior

Feeding behavior of adults is dependent on the structures with which lobsters 
can capture, manipulate, and process their food and differs with life history 
stage as mouthparts, pereiopods, and the proventriculus gain substance and size. 
Feeding habits, primarily for the adults of T. orientalis [88] and I. peronii [89], and 
Scyllarides spp. [90] are known.

As in clawed and spiny lobsters, the esophagus of slipper lobsters is short, 
presumably to allow for rapid ingestion [57]. This structure leads into the pro-
ventriculus, which is divided into the anterior cardiac stomach and the posterior 
pyloric stomach. The gastric mill of slipper lobsters is smaller and less calcified [88] 
likely due to the diet specialization that has occurred in slipper lobsters—that of 
primarily consuming bivalve flesh, or other fleshy items. Food proceeds from the 
cardiac stomach to the pyloric stomach through a cardio-pyloric valve, which lacks 
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the spines and accessory teeth seen in other decapods [88]. Dense mats of setae in 
the pyloric stomach provide filtering of semi-digested food particles with only the 
smallest particles entering from the cardiac stomach and exiting into the digestive 
gland. Larger particles are passed into the midgut caecum and hindgut [88]. Little is 
understood about the digestive enzymes involved in food breakdown [57].

Many slipper lobsters (e.g. Scyllarides spp.) are bivalve specialists and these have 
evolved the ability to use the nails of their pereiopods to shuck bivalves [90, 91]. 
During the feeding sequence, slipper lobsters typically probe the outer valves with 
their antennules, as though “smelling” and assessing the shell for its possible value 
[92]. They then pick up and hold the bivalve with either the first, third, and fourth 
or second, third, and fourth pairs of walking legs, using the dactyl tips of the first 
or second walking legs to repetitively probe the valve edges [92]. The dactyl tips 
eventually wedge into the shell edge and then push in further and further to open 
the valves; this process is known as “wedging” [90]. Once the valves are opened 
enough to fully insert one pair of pereiopod dactyls, another pair of walking legs 
(second or third) are used to cut the mantle tissue along the pallial line. The lobster 
then uses a back-and-forth “scissoring” type motion to increase the opening angle 
to reach the adductor muscles [92]. The second pair of walking legs cut the adductor 
muscles, so that the valves open freely. With the valves open, the meat is repetitively 
scraped out of the valves and passed directly to the third maxillipeds [90, 92]; see 
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Figure 5. 
The feeding sequence of S. aequinoctialis. (1) Lobster approaches bivalve with antennules flicking and sampling 
odors; (2) pereiopods grab bivalve while antennules “taste” it to assess if feeding sequence will continue; (3) 
“wedging” of pereiopods into closed valves; (4) probing and “shucking” of the valves, while cutting adductor muscles; 
(5) close-up of pereiopods ripping adductor muscle; (6) scraping of flesh out of bivalve and delivery to mouthparts.
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omnivorous, benthic feeder that burrows in soft and sandy mud, engulfs sediments 
consisting of sand and mud, and then preys on organisms that it encounters in this 
way [84].

5.2 Sheltering behavior and substrate preferences

Adult specimens of Scyllarides spp. are camouflaged to a certain extent due to 
their flattened morphology and coloration that blends into hard substrates (e.g. 
[72, 94]). However, in the brightly illuminated water of their shallow habitats, this 
camouflage provides only limited concealment against diurnal predators. Thus, 
most are nocturnal, foraging at night and sheltering during the day ([66, 95, 96] for 
S. astori; [72] for S. latus). A more recent set of lab studies documented that S. latus 
is more active at higher temperatures, and demonstrated that warming water 
temperatures elicited markedly longer movements [97].

Gregarious sheltering has been noted for S. latus (Spanier, personal observation) 
but predation studies at field sites demonstrate that grouping does not decrease per-
capita predation rates on individuals within the group. Grouped lobsters suffer an 
equal rate of predation as lone animals and gain only a small advantage of time, as 
predatory attack patterns are less focused when lobsters are grouped [98]. Reports 
of gregarious behavior also exist for S. nodifer [99], but nothing is known about the 
function of such behavior.

The adults of many species are found on hard and soft substrates (Figure 6). 
Scyllarides species sampled both on hard (rocks, caves, coral heads) and soft 
substrates often result from circumstances where lobsters that usually shelter 
in hard substrates were collected in soft substrates during their short and long 
term movements, but some species such as Scyllarides elisabethae, S. nodifer, and 

Figure 6. 
Scyllarides latus in artificial reef structures (A, B) and natural rock outcropping (C, D). In natural 
outcroppings and large openings in artificial reefs, they typically co-habit space with other conspecifics (B, D). 
Photographs by Stephen Breitstein.
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S. aequinoctialis are only found in mud or sand [1, 99, 100]. Parribacus species 
also inhabit hard substrates (corals structures, caves) or are found in sandy 
bottom [1, 81]. All five species of Thenus, and eight species of Ibacus inhabit 
relatively soft sandy or muddy substrates [4, 68] and are well-adapted for dig-
ging into the substrate in terms of their morphology as well as their behavior. I. 
peronii spends most of the day underneath the sand [101] and both T. indicus and 
T. orientalis spent daytime hours buried in sediment with only eyes and anten-
nules exposed [83], but were nocturnally active, with clear peaks in activity at 
dusk and just prior to dawn.

5.3 Predators and antipredator behavior

The response of slipper lobsters to predator attack (e.g., by gregarious trig-
gerfish) has been well studied [79, 98, 102–108] and consists of three strategies, 
two of which are typically executed in sequence: (i) the “fortress strategy” in which 
the animal grasps the bottom and attempts to outlast its attacker’s motivation to 
penetrate its hard shell (described in [107]); (ii) the “swimming escape” response 
(described in [102, 105–107]); and (iii) remaining sheltered in dens [79, 103]. 
Lacking claws (like Homarus spp.) or long spinose antennae (like spiny lobsters; 
see [109–112]) with which to fend off swimming predators, slipper lobsters have 
developed a shell that is thicker and more durable to mechanical insult than clawed 
or spiny lobsters [107]. They use their short, strong legs to grasp the substrate and 
resist being dislodged [105, 106] (see Figure 7), and if this fails, they are exception-
ally deft swimmers capable of evasive maneuvers [102]. Also they may suddenly 
change the direction of their swimming, presumably to confuse the chasing preda-
tor. This is an energetically costly response to a threat and is generally used as a last 
resort. Slipper lobsters may match the energy invested by clawed lobsters in claws 
and spiny lobsters in antennae by increasing only moderately the thickness of their 
shells and bettering their swimming escape behavior [107].

Slipper lobsters that live in complex substrates also display a variety of shelter-
related behaviors that provide a third highly effective survival strategy [105]. By 
combining nocturnal foraging with diurnal sheltering, as well as carrying food to their 
shelters for later consumption, slipper lobsters may fully minimize their exposure 
to diurnal predators. The tendency for cohabitation with conspecifics (as seen in P. 
antarcticus [1, 81] or S. latus [98]) may be adaptive because of confusion effects (which 
lobster to target), alerting earlier to predators due to higher levels of “prey vigilance”, 
or being concealed among conspecifics (“dilution effect” sensu [113]; see Figure 7). If 
these tactics fail, their thick carapace effectively blunt cracks [107, 114, 115] and may 
buy them extra time for escape when attacked.

Figure 7. 
Anti-predator responses of Scyllarides latus. (A) Tail flip in response to on-coming threat by triggerfish; (B) 
wedging into rocks in response to a predator (such as octopus) that can grip; (C) gregarious behavior in absence 
of shelter where each individual is concealed among other conspecifics. Photographs by Ehud Spanier.
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Very little is known about the antipredator behavior of soft bottom species. Fully 
buried Thenus spp. are entirely concealed except for the eyes and antennules [83]. 
Ibacus spp. also are found on soft bottom substrates and are known to bury into 
those sediments, much in the same manner as Thenus spp. [68, 101] presumably also 
for concealment.

Besides triggerfish, spotted gully shark (Triakis megalopterus (Smith, 1849) have 
been reported to feed on S. elisabethae in South Africa [116], groupers (Epinephelus 
and Mycteroperca spp.) have been reported as predators of adult and juvenile S. latus 
[26] and S. arctus, S. aequinoctialis, and S. nodifer [56, 117]. Combers (Serranus spp.) 
and rainbow wrasse (Coris julis Linnaeus, 1758) apparently prey on juvenile S. latus 
[26]. Juvenile S. aequinoctialis were found in the gut of a large invasive alien red 
lionfish (Pterois spp.) in Belize [118].

5.4 Mating behavior

Most information on reproductive behavior comes from laboratory observa-
tions. Unlike clawed lobsters where mating usually occurs shortly after females 
molt, scyllarids are more similar to palinurids in that mating and molting are 
separate and unrelated events, although in the hooded slipper lobster (S. deceptor), 
copulation follows molting [119]. The general decoupling of molting and mating is 
largely due to males supplying females with external spermatophores that females 
use within hours or a few days. Nevertheless, some differences exist among the dif-
ferent subfamilies and those are summarized here. Males of Scyllarides spp. produce 
white, gelatinous spermatophores, which they carry around on the base of their 
fourth and fifth pereiopods ([74]; Spanier, personal observations) and transfer to 
females. In some species, females have been observed carrying spermatophores 
externally 6–10 days prior to egg extrusion (S. latus, [26, 74]), while in others, the 
lack of observable spermatophores prior to egg extrusion has led to a belief that the 
spermatophore is stored internally and fertilization is internal (S. nodifer, [55]; S. 
squammosus, [120]). Females of many species can spawn multiple broods in a season 
due to short brooding periods, and these broods are usually carried during spring 
and summer months. Only in S. latus have both eggs and spermatophores been 
observed simultaneously [74].

Male Thenus spp. do not appear to deposit a persistent spermatophoric mass 
in the process of mating [83]. Soft, non-persistent masses were observed [121] 
for T. orientalis and females oviposited within 8 hours post-mating and lost the 
spermatophore within 12 hours. No courtship behaviors or acts of mating have 
been witnessed in Thenus orientalis or T. indicus during 2000 hours of remote video 
observation [83], so it assumed that mating rituals are very simple. In Ibacus spp. 
spermatophoric masses were persistent, gelatinous, and opaque white in color, and 
were deposited in two elongated strips, approximately 20–30 mm long, close to 
the genital openings of the female [68]. Fertilization is likely external and occurs 
relatively soon after mating.

From the very limited information available on Parribacus spp., it appears that 
spermatophores are persistent even after spawning and new spermatophores are 
deposited atop old ones [81].

In Scyllarus spp. males deposit two jelly-like strings of spermatophores ventrally 
from the base of the fifth pereiopod to the second abdominal segment; these are 
used within hours to inseminate eggs and any remaining sperm mass degrades 
quickly [10]. Females are capable of multiple spawning events per year, but the 
number depends largely on environmental conditions; members of the same species 
may produce three broods in one area, but only two in another. This flexibility in 
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reproduction may prove advantageous when thermal regimes are favorable for rapid 
gonadal maturation, shorter incubation periods, or rapid larval development [10].

5.5 Movement patterns

Slipper lobsters movements consist of either slow, benthic walking used for 
daily nomadic movements within a small home range and for seasonal migrations 
from shallow inshore waters to deeper offshore waters or swimming movements 
that are used for escape or vertical migratory movements. Daily activity patterns 
suggest that slipper lobsters have endogenous clocks that provide for circadian 
rhythms with higher locomotor periods during night hours [122]. Tagging studies 
of S. latus off the coast of Israel confirm the slow, benthic walking patterns: local 
movements within a home range, presumably to forage and migratory offshore 
movements [79]. While residing inshore (February to June in the south-eastern 
Mediterranean), lobsters make short-range movements from reef shelters to for-
age and 71% return to these reef shelters. However, lobster numbers decreased in 
the reef shelters, ultimately decreasing to zero in summer months (June through 
August), and lobsters did not return to the reef until the following winter when 
their numbers peaked in the spring. This suggests a migration offshore that would 
correspond to increased water temperatures inshore [79]. Similar tagging stud-
ies off Sicily showed no such migratory movements [70]. Scyllarides squamosus 
also appears to make no long-range migratory movements, with mean distances 
moved from tagging location by most (97.2%) individuals being <1 km over a 
5 year period [123].

Mobility of Thenus spp. in Australia also has been examined through use of tag 
and recapture studies and monitoring of commercial catch levels [83, 84]. Thenus 
spp. tend to be very mobile and capable of moving large distances, but because 
their movements lack any kind of pattern or directionality, they are not likely to be 
migratory. Likewise, Ibacus spp. exhibit nomadic movement patterns that have no 
directional patterns [124].

Swimming behavior constitutes a form of locomotion in which a single “append-
age”—the abdomen—produces thrust by a combination of a rowing action and a 
final “squeeze” force when the abdomen presses against the cephalothorax [125]. 
Although the tail-flip response is known in adults and juveniles of all three major 
taxonomic group of lobsters, it is best developed in slipper lobsters.

The hydrodynamics of swimming in slipper lobsters has been studied in 
Ibacus peroni, I. alticrenatus [101, 126–128], Thenus orientalis [83, 126, 127, 129] 
and Scyllarides latus [102, 130, 131]. S. latus uses a “burst-and-coast” type of 
swimming in response to a threat. This burst-and-coast swimming consists of 
large amplitude movements of the abdomen followed by periods of powerless 
gliding. Acceleration can reach top velocities of three body lengths per second 
while deceleration during gliding decreases to velocities of less than one body 
length per second. Escape swimming is of short duration used only in emergen-
cies to get to safety, as it requires considerable energy. The flattened second 
antennae of S. latus (mistakenly called “shovels” or “flippers”), with their mov-
able joints, serve as stabilizers or rudders to control the swimming movement 
[130]. This adjustment in lift via the second antennae is also seen in Ibacus spp. 
and Thenus spp. [127].

In Thenus spp., there are two distinct forms of swimming: a locomotory form 
that is characterized by a slower speed (average of 29 cm s−1) and the absence of 
explicit stimulus, and escape swimming which is much faster (average of 1 m s−1), 
similar to that seen in S. latus, and always caused by direct stimulus or threat [83, 129].  
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In locomotory swimming, the aerofoil body shape generates lift as the abdomen 
thrusts downward; drag is reduced by all pereiopods being extended anteriorly 
[127]. Lift height was controlled by the second antennae and each flexion helped to 
maintain the animal above the sediment [127, 129]. In comparison, escape swim-
ming always consisted of an abdominal flexion that was proportional to the magni-
tude of the stimulus. While Ibacus spp. can tail flip, it does not do so in response to a 
sudden threat, but seems to be related more to a righting response when the animal 
is flipped over [128].

6. Diseases

There are only a few reports on diseases or parasites of slipper lobsters, in 
general, and of specific species in particular [132, 133]. This limited information 
is usually focused on commercial species and those that have potential in aquacul-
ture. Scyllarides specimens die while being held in the laboratory from unknown 
causes. Halacarid mites, Copidognathus spp., cause tissue necrosis in the gills of the 
P. antarcticus [133]. Aquaculture of Thenus spp. and Ibacus spp. will require more 
knowledge on pathogens of these species since the phyllosomas are very susceptible 
to microorganisms in the water column [69, 134]. There are also reports of parasites 
in adults. For example, a new species of parasitic copepod, Choniomyzon inflatus 
n., has recently been collected from the external egg masses of the smooth fan 
lobster Ibacus novemdentatu [135]. The Gram-negative Vibrio causes mass mortality 
during hatchery production of phyllosoma larvae and also affects their live feed 
of Artemia nauplii. Filamentous bacteria (Leucothrix sp.) and protozoans (such as 
Zoothamnium spp., Vorticella spp. and Acinata spp.) can also biofoul the phylloso-
mas and cause mortality [8]. Traditionally, a number of antibiotics as well as other 
chemicals have been heavily used for controlling bacterial colonies in the rearing 
water. Alternative methods are the use of ultraviolet light (UV) and ozone (O3) 
sterilizers [8, 69].

7. Environmental effects and conservation

Overfishing, climate change, and habitat degradation are the main reasons for 
the drastic decline of marine populations over the past 30 years [136]. The effects 
of overfishing characterize many populations of commercial slipper lobsters and 
result in decreases in exploited stocks in the last few decades. Some species of slip-
per lobsters, formerly ignored, are now targeted due to the decline in other species 
(e.g., spiny lobsters) especially around the waters off Australia, Hawaii, India, the 
Galápagos Islands, and the countries surrounding the Mediterranean Sea. As a con-
sequence, slipper lobsters have rapidly decreased in stock abundance to the point 
that local fisheries have collapsed [7]. Regulations established that try to protect 
these populations may have unexpected negative effects. For example, the prohibi-
tion against landing ovigerous females of Scyllarus arctus in NE Spain has biased 
the fishery toward males [10], which then affects natural sex ratios, opportunities 
for females to find mates, and ultimately population structure. Protected natural 
reserves/no-take zones can, to a certain extent, help rectify these effects [137], but 
require governmental action and policing. A fully protected, natural reserve off 
the northern Mediterranean coast of Israel has demonstrated significantly higher 
numbers of female and male Scyllarides latus compared to a control area with the 
same characteristics [138]. The specimens in the reserve were also significantly 
larger than those in the control, non-protected area.
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Instead of regulations that may have unintended consequences or the creation 
of natural reserves that require political will, policing, and industry buy-in, tar-
geted fishing moratoriums may also help to rebuild stocks. For example, depleted 
stocks of S. elisabethae recovered during a six-year moratorium from fishing and 
trapping off eastern South Africa [139]. However, despite years of protection, 
populations of S. squammosus in the Northwestern Hawaiian Islands, have failed 
to recover [140]. Possible factors that may limit population growth and recovery, 
include: climate change, Allee effects, and interspecific interactions. Community 
changes that come from overfishing of coral reef fauna might have broad and 
lasting results; once lost, valuable resources and ecosystem services may not 
quickly rebound to pre-exploitation levels and may have cascading effects on the 
larger fauna that rely on these resources [140]. Projected climate change impacts 
on the distribution of coastal lobsters, including a synthesis of 68 slipper lobsters 
species, suggest negative changes in diversity in areas of high commercial fishing 
due to habitat loss [141]. Such changes are expected to be particularly dramatic in 
the tropics, with species projected to contract their climatic envelope between 40 
and 100% [141].

8. Conclusions

Although slipper lobsters represent the most speciose group of lobsters and have 
been exploited in targeted or by-catch fisheries, they have been and continue to be 
poorly studied compared to the less speciose but more popular clawed and spiny 
lobsters. Lack of knowledge of basic biological features such as life history, behav-
ior, physiology, and disease does not bode well for the long-term health of popula-
tions especially when most scientists expect dramatic climatic changes to impact 
oceanic habitats and community structure. Given that these lobsters represent a 
potential food source for an ever-growing human population, it would be beneficial 
to understand much more about these lobsters with targeted studies, supported 
by governmental agencies, much as we saw for clawed and spiny lobsters nearly 
40 years ago.
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Management of the Interaction 
and Cannibalism of Postlarvae and 
Adults of the Freshwater Shrimp 
Cryphiops caementarius (Molina, 
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Abstract

Cryphiops caementarius shrimp inhabits the rivers of the western slope of the 
Andes of Peru and Chile. But the greatest population densities found in the rivers of 
Arequipa (Peru) have social, economic, commercial, and gastronomic importance. 
Researches on this species of shrimp date from 1950. The males of C. caementarius 
are aggressive by having one of the most developed chelipeds, causing greater 
interaction and cannibalism. To reduce the interaction of the species, it has been 
used two culture systems. For postlarvae, using brackish water can maintain high 
survival (>85%), but only in initial culture which lasts for 50 days. For the fatten-
ing of adult males, culturing in separate containers conditioned in various levels 
improves the survival (87–100%) and yield (1.0 kg m−2), and with this system, 
the culture is also performed with tilapia. It is still required to demonstrate the 
technical and economic feasibility of fattening male shrimp in individual containers 
within seminatural ponds.

Keywords: freshwater shrimp, cannibalism, interaction, culture systems

1. Introduction

The Palaemonid shrimps that inhabit the rivers of the western slope of the 
Andes are represented by 12 species, three of which correspond to the genus 
Palaemon, eight to Macrobrachium, and one to Cryphiops [1]. Of these, Cryphiops 
caementarius (Molina, 1782) inhabits the rivers of the coast of Peru and Chile. 
However, only in Peru, it has social, economic, and commercial importance since 
it is extracted from the Pativilca River in Lima to the Tambo River in Arequipa, 
where there is high population density [2], which, in 2016, was captured as 1112.9 t 
[3]. In addition, the species has culinary importance whose potential markets are 
restaurants in the regions of Lima and Arequipa in Peru [4]. C. caementarius is also 
distributed until Valparaiso in Chile [5], although with less commercial impor-
tance due to the low population densities and because it is a vulnerable species 
in the northern region and in danger of extinction in the Metropolitan Region of 
Chile [6].
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Other species of Cryphiops inhabit caves in the state of Chiapas in Mexico, as 
C. (Bithynops) luscus and C. (Bithynops) perspicax [7] and C. (Bithynops) villalobosi 
inhabits rivers and streams [8]. In Brazil, C. brasiliensis inhabit in a river of the 
Federal District [9]. All these species are small in size, whose populations are not 
attractive to trade.

Researches related to shrimp C. caementarius date from 1950, and the generated 
interest is in order to establish commercial cultivation. However, the culturing 
is affected as the strong interaction given the size and thicker of the second pair 
of pereiopods that is a sign that the species is aggressive, and for the cannibalism 
that happens between congeners. These limitations affect the growth and yield of 
shrimp.

The purpose of this chapter was to review progress in research with that of the 
freshwater shrimp C. caementarius, related to alternative solutions to the problems 
of the management of the interaction and cannibalism of postlarvae and adults.

2. Interaction

In decapod crustaceans, there are those who are very aggressive as portunids crabs 
(Scylla, Callinectes, and Portunus), king crabs (Lithodes and paralithodes), followed by 
chelated lobsters (Homarus and Nephrops) and spiny lobsters (Panulirus and Jasus), 
and also, those who are less aggressive as crayfish (Procambarus, Cherax, Pacifastacus, 
and Astacus) and penaeids (Litopenaeus) and are less cannibals [10]. Therefore, the 
aggressiveness between congeners depends on the species.

In the territorialist decapod crustaceans, the second pair of pereopods (cheli-
peds) is long and thick and also those are used for attack and defense, for agonistic 
interaction and for courtship and mating [11]. Males of C. caementarius have one of 
the most developed chelipeds (Figure 1), either the right or the left. In females, the 
chelipeds are of similar size. This morphological feature of the chelipeds makes males 
an aggressive species whose interaction and cannibalism are observed in aquariums, 
tanks, and ponds [12], but this behavior has not been assessed yet. In Callinectes arcu-
atus and C. bellicosus, the chelipeds are dimorphic, and generally, the right cheliped is 
the largest and the thicker that permit to consume mollusks and crustaceans [13].

The interaction of male C. caementarius is greater than that of females, because 
of this situation, males always show serious injuries in the cephalothorax, abdo-
men, and chelipeds, although it is common to observe shrimps without chelipeds. 
In juvenile C. caementarius, interaction and increasing stocking density cause high 
metabolic rate (87–91%) that affects the growth in weight [14] and probably the 
physiological state of the animal. In Macrobrachium rosenbergii, the chelipeds of 
older males are larger and thicker with which they access easily to food and shelter, 
in addition to giving them greater ability to combat due to the visualization of the 

Figure 1. 
Body parts and appendages of the freshwater shrimp C. caementarius.
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opponent [15, 16]. This explains why the most affected parts of the crustaceans are 
the pereopods, pleopods, antennae, antennules, and uropods [17].

3. Cannibalism

All decapod crustaceans use chelipeds for interaction, access to food, shelter, 
and mating, resulting in energy expenditure during the fight and can reach the 
autotomy of appendages and even cannibalism. Cannibalism, defined as intraspe-
cific predation, is a behavior established in a wide variety of animals [18] and is 
considered as the process of killing and eating an individual of the same species 
[19], whether it consumes all or part of it. In C. caementarius, cannibalism is often 
a response to captivity, lack of shelter, ecdysis, increased density, lack of food, and 
poor water quality, and it is probably a natural behavior.

The molting fluid accumulated between the old cuticle and epidermis is the 
product of degradation of the old cuticle [20], which is released with ecdysis and acts 
as a chemical stimulant [21]. In the Hermit crabs, Clibanarius digueti and Paguristes 
perrieri, the odor of the injured animals of the same species as well as other species is a 
feeding signal [22]. Similarly, the odor released during autotomy to escape a predatory 
aggression influences agonistic behavior in decapod crustaceans [10]. The C. caemen-
tarius adults who are close to the ecdysis (premuda D3 and D4) during ecdysis (E) or 
after ecdysis (postmoult A) are more prone to cannibalism, mainly after the ecdysis, 
where the soft exoskeleton, which takes time to harden, makes movement and 
defense difficult for himself. The cannibalism of C. caementarius starts from Zoea 8 
and increases as they grow [23, 24]. These observations indicate that cannibalism may 
have a genetic component, at least in the species, as suggested in other cannibalistic 
species [19].

In M. rosenbergii, interaction and cannibalism by molt is attenuated with the use 
of shelters [25, 26], artificial substrates [27, 28], and by increasing tryptophan in the 
diet [29], with which high survival is maintained and growth is improved. Further 
research is needed to evaluate these culturing systems in C. caementarius.

4. Cultivation of postlarvae in brackish water

The crustacean’s cultivation comprises producing postlarvae in hatchery, the 
postlarvae growth until reaching juvenile stage or condition of preadult and the 
fattening until reaching commercial weight (>20 g). Postlarvae adapt to environ-
mental conditions during the initial culture, and those who survive are resistant, 
and have higher growth rate. However, as mentioned, the problem is the interaction 
and cannibalism that happens throughout the animal’s life. Similar advantages are 
reported during the nursery phase of M. rosenbergii postlarvae due to the interac-
tion and cannibalism [30].

To reduce cannibalism of postlarvae during communal cultivation and obtain 
juveniles with greater weight (200 mg) for stocking in ponds, growing in brackish 
water should be performed. Recent postlarvae of C. caementarius (11 mm total 
length and 40 mg total weight) have remarkable euryhalinity and achieve greater 
weight when grown for 50 days in brackish water of 12‰ and with density of 114 
PLs m−2 [31]. These results demonstrate the physiological efficiency of organ-
isms to accumulate biomass in such salinity conditions, probably because they 
are in their isosmotic point. In addition, 95% of postlarvae survive in water with 
salinity of 12‰, 70% live in water of 24‰, and 40% in fresh water. This high 
survival of postlarvae in brackish water than in fresh water is due to the reduction 
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of cannibalism probably because the released substances before, during, and after 
ecdysis are attenuated by ions of the brackish water from the culture medium [31].

Furthermore, the culture of postlarvae C. caementarius in brackish water with 
12‰ allows increasing the density up to 500 PLs m−2 without affecting the growth 
and survival after 60 days of culture [32]. In juveniles of M. tenellum [33] and 
M. rosenbergii, the higher growth and higher survival (>90%) are obtained in water 
with 10‰ salinity [34]. Under these conditions of salinity and density, it is conve-
nient to use shelters or artificial substrates to enhance the growth of postlarvae.

5. Adult shrimp culturing in individual containers

The main problems of the communal culturing of adult crustaceans are the 
interaction and cannibalism per molt, which are accentuated as the animals grow 
and affect the growth and survival, respectively. In the communal culturing of 
C. caementarius, survival decreases to 17% in aquariums [12] and 25% in tanks 
[24, 35]. In seminatural ponds, it is likely to obtain survivals between 40 and 50%, 
and even the density is 5 shrimp m−2, due to increased cannibalism. These survival 
results of the species prevent the establishment of commercial cultivation.

Cultivation in individual containers was first used in lobster H. americanus 
where the container shape (circular, square, and rectangular) does not affect the 
growth, but the size of these (20–181 cm2) retards the growth [36]. Larger con-
tainers were also used (750 cm2) [37]. The cultures in individual containers and 
conditioned at several levels used are Cherax tenuimanus [38], C. quadricarinatus 
[39], and H. americanus [40, 41]. Although the circular containers can have mesh as 
used in H. gammarus [42]. In any type of culture container, physical interaction of 
organisms is avoided, improving the growth and survival.

The first cultivation system in individual containers was performed with adult 
females C. caementarius [43] and then with males [12], both in aquariums (Figure 2) 
and fiberglass tanks (Figure 3). In this system, the species tolerates cultivation in 
containers of reduced physical space (133–284 cm2), not being affected by ovarian 
maturation, the spawning, the molting period, and the growth and survival during 
4–6 months of culture. Moreover, the lower specific density factor k = 16 means that 
the species requires less space than the other crustaceans [12] obtained. The specific 
density factor is an indicator when the size of the containers inhibits the species 
growth, and the k factor is ≤ 22 from C. quadricarinatus [39], k ≤ 45 from C. tenui-
manus [38], and k ≤ 50 from C. destructor [44]. That is, these species of crustaceans 
cannot tolerate reduced physical spaces during cultivation in individual containers.

Figure 2. 
System culture of C. caementarius in individual containers conditioned in aquariums with water recirculation 
system and biofilter.
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Individual containers are conditioned in various levels, both aquariums and tanks 
or seminatural ponds, thus increasing the planting density. In aquariums (0.186 m2 
and effective volume of 55 L), the containers are installed in three levels, but in two 
columns, making a total of six containers per aquarium equivalent to 32 shrimps m−2 
(Figure 2). In fiberglass tanks (with a bottom area of   0.159 m2 and an effective vol-
ume of 100 L), the containers are installed in five levels, but in three columns, mak-
ing a total of 15 containers per tank equivalent to 94 shrimps m−2 (Figure 3). In both 
cases, the increased production is achieved in large containers (284 cm2), although no 
significant differences with those of smaller areas (Table 1) are seen. In C. quadricari-
natus, the culture containers are conditioned in seven levels within 3 m2 tanks where 
high yield in containers of 490 cm2 is achieved [39]. But, as shrimp C. caementarius is 
sold by weight, including the chelipeds, then it is preferable to use the large contain-
ers. Shrimp farming in individual containers installed in seminatural ponds has not 
been investigated, but environmental and productivity pond water conditions could 
benefit the growth, color of the shrimp, and reduce the feed conversion.

The effective density is the number of surviving organisms at the end of the 
culture period according to the area of the container. In C. caementarius, the effec-
tive density of 94 shrimps m−2, obtained by cultivation in individual containers, 
is considered high, and therefore, cultivation is intensive, which could produce 
10.5 t ha−1 per period in 4 months (Table 1), and get 31.5 t ha−1 y−1, which is 10 
times higher than that one obtained in semi-intensive monoculture of M. rosenbergii 
reaching 3 t ha−1 y−1 [45]. However, in C. quadricarinatus, stocked in individual con-
tainers, the final effective density after 100 days of culture was between 143 and 348 

Figure 3. 
System culture of C. caementarius in individual containers conditioned in fiberglass tanks with water 
recirculation system and biofilter.

Container Effective 
density  

(shrimp m−2)

Final  
weight (g)

Estimated 
performance 

(kg m−2)

Estimated 
production*  

(t ha−1 period−1)Area 
(cm2)

Diameter 
(cm)

133 13 94.34 ± 0.00 8.09 ± 1.37ª 0.763 ± 0.129ª 7.64 ± 1.29ª

201 16 94.34 ± 0.00 9.99 ± 0.62ªb 0.941 ± 0.058ª 9.42 ± 0.59ª

284 19 81.76 ± 10.89 13.20 ± 1.99b 1.049 ± 0.059ª 10.49 ± 0.59ª
*Data were estimated for a 4-month period. Letters a and b in superscript in a column indicate that there is a 
significant difference (p < 0.05).

Table 1. 
Estimated production (mean ± standard deviation) of males of C. caementarius cultivated during 4 months in 
individual containers of different sizes conditioned in five levels inside fiberglass tanks [12].
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of cannibalism probably because the released substances before, during, and after 
ecdysis are attenuated by ions of the brackish water from the culture medium [31].

Furthermore, the culture of postlarvae C. caementarius in brackish water with 
12‰ allows increasing the density up to 500 PLs m−2 without affecting the growth 
and survival after 60 days of culture [32]. In juveniles of M. tenellum [33] and 
M. rosenbergii, the higher growth and higher survival (>90%) are obtained in water 
with 10‰ salinity [34]. Under these conditions of salinity and density, it is conve-
nient to use shelters or artificial substrates to enhance the growth of postlarvae.

5. Adult shrimp culturing in individual containers

The main problems of the communal culturing of adult crustaceans are the 
interaction and cannibalism per molt, which are accentuated as the animals grow 
and affect the growth and survival, respectively. In the communal culturing of 
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Figure 2. 
System culture of C. caementarius in individual containers conditioned in aquariums with water recirculation 
system and biofilter.
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Individual containers are conditioned in various levels, both aquariums and tanks 
or seminatural ponds, thus increasing the planting density. In aquariums (0.186 m2 
and effective volume of 55 L), the containers are installed in three levels, but in two 
columns, making a total of six containers per aquarium equivalent to 32 shrimps m−2 
(Figure 2). In fiberglass tanks (with a bottom area of   0.159 m2 and an effective vol-
ume of 100 L), the containers are installed in five levels, but in three columns, mak-
ing a total of 15 containers per tank equivalent to 94 shrimps m−2 (Figure 3). In both 
cases, the increased production is achieved in large containers (284 cm2), although no 
significant differences with those of smaller areas (Table 1) are seen. In C. quadricari-
natus, the culture containers are conditioned in seven levels within 3 m2 tanks where 
high yield in containers of 490 cm2 is achieved [39]. But, as shrimp C. caementarius is 
sold by weight, including the chelipeds, then it is preferable to use the large contain-
ers. Shrimp farming in individual containers installed in seminatural ponds has not 
been investigated, but environmental and productivity pond water conditions could 
benefit the growth, color of the shrimp, and reduce the feed conversion.

The effective density is the number of surviving organisms at the end of the 
culture period according to the area of the container. In C. caementarius, the effec-
tive density of 94 shrimps m−2, obtained by cultivation in individual containers, 
is considered high, and therefore, cultivation is intensive, which could produce 
10.5 t ha−1 per period in 4 months (Table 1), and get 31.5 t ha−1 y−1, which is 10 
times higher than that one obtained in semi-intensive monoculture of M. rosenbergii 
reaching 3 t ha−1 y−1 [45]. However, in C. quadricarinatus, stocked in individual con-
tainers, the final effective density after 100 days of culture was between 143 and 348 

Figure 3. 
System culture of C. caementarius in individual containers conditioned in fiberglass tanks with water 
recirculation system and biofilter.

Container Effective 
density  

(shrimp m−2)

Final  
weight (g)

Estimated 
performance 

(kg m−2)

Estimated 
production*  

(t ha−1 period−1)Area 
(cm2)

Diameter 
(cm)

133 13 94.34 ± 0.00 8.09 ± 1.37ª 0.763 ± 0.129ª 7.64 ± 1.29ª

201 16 94.34 ± 0.00 9.99 ± 0.62ªb 0.941 ± 0.058ª 9.42 ± 0.59ª

284 19 81.76 ± 10.89 13.20 ± 1.99b 1.049 ± 0.059ª 10.49 ± 0.59ª
*Data were estimated for a 4-month period. Letters a and b in superscript in a column indicate that there is a 
significant difference (p < 0.05).

Table 1. 
Estimated production (mean ± standard deviation) of males of C. caementarius cultivated during 4 months in 
individual containers of different sizes conditioned in five levels inside fiberglass tanks [12].
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individuals m−2 and the yield between 4 and 8 kg m−2 [39]. Future research should 
establish in detail the conditions of the cultivation system in individual containers, 
to intensify the cultivation of C. caementarius. Parallel to this, a technical-economic 
study must be made to know the feasibility of shrimp farming in the system.

However, the cultivation of C. caementarius in individual containers causes 
loss of body color and of cephalothoracic appendages (Figure 4), but the use of 
Capsicum annuum (250 mg kg−1) [12] and in the diet (300 mg kg−1) improves 
pigmentation of the body [46]. Consequently, the shrimp diet should contain carot-
enoid pigments, since crustaceans cannot synthesize carotenoids de novo [47]. Body 
depigmentation attributed to diet happens in C. tenuimanus [38] and H. gammarus 
[40], when they are grown in individual containers.

In the culture of C. caementarius in individual containers, the management of 
food at the commercial level would imply a cost of additional labor that increases 
the cost of cultivation. It is, therefore, necessary to design a food distribution system 
as used in Homarus sp. [48] and H. gammarus [49]. In species of Scylla, the most 
sophisticated designed system to date includes cameras linked to a computer system 
that regularly scans the cells to see if there are one or two crabs in each container 
indicating that the crab has made an ecdysis, by the presence of exoskeleton and 
crab. In addition, this system also includes a sophisticated water recirculation 
system [50].

In studies with male shrimps C. caementarius in individual containers installed in 
aquaria and tanks with recirculation system with water and biological filters, growth 
is evaluated by eyestalk ablation [51] per culturing at different water hardness [52] 
and by different inputs used in the diet such as paprika [46], yeast [53], common salt 
[54], biological silage [55], and soya lecithin [56]. Survival of >90% are obtained in 
all these investigations, which demonstrates the effectiveness of the culture system 
by avoiding the physical interaction and cannibalism of river shrimp. In similar 
culture conditions, survivals between 71 and 83% in C. tenuimanus [38] and 96% 
in C. quadricarinatus [39] are achieved. However, the system requires individual 
containers to be improved with regard to handling molting, feed system, monitoring 
of the species, the recirculation system automation, and use in seminatural ponds. 
In the same way, the individual containers are not only useful for enhancing the 
growth of C. caementarius, but also for the management of female reproduction, and 
in the case of shrimp males, also for selecting those with the highest rates of specific 
growth (>1% weight day−1) for the purposes of genetic improvement.

Figure 4. 
Color of the C. caementarius body after culturing in individual containers: (A) female of normal color; 
(B) female depigmented; (C) male of normal color; and (D) male depigmented.
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6. Co-culture of shrimp/tilapia

The co-culturing is done out with two species share a common aquatic environ-
ment (aquarium, tank, or pond), but whose construction does not allow physical 
interaction between organisms because they remain separate, and therefore, both 
species are a major management factor. Instead, in the polyculture, two or three 
species within the aquatic environment interact constantly competing for space and 
food, and therefore only one species is the main one.

Combinations of species in a co-culturing allow maximizing the performance 
of those who are territorial and aggressive. The co-culture of Oreochromis niloticus 
in cages inside ponds with M. rosenbergii [57] is well known. Also, it is known to 
co-culture of C. caementarius male shrimp in individual containers inside aquariums 
with O. niloticus fingerlings (Figure 5), where tilapia production was estimated at 
0.511 kg m−3. The tilapia consumed only food that came out of the shrimp culture 
container [12]. In other researches, co-culture of C. caementarius shrimp with tilapia 
O. niloticus at different densities were performed [58], and co-culturing shrimp with 
tilapia was performed to evaluate different concentrations of biological silage [55]. 
In both cases, 100% survival was achieved and production of species is improved. 
Co-cultivation of shrimp/tilapia mainly generates high nitrates that may be used in 
the cultivation of vegetables, whose integration would result in an aquaponics system.

7. Transportation of adult shrimp

The communal transport of male adult shrimps C. caementarius for fattening 
purposes is difficult due to the increased interaction causing injuries, chelipeds loss, 
shrimp death mainly of those who are about to carry out ecdysis or those who molt 
during the transport. In addition, the increased mortality depends on the density 
and transport time; but water temperature is a dominant factor that affects shrimp 
during transport [59].

The transport of adult C. caementarius shrimps in individual containers is 
performed by using plastic cups where a shrimp (≥4 cm of total length) is intro-
duced into each plastic cup (250 mL). The plastic cup has holes to allow the water 
flow (Figure 6A). Then, all plastic cups are conditioned in plastic containers (45 L) 
with water of river (Figure 6B) and with either continuous or intermittent aeration 
(Figure 6C). The average water temperature is around 20°C. This system allows 
to transport 77 shrimps (17 shrimps for 10 L) per container for 5 h and with 100% 
survival [12]. However, the ideal size of transporting cups of live shrimps has not 
been studied, but as they support very small physical space, it is possible to use 
smaller plastic cups or to use PVC pipes according to the animal size.

Figure 5. 
(A) Co-culture of C. caementarius in individual containers with O. niloticus. (B) System of co-culture in 
aquarium. (C) Co-culture system in fiberglass tank.
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On the other hand, the conventional transport of C. caementarius, an adult 
shrimp of 6 cm of total length, is also carried out in 4‰ of water salinity, because 
with this salinity, the shrimps do not show interaction or cannibalism and all survive 
in these conditions for 45 days [60]. The M. rosenbergii broodstock are transported 
in containers with brackish water (12‰), with oxygen and at low temperature 
to reduce metabolism, thus obtaining mortalities <10% [61]. In addition, aerated 
plastic barrels, or trucks with aerated water tanks, are used [62]. Other techniques 
such as increasing air humidity, the use of refrigerated sawdust or chips, and purg-
ing to reduce nitrogenous waste have been developed to increase the survival during 
transportation of live specimens of shrimp, prawns, lobsters, and crabs [63].

8. Conclusions

The male shrimps C. caementarius are aggressive for having one of the chelipeds 
more developed, causing greater interaction and cannibalism in any culture system. 
Female shrimps are less aggressive. To reduce interaction and shrimp cannibalism, 
two management systems are proposed. For postlarvae, using brackish water (12‰) 
keeps high survival (>85%) but only in the initial culture which lasts for 50 days. For 
the fattening of adult males, growing in individual containers conditioned in multiple 
levels allows high survival (87 and 100%) and yields between 0.7 and 1.0 kg m−2. 
Furthermore, in this system, the co-culture of shrimp/tilapia is also performed to 
maximize performance. It is still required to demonstrate the technical and economic 
feasibility of fattening male shrimp in individual containers within seminatural ponds.
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Chapter 5

Bateman Gradients and 
Alternative Mating Strategies  
in a Marine Isopod
Katharine M. Saunders and Stephen M. Shuster

Abstract

The “Bateman gradient” provides a means for estimating the strength of 
sexual selection. Although widely used for this purpose, this approach has not 
been applied to examine the covariance between mate numbers and offspring 
numbers among alternative mating strategies. Differences in this covariance 
could exist if the average fitnesses of different mating phenotypes were unequal, 
as has been suggested for “alternative mating tactics.” We tested this hypothesis 
in Paracerceis sculpta, a sexually dimorphic marine isopod in which three male 
morphs coexist. We found no significant differences in sexual competency and 
no significant differences in Bateman gradients among morphs, that is, the 
average morph fitnesses were equivalent. However, with data pooled among 
morphs, we found a significant sex difference in Bateman gradients, as expected 
for dimorphic species; females gained no additional fitness from mating with 
multiple males, whereas male fitness increased with increasing mate numbers. 
In nature, the fitnesses of the three morphs are variable due to differences in 
the availability of receptive females. Our results suggest that differences in mate 
availability, not differences in sexual competency, are responsible for observed 
variance in fitness within, and for the equality of fitnesses among, the three male 
morphs in this species.

Keywords: measuring sexual selection, male polymorphism, Crustacea, Isopoda

1. Introduction

By definition, females produce few, large ova, whereas males produce many, 
tiny sperm. This sex difference in initial parental investment is widely viewed as 
the primary cause of sexual selection and intersexual conflict [1–4]. However, 
Bateman ([1], p. 363) also argued that, “Variance in number of mates is…the only 
important cause of the sex difference in the variance in fertility,” and therefore 
that a sex difference in the variance in fertility provides “a measure of the sex dif-
ference in intensity of selection.” This statement implies that selection within each 
sex, rather than between the sexes is responsible for sexual selection as well as for 
the evolution of sexual differences. The magnitude of the sex difference in fitness 
variance can be specifically quantified, not through proxies for selection intensity, 
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variance can be specifically quantified, not through proxies for selection intensity, 
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such as the ratio of sexually mature males to receptive females at any time (the 
Operational Sex Ratio, OSR [5]) or the ratio of maximum potential reproduc-
tive rates for each sex (PRR; [6]), but rather from actual estimates of selection’s 
strength [7–12].

Such measures include the opportunity for selection (VW/W2 = I; [13]), the 
ratio of the variance in fitness to its squared average. This parameter, when mea-
sured using the mean and variance in mate numbers for each sex and adjusted by 
the sex ratio, quantifies the sex difference in the opportunity for selection, that 
is, the opportunity for sexual selection (IM, [7, 8]; Imates [9]; Is [14]). Despite an 
early focus on mate numbers, the opportunity for sexual selection can be mea-
sured more precisely using the mean and variance in offspring numbers for each 
sex [9, 15, 16]. The Bateman gradient, βss [14, 16–19] provides a more specific 
estimator of the effect of mating success on fitness, by quantifying the standard-
ized covariance between mate number and offspring number. Jones’ Index, 
βss√Is, combines these parameters and appears to provide a useful correction 
when the opportunity for sexual selection is expressed in terms of mate numbers 
rather than in terms of offspring numbers [14, 20].

The Bateman gradient is among the more precise methods for measuring 
sexual selection because it measures the slope, βss, of the statistical relationship 
between mate numbers and offspring numbers for members of each sex [16]. 
Thus, it estimates the intensity of sexual selection on the trait or traits that 
influence the sex difference in the variance in offspring numbers, provided 
that such traits can be identified. Although now widely used to compare sex 
differences in selection intensity [16–19, 21], the Bateman gradient has not been 
used to examine the covariance between mate numbers and offspring numbers 
among polymorphic mating phenotypes, also known as alternative mating 
strategies [9, 22, 23].

Polymorphisms in mating phenotype are considered by many researchers to 
provide examples of fitness satisficing, a current explanation for why alternative 
adult morphs persist within populations despite their experience of average fitness 
that is less than the average fitness of the conventional adult morph. According 
to this hypothesis, alternative phenotypes appear to “make the best of a bad job” 
[22–24]. One mechanism by which alternative phenotypes could experience less-
than-average fitness is if Bateman gradients among the adult morphs are statisti-
cally distinct.

The Gulf of California sphaeromatid isopod, Paracerceis sculpta, has three 
distinct male morphs and breeds within the spongocoels of the sponge, Leucetta 
losangelensis, (Figure 1). Alpha males are largest and possess enlarged uropods, used 
for defending breeding sites. Beta males are smaller than α-males and resemble 
females in behavior and body form. Gamma males are the smallest and use their 
small size and agility to “sneak” into spongocoels [25]. Previous results indicate that 
variance in fitness within each of the three male morphs is large, whereas fitness 
differences among morphs are minute, a necessary condition for the persistence of 
genetic polymorphism [26].

While the possible causes of variance in mating success within α-males are 
relatively well understood [27–32], the causes of within-morph fitness variance 
for β- and γ-males are less clear. Here, we measured Bateman gradients for α-, β-, 
and γ-males, and females in P. sculpta to determine if there is a significant differ-
ence in the covariance between mate numbers and offspring numbers for the four 
adult phenotypes in this species. Our results reveal the precision of this approach 
for measuring the difference in sexual selection intensity and suggest an alterna-
tive method for investigating fitness differences among morphs in species with 
sexual polymorphisms.
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2. Materials and methods

2.1 Sexual receptivity, mating, and gestation in P. sculpta

Females are attracted to breeding sites in sponges when their ovaries and brood 
pouches mature [29]. Sexual receptivity in these S1 females is initiated when they 
shed the posterior half of their cuticle and expose genital openings at the base of 
each fifth walking leg [27]. Females in S2 (half molted) condition remain receptive 
for 24 h before shedding their anterior cuticles, ovipositing into internal brood 
pouches and becoming non-receptive (S3). Females do not feed during gestation 
(S4–S7; [27]). Males complete a mating sequence with receptive females by inserting 
their appendix masculina and ejaculating into one, and then into the other of their 
mate’s vaginas. Fertilization occurs and zygotes are brooded internally for 3 weeks 
before being released as fully formed juveniles (mancas; [27–29]).

2.2 Field collections

We collected several hundred isopods from the spongocoels of the intertidal 
sponge, Leucetta losangelensis, in the northern Gulf of California [30]. All individuals 

Figure 1. 
The α-, β-, and γ-male and female morphs in Paracerceis sculpta (redrawn from Shuster [30]).
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were sexed, scored by reproductive condition, measured to the nearest 0.125 mm, 
and identified by unique cuticular pigmentation patterns [27, 28]. We retained 
unmolted, sexually mature (S1) females (N = 92), as well as α-, β-, and γ-males 
(N = 41) from samples and placed these individuals into 225-ml plastic cups contain-
ing seawater. All other individuals were returned to collection sites within 24 h.

2.3 Matings for males

To examine the relationship between mate number and fertility for the three 
male morphs, and to compare the fertility of females mated to each of the three 
male morphs (see below), we allowed α-males (N = 14), β-males (N = 14), and 
γ-males (N = 13) to mate with 1–5 females in succession (Nfemales = 86). We 
allowed each male to remain with each female for the duration of her 24-h period 
of receptivity. We then separated individuals and placed them in separate 225-ml 
cups containing seawater. Males were then placed with another S2 female, allowed 
to mate for 24 h, and the sequence was continued until males either died or mated 
five times. All S3 females were maintained in containers until parturition when we 
counted all mancas and undeveloped zygotes, if present.

To determine whether the fertility of males differed or decreased with increasing 
mating frequency, as well as to determine whether the fertility of the females mated 
by α-, β-, and γ-males was statistically distinguishable, we first calculated the resid-
uals for the regression of offspring number on female body size to account for the 
positive effect female body size has on fertility (F[1,85] = 98.14, P < 0.0001). Then, 
we analyzed these residuals using a two-way ANOVA to examine the influences 
of male morph (MORPH), the order of females in the mating queue (ORDER), 
and their interaction (MORPH*ORDER) on the number of offspring produced by 
individual females mated by α-, β-, and γ-males. We performed a similar analysis 
on the number of undeveloped zygotes per female but did not calculate residuals 
for this analysis because there was no significant relationship between female body 
length and the number of undeveloped zygotes (F[1,68] = 0.67, P = 0.42).

2.4 Matings for females

To examine the relationship between mate number and fertility for females, we 
allowed S2 females to complete one mating sequence each with either 1 (N = 2), 3 
(N = 1), or 5 (N = 3) α-males in succession. Pairs of isopods were given a maximum of 
20 min to begin mating. To prevent re-mating, we removed males after mating, changed 
the water in the cup, and allowed each female to recover for 5 min before the next male 
was introduced. The entire mating sequence for each female never exceeded 2 h. S3 
females were maintained in their containers until parturition, when all mancas were 
counted. Again, the numbers of undeveloped zygotes, if present, were also counted.

To investigate whether the fertility of females who mated 1–5 times over 2 h, 
was different from each other as well as from the fertility of the 86 females, we 
allowed unlimited matings with males over 24 h (see “Matings for males” section), 
we first calculated the residuals for the regression of offspring number on female 
body size to account for the positive relationship between female size and fertility 
(F[1,5] = 15.98, P = 0.02). Next, because of the small sample size of females mated 
within 2 h (N = 6), we compared the residuals of the fertility of females mated 
1, 3 and 5 times using a Kruskal-Wallis test. Because this test was non-significant 
(X2

[2,6] = 0.86, P = 0.65), we pooled these females for our analysis and compared 
their fertility as a group, with those of females who were allowed unlimited matings 
for 24 h. Note that these latter females (Nfemales = 86) were the same females whose 
fertility was compared when mated with α-, β-, and γ-males above.
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Using two-way ANOVA, we then examined the influences of female body length 
(FBLENG), the time available for mating (DURATION; 1–5 matings in 2 h; unlim-
ited matings in 24 h), and their interaction (FBLENG*DURATION) on the number 
of offspring produced by females. We performed a similar analysis on the number 
of undeveloped zygotes per female. As in the previous analysis of undeveloped 
zygotes, we did not calculate residuals for this analysis because there was no sig-
nificant relationship between female body length and the number of undeveloped 
zygotes (F[1,73] = 1.27, P = 0.26).

2.5 Bateman gradients

We used two-way ANOVA to examine the influences of adult phenotype 
(ADULTP), mate number (NMATES), and their interaction (ADULTP*NMATES) 
on the number of offspring produced by α-, β-, and γ-males, and females. We 
then subdivided our data by sex and used two-way ANOVA to examine the influ-
ence of male morph (MORPH), mate number (NMATES), and their interaction 
(MORPH*NMATES) on the number of offspring produced by α-, β-, and γ-males. 
Because males were analyzed separately from females, we used a Bonferroni correc-
tion to reduce our criterion for significance, α = 0.05/2 = 0.025. Lastly, we pooled 
the data for all males and used two-way ANOVA to examine the influences of sex 
(SEX), mate numbers (NMATES), and their interaction (SEX*NMATES) on the 
number of offspring produced by all males and all females. For individual Bateman 
gradients, we calculated the least squares regression of offspring numbers on mate 
numbers for each adult morph [16].

3. Results

Our two-way ANOVA of the residuals for offspring number on female 
body length, to determine whether the fertility of the three male morphs dif-
fered or decreased with increasing mating frequency, was non-significant 
overall (F[5,85] = 0.25, P = 0.94) with non-significant effects of male morph 
(F[MORPH] = 0.42, P = 0.66) and mate order (F[ORDER] = 2.21, P = 0.64) and a non-
significant interaction between these factors (F[MORPH*ORDER] = 0.15, P = 0.86). 
This result indicated that the three male morphs did not differ in their sexual 
competency with multiple matings. This result also confirmed that there were no 
significant differences in the fertility of females mated with α-, β-, and γ-males, and 
confirmed that there were no significant differences in the numbers of undevel-
oped zygotes among females mated by α-, β-, and γ-males (F[5,67] = 0.18, P = 0.97; 
F[MORPH] = 0.31, P = 0.73; F[ORDER] = 0.01, P = 0.95; F[MORPH*ORDER] = 0.18, P = 0.83).

Our two-way ANOVA to compare the fertility of females who mated 1–5 
times over 2 h vs. the fertility of females allowed unlimited matings over 24 h was 
significant overall (F[3,81] = 34.56, P < 0.0001) with a significant effect of body 
length (F[FBLENG] = 7.34, P = 0.008), but no significant effect of the time available 
for mating (F[DURATION] = 1.03, P = 0.31) and no significant interaction between 
female body length and the time available for mating (F[FBLENG*DURATION] = 0.35, 
P = 0.55). This result indicated that the size-adjusted fertility of females allowed 
to mate 1–5 times was no different from those of females allowed unlimited access 
to matings over 24 h. This result was corroborated by our finding that there were 
no significant differences in the numbers of undeveloped zygotes among females 
mated 1–5 times compared with females allowed unlimited matings over 24 h. 
(F[3,73] = 0.63, P = 0.60; F[FLENG] = 1.07, P = 0.30; F[DURATION] = 0.04, P = 0.84; 
F[FBLENG*DURATION] = 0.33, P = 0.57).
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Using two-way ANOVA, we then examined the influences of female body length 
(FBLENG), the time available for mating (DURATION; 1–5 matings in 2 h; unlim-
ited matings in 24 h), and their interaction (FBLENG*DURATION) on the number 
of offspring produced by females. We performed a similar analysis on the number 
of undeveloped zygotes per female. As in the previous analysis of undeveloped 
zygotes, we did not calculate residuals for this analysis because there was no sig-
nificant relationship between female body length and the number of undeveloped 
zygotes (F[1,73] = 1.27, P = 0.26).

2.5 Bateman gradients

We used two-way ANOVA to examine the influences of adult phenotype 
(ADULTP), mate number (NMATES), and their interaction (ADULTP*NMATES) 
on the number of offspring produced by α-, β-, and γ-males, and females. We 
then subdivided our data by sex and used two-way ANOVA to examine the influ-
ence of male morph (MORPH), mate number (NMATES), and their interaction 
(MORPH*NMATES) on the number of offspring produced by α-, β-, and γ-males. 
Because males were analyzed separately from females, we used a Bonferroni correc-
tion to reduce our criterion for significance, α = 0.05/2 = 0.025. Lastly, we pooled 
the data for all males and used two-way ANOVA to examine the influences of sex 
(SEX), mate numbers (NMATES), and their interaction (SEX*NMATES) on the 
number of offspring produced by all males and all females. For individual Bateman 
gradients, we calculated the least squares regression of offspring numbers on mate 
numbers for each adult morph [16].

3. Results

Our two-way ANOVA of the residuals for offspring number on female 
body length, to determine whether the fertility of the three male morphs dif-
fered or decreased with increasing mating frequency, was non-significant 
overall (F[5,85] = 0.25, P = 0.94) with non-significant effects of male morph 
(F[MORPH] = 0.42, P = 0.66) and mate order (F[ORDER] = 2.21, P = 0.64) and a non-
significant interaction between these factors (F[MORPH*ORDER] = 0.15, P = 0.86). 
This result indicated that the three male morphs did not differ in their sexual 
competency with multiple matings. This result also confirmed that there were no 
significant differences in the fertility of females mated with α-, β-, and γ-males, and 
confirmed that there were no significant differences in the numbers of undevel-
oped zygotes among females mated by α-, β-, and γ-males (F[5,67] = 0.18, P = 0.97; 
F[MORPH] = 0.31, P = 0.73; F[ORDER] = 0.01, P = 0.95; F[MORPH*ORDER] = 0.18, P = 0.83).

Our two-way ANOVA to compare the fertility of females who mated 1–5 
times over 2 h vs. the fertility of females allowed unlimited matings over 24 h was 
significant overall (F[3,81] = 34.56, P < 0.0001) with a significant effect of body 
length (F[FBLENG] = 7.34, P = 0.008), but no significant effect of the time available 
for mating (F[DURATION] = 1.03, P = 0.31) and no significant interaction between 
female body length and the time available for mating (F[FBLENG*DURATION] = 0.35, 
P = 0.55). This result indicated that the size-adjusted fertility of females allowed 
to mate 1–5 times was no different from those of females allowed unlimited access 
to matings over 24 h. This result was corroborated by our finding that there were 
no significant differences in the numbers of undeveloped zygotes among females 
mated 1–5 times compared with females allowed unlimited matings over 24 h. 
(F[3,73] = 0.63, P = 0.60; F[FLENG] = 1.07, P = 0.30; F[DURATION] = 0.04, P = 0.84; 
F[FBLENG*DURATION] = 0.33, P = 0.57).
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Our two-way ANOVA comparing the relationship between mate numbers 
and offspring numbers for each of the three male morphs and females (Figure 2) 
was significant (F[7, 39] = 8.71, P < 0.001), with a significant effect of adult 
phenotype (F[ADULTP] = 5.13, P = 0.004), a significant effect of mate numbers 
(F[NMATES] = 32.60, P < 0.0001), and with a significant interaction between adult 
phenotype and mate numbers (F[ADULTP*NMATES] = 3.25, P = 0.032). This result 
indicated that a phenotype difference in Bateman gradients does exist for P. sculpta, 
but it did not reveal the source of the difference.

That source was revealed by two successive tests. Our two-way ANOVA of males 
alone, to identify the source of the difference in Bateman gradients among the adult 
phenotypes, was significant overall (F[5, 35] = 8.91, P < 0.0001), with a significant 
effect of mate numbers (F[NMATES] = 40.66, P < 0.0001). However, we found no 
significant effect of male morph (F[MORPH] = 1.59, P = 0.22) and no significant inter-
action between male morph and mate numbers (F[MORPH*NMATES] = 0.17, P = 0.85), 
indicating that Bateman gradients for the three male morphs were indistinguish-
able. This result justified pooling all males for re-analysis of the relationship 
between mate numbers and offspring numbers for males and females.

This pooled-male analysis was significant overall (F[3,38] = 19.09, P < 0.001) with 
a significant effect of sex (F[SEX] = 11.81, P = 0.001), a significant effect of mate 
numbers (F[NMATES] = 10.14, P = 0.003), and a significant interaction between sex 
and mate numbers (F[SEX*NMATES] = 9.26, P = 0.004), a result confirming that a sex 
difference in Bateman gradients exists for P. sculpta (Figure 2). In this analysis, the 
sex difference in the covariance between mate numbers and offspring numbers was 
over 40-fold larger for males than for females (Figure 2).

4. Discussion

Our results showed that although they appear to invest different amounts of 
energy toward somatic and gametic functions [27, 28], the three male morphs in 
P. sculpta do not differ in their sexual competencies with multiple matings. This 
result also demonstrated that individual females mated with α-, β-, or γ-males do 

Figure 2. 
Bateman gradients estimated for each adult phenotype in P. sculpta: α-males (βss ± SE = 87.60 ± 25.33, N = 14; 
P = 0.005; black diamonds, dashed line); β-males (βss ± SE = 80.46 ± 11.96, N = 14, P < 0.0001; dark gray 
triangles, dashed and dotted line); γ-males (βss ± SE = 69.48 ± 26.16, N = 13, P = 0.022; light gray squares, 
dotted line); females (βss ± SE = 1.78 ± 4.48, N = 6, P = 0.64; open circles, solid line); and pooled males 
(βss ± SE = 78.92 ± 12.23, N = 41, P < 0.0001; open circles); details of this analysis are described in the text.
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not differ in their fertility when allowed to mate with these males a bene placito 
over a 24-h period. Here, we confirmed this finding using the number of live young 
produced, as well as the number of undeveloped zygotes remaining within female 
brood pouches, thus considering the possibility of the positive, as well as the nega-
tive influences that multiple mating may have on female fertility. We also showed 
that the size-adjusted fertility of females allowed to mate 1–5 times was no different 
from those of females allowed unlimited access to matings over 24 h. This result 
justified our comparison of multiple matings by females with multiple matings by 
males of each of the three male phenotypes in our analysis of Bateman gradients.

Our results further showed that while the three male morphs do not exhibit 
distinct Bateman gradients, a sex difference in Bateman gradients does exist for P. 
sculpta when adult male and female phenotypes are compared. α-, β-, and γ-males 
coexist at different population frequencies in nature (α: 0.81; β: 0.15; γ: 0.04; 
N = 555; [26]) and appear to differ in their mating success in different social cir-
cumstances [28, 29]. However, the fact that their Bateman gradients are statistically 
indistinguishable indicates that under our experimental conditions the fitnesses 
of the three male morphs were equal. Although the sample size for the females was 
small relative to females who mated once, as many as five matings had no effect on 
the number of offspring females in our study produced. Moreover, the fertility of 
these females, with variable numbers of matings, was no different from the fertility 
of a larger sample of females (N = 86) with unlimited numbers of matings.

In contrast, within each of the three morphs, male fitness increased linearly with 
increasing numbers of matings (Figure 2). The large difference between the sexes 
in the number of offspring produced with increased numbers of mates suggests that 
intersexual conflict (c.f., [1–4, 12]) could exist within this species. Indeed in this 
study, the sex difference in the intensity of selection was over 40 times greater in 
males than in females (see also [10]). However, the magnitude of this difference also 
suggests that while intersexual conflict could exist, natural selection on females is 
considerably weaker than sexual selection on males. An evolutionary response by 
females to possible sexual exploitation by males, that is, an intersexual arms race of 
the sort envisioned in intersexual conflict scenarios [1–4, 12], might therefore be 
undetectable [9]. Despite the possibility of sexual exploitation by males, we found 
no evidence of that females were negatively affected by multiple matings.

The significant sex difference in Bateman gradients for P. sculpta suggests that 
sexual selection acts much more intensely on males than it does on females in 
this species. However, this result also indicates that sexual selection does not act 
differentially among the three male morphs through differences in mate number 
alone. This result corroborates other results [9, 26] indicating that fitness satisficing 
does not occur among the male morphs in P. sculpta in this context, and that dif-
ferences in mate availability, not differences in sexual competency, are responsible 
for observed variance in fitness within, and for the equality of fitnesses among the 
three male morphs in this species. When β- and γ-males are present with α-males in 
the spongocoels in which these isopods breed, they tend to be more successful than 
α-males, particularly when harem sizes are large [9, 26, 28]. These results suggest 
that β- and γ-males may be more effective in tactics that enhance fertilization suc-
cess, such as mate guarding or repeated inseminations, than α-males [26].

If this is indeed the case, then as is widely acknowledged, the number of mat-
ings individual males acquire need not translate linearly toward that male’s overall 
fitness. More specifically, in nature, multiple Bateman gradients among male 
morphs may exist that each depend on the number of available mates as well as the 
number of different mating males representing each morph that are present within 
breeding sites at any given time. Such variation is likely to be widespread among 
species exhibiting reproductive polymorphisms (reviews in [17, 22, 33–40]). Under 



Crustacea

70

Our two-way ANOVA comparing the relationship between mate numbers 
and offspring numbers for each of the three male morphs and females (Figure 2) 
was significant (F[7, 39] = 8.71, P < 0.001), with a significant effect of adult 
phenotype (F[ADULTP] = 5.13, P = 0.004), a significant effect of mate numbers 
(F[NMATES] = 32.60, P < 0.0001), and with a significant interaction between adult 
phenotype and mate numbers (F[ADULTP*NMATES] = 3.25, P = 0.032). This result 
indicated that a phenotype difference in Bateman gradients does exist for P. sculpta, 
but it did not reveal the source of the difference.

That source was revealed by two successive tests. Our two-way ANOVA of males 
alone, to identify the source of the difference in Bateman gradients among the adult 
phenotypes, was significant overall (F[5, 35] = 8.91, P < 0.0001), with a significant 
effect of mate numbers (F[NMATES] = 40.66, P < 0.0001). However, we found no 
significant effect of male morph (F[MORPH] = 1.59, P = 0.22) and no significant inter-
action between male morph and mate numbers (F[MORPH*NMATES] = 0.17, P = 0.85), 
indicating that Bateman gradients for the three male morphs were indistinguish-
able. This result justified pooling all males for re-analysis of the relationship 
between mate numbers and offspring numbers for males and females.

This pooled-male analysis was significant overall (F[3,38] = 19.09, P < 0.001) with 
a significant effect of sex (F[SEX] = 11.81, P = 0.001), a significant effect of mate 
numbers (F[NMATES] = 10.14, P = 0.003), and a significant interaction between sex 
and mate numbers (F[SEX*NMATES] = 9.26, P = 0.004), a result confirming that a sex 
difference in Bateman gradients exists for P. sculpta (Figure 2). In this analysis, the 
sex difference in the covariance between mate numbers and offspring numbers was 
over 40-fold larger for males than for females (Figure 2).

4. Discussion

Our results showed that although they appear to invest different amounts of 
energy toward somatic and gametic functions [27, 28], the three male morphs in 
P. sculpta do not differ in their sexual competencies with multiple matings. This 
result also demonstrated that individual females mated with α-, β-, or γ-males do 

Figure 2. 
Bateman gradients estimated for each adult phenotype in P. sculpta: α-males (βss ± SE = 87.60 ± 25.33, N = 14; 
P = 0.005; black diamonds, dashed line); β-males (βss ± SE = 80.46 ± 11.96, N = 14, P < 0.0001; dark gray 
triangles, dashed and dotted line); γ-males (βss ± SE = 69.48 ± 26.16, N = 13, P = 0.022; light gray squares, 
dotted line); females (βss ± SE = 1.78 ± 4.48, N = 6, P = 0.64; open circles, solid line); and pooled males 
(βss ± SE = 78.92 ± 12.23, N = 41, P < 0.0001; open circles); details of this analysis are described in the text.
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not differ in their fertility when allowed to mate with these males a bene placito 
over a 24-h period. Here, we confirmed this finding using the number of live young 
produced, as well as the number of undeveloped zygotes remaining within female 
brood pouches, thus considering the possibility of the positive, as well as the nega-
tive influences that multiple mating may have on female fertility. We also showed 
that the size-adjusted fertility of females allowed to mate 1–5 times was no different 
from those of females allowed unlimited access to matings over 24 h. This result 
justified our comparison of multiple matings by females with multiple matings by 
males of each of the three male phenotypes in our analysis of Bateman gradients.

Our results further showed that while the three male morphs do not exhibit 
distinct Bateman gradients, a sex difference in Bateman gradients does exist for P. 
sculpta when adult male and female phenotypes are compared. α-, β-, and γ-males 
coexist at different population frequencies in nature (α: 0.81; β: 0.15; γ: 0.04; 
N = 555; [26]) and appear to differ in their mating success in different social cir-
cumstances [28, 29]. However, the fact that their Bateman gradients are statistically 
indistinguishable indicates that under our experimental conditions the fitnesses 
of the three male morphs were equal. Although the sample size for the females was 
small relative to females who mated once, as many as five matings had no effect on 
the number of offspring females in our study produced. Moreover, the fertility of 
these females, with variable numbers of matings, was no different from the fertility 
of a larger sample of females (N = 86) with unlimited numbers of matings.

In contrast, within each of the three morphs, male fitness increased linearly with 
increasing numbers of matings (Figure 2). The large difference between the sexes 
in the number of offspring produced with increased numbers of mates suggests that 
intersexual conflict (c.f., [1–4, 12]) could exist within this species. Indeed in this 
study, the sex difference in the intensity of selection was over 40 times greater in 
males than in females (see also [10]). However, the magnitude of this difference also 
suggests that while intersexual conflict could exist, natural selection on females is 
considerably weaker than sexual selection on males. An evolutionary response by 
females to possible sexual exploitation by males, that is, an intersexual arms race of 
the sort envisioned in intersexual conflict scenarios [1–4, 12], might therefore be 
undetectable [9]. Despite the possibility of sexual exploitation by males, we found 
no evidence of that females were negatively affected by multiple matings.

The significant sex difference in Bateman gradients for P. sculpta suggests that 
sexual selection acts much more intensely on males than it does on females in 
this species. However, this result also indicates that sexual selection does not act 
differentially among the three male morphs through differences in mate number 
alone. This result corroborates other results [9, 26] indicating that fitness satisficing 
does not occur among the male morphs in P. sculpta in this context, and that dif-
ferences in mate availability, not differences in sexual competency, are responsible 
for observed variance in fitness within, and for the equality of fitnesses among the 
three male morphs in this species. When β- and γ-males are present with α-males in 
the spongocoels in which these isopods breed, they tend to be more successful than 
α-males, particularly when harem sizes are large [9, 26, 28]. These results suggest 
that β- and γ-males may be more effective in tactics that enhance fertilization suc-
cess, such as mate guarding or repeated inseminations, than α-males [26].

If this is indeed the case, then as is widely acknowledged, the number of mat-
ings individual males acquire need not translate linearly toward that male’s overall 
fitness. More specifically, in nature, multiple Bateman gradients among male 
morphs may exist that each depend on the number of available mates as well as the 
number of different mating males representing each morph that are present within 
breeding sites at any given time. Such variation is likely to be widespread among 
species exhibiting reproductive polymorphisms (reviews in [17, 22, 33–40]). Under 
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such circumstances, it is unlikely that any given subset of fitness gradients among 
morphs accurately represents the entire population, particularly if that subset 
focuses on males who are successful at mating and tends to ignore males who are 
unsuccessful. Field samples that disproportionately focus on successfully mating 
males tend to overestimate the fitness of males in the mating class, making it easier 
to conclude that males expressing alternative mating phenotypes are “making the 
best of a bad job [9, 40].”

For this reason, we recommend, when male polymorphisms exist, that the 
fitness for a large number of males of each morph be measured, and their relative 
fitness outcomes be considered in proportion to the average fitness that all males in 
the population achieve. This approach is consistent with studies of this and other 
species [26, 40], in which equal average fitnesses exist among male morphs over 
multiple generations.
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focuses on males who are successful at mating and tends to ignore males who are 
unsuccessful. Field samples that disproportionately focus on successfully mating 
males tend to overestimate the fitness of males in the mating class, making it easier 
to conclude that males expressing alternative mating phenotypes are “making the 
best of a bad job [9, 40].”

For this reason, we recommend, when male polymorphisms exist, that the 
fitness for a large number of males of each morph be measured, and their relative 
fitness outcomes be considered in proportion to the average fitness that all males in 
the population achieve. This approach is consistent with studies of this and other 
species [26, 40], in which equal average fitnesses exist among male morphs over 
multiple generations.
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Chapter 6

The Habitat Types of Freshwater 
Prawns (Palaemonidae: 
Macrobrachium) with Abbreviated 
Larval Development in 
Mesoamerica (Mexico, Guatemala 
and Belize)
Luis M. Mejía-Ortíz, Jesús E. Cupul-Pool, Marilú López-Mejía, 
Alfredo G. Baez-Meléndres, Juan C. Tejeda Mazariegos,  
Jair G. Valladarez, Keith A. Crandall, Marcos Pérez-Losada  
and Oscar Frausto-Martínez

Abstract

The freshwater prawns of genus Macrobrachium with abbreviated larval devel-
opment have been reported from a diversity of freshwater habitats (caves, springs 
and primary streams from so-long basins). Here we analysed 360 sites around the 
Mesoamerican region (Mexico, Guatemala and Belize). At each site, we measured 
temperature, salinity oxygen dissolved, pH, altitude and water flow velocity val-
ues. We documented the riparian vegetation and occurrence and abundance of 
Macrobrachium populations. All these values were analysed by multi-dimensional 
scaling and principal components analysis in order to identify key features of the 
environmental data that determine the habitat types and habitat diversity. The results 
show that there are Macrobrachium populations in 70 sites inhabiting two main 
habitats: Lotic and Lentic; and each one have fours subhabitat types. All are defined by 
altitude range and water velocity that involve the temperature and oxygen variables. In 
some specific areas, the karstic values on salinity and pH defined some groups. Within 
the lentic habitats, we identified the following subhabitats: (1) temperate streams, (2) 
neutral streams, (3) high dissolved oxygen, (4) multifactorial; and for lotic habitats, 
we identified: (5) water high carbonate, (6) moderate dissolved oxygen, (7) low dis-
solved oxygen, and (8) high altitude streams. All these subhabitats are located on the 
drainage basin to the Atlantic Sea, including places from 50 to 850 meters above sea 
levels and have specifically ranges from temperature, water velocity, pH and salinity 
for some cases. Also, the geological analysis from the basins where the Macrobrachium 
inhabit is located showed that the geological faults align with these habitat subdivi-
sions. In this chapter, we discuss the environmental heterogeneity, morphological 
plasticity and their relationship to physiographic regions across the species ranges.

Keywords: Macrobrachium, abbreviated larval development, Mesoamerica, habitat
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1. Introduction

The freshwater prawns of the genus Macrobrachium are characterized by living 
in the circumtropical region around the world, since these decapods have been 
reported from the five continents [1]. There are two main groups of freshwater 
prawns: (a) those that migrate at some point in their life looking for brackish 
water (amphidromy) and (b) those that are completely hololimnetic and that live 
restricted to the river springs or caves or grottoes [2–6]. In this chapter, we will 
cover the different habitat types from the freshwater shrimp that do not reach large 
sizes (abbreviated larval development) but are of great importance for local or 
indigenous cultures of the regions where they are found [7]. These organisms repre-
sent a great diversity of habitats (caves, primary rivers, creeks, and springs) as well 
as species (Figure 1). In 1999 Macrobrachium tuxtlaense, the first epigeous species, 
was reported from Mexico, and since then seven species have been recorded from 
Mexico (M. vicconi, M. totonacum, M. sbordonii, M. cosoloapaensis, M. jacatepecensis, 
M. mazatecum, M. oaxensis). In 2015, the first one was reported from Guatemala 
(M. cemai), which led to the study that is now being presented, including Belize.

Figure 1. 
Diversity of freshwater prawns in Mesoamerica.
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In general, these organisms had been reported between 100 and 500 meters 
from rivers, streams, and caves in the tropics and only on the Atlantic slope 
[1, 8–11]. A cave species with this type of development has been known 
(Macrobrachium villalobosi [12]) since 1973, and the last described species of this 
type of habitat was in 2008 (M. sbordonii [13]). Now several environmental data 
from caves in Mexico, Guatemala, and Belize are available for analysis. Our study 
shows with more specific detail how the habitats from these freshwater prawns 
are characterized by diverse environmental conditions that drive high plasticity in 
their morphological features.

2. Material and methods

The study area focused on the Southeast of Mexico with Veracruz, Oaxaca, 
Tabasco, and Chiapas States, as well as the Alta Verapaz, Peten, and Lake Izabal 
regions in Guatemala and the region mountain range that drains into the Atlantic 
Ocean in Belize (Figure 2). This study was carried out from 2006 to 2018. 
Throughout this period, sites were visited one time where we searched for freshwa-
ter prawns and recorded environmental data. We sampled from all of these regions 
(rivers, streams, springs, and caves) that had the following characteristics: (1) 
between 800 and 100 meters above sea level (masl), (2) a tropical origin, and (3) 
predominantly freshwater. We sampled 360 sites measuring the following ecologi-
cal features with an Oximeter Oakton: dissolved oxygen (±0.01 mg/l), pH (±001 
pH), salinity (±0.01%), and temperature of the water (±0.01°C). The altitude and 
the GPS values were recorded with a Garmin GPS, and the speed of the surface cur-
rent was recorded taking the speed at which a floating object takes to travel a known 
distance. After the environmental data were recorded, the prawns were collected 

Figure 2. 
Sampling sites around Mesoamerica.
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with a target number of at less 30 animals, including larger animals with few eggs 
as indicators of abbreviated larval development. Animals were collected using a net 
or manually according to the conditions of the site; for example, in the ponds with 
lentic features, the manually sampled was used, while in the lotic features, the net 
was the better method. The animals were identified according to genus using the 
taxonomic keys described previously [11]. The first step was a basin analysis using 
the geographic information system (GIS) procedure to identify the stream morpho-
metric traits in the different basins where these animals occur (tectonic faults and 
hypsometric slopes) [14].

Likewise, we analyzed habitat types using the software Primer 6 [15]. All these 
values were standardized and analyzed by nonparametric multidimensional scaling 
(MDS) using the Kruskal-Wallis test and principal component analysis (PCA) 
procedures [16], in order to identify which environmental characteristics determine 
the sub-habitat types and how many types are possible to identify.

3. Results

3.1 Sites with freshwater prawns

Freshwater prawns with abbreviated larval development were found in 70 sites 
from 360, analyzed, and distributed mainly between 100 and 860 meters above 
sea level. In all cases the freshwater environments originated in tropical areas. The 
species found were just mentioned above together with three more cave species: 
Macrobrachium villalobosi, M. acherontium, and M. catonium. However, from the 
70 populations, we believe there are at less 15 new species that are currently in the 
process description. All these populations show a pattern of distribution along 
the mountain range of the Sierra Madre Oriental and the Sierra Madre de Chiapas 
reaching the region of Alta Verapaz and Peten until ending at Lake Izabal through 
the Guatemalan territory and the Belizean mountain mass in the rivers that drain to 
the Caribbean and therefore to the Atlantic Ocean (Figure 3). In general, the sites 
can be characterized as freshwater environments (cave or epigeal) and springs or 
primary streams. Their distribution is restricted to the presence of large volumes 
of water and higher current flow, as well as the presence of migratory species of 
prawns (amphidroms) that are generally larger with a lot of eggs. In a basin analysis 
with the sites where Macrobrachium shrimp were found, our results show that most 
populations live in areas with tectonic faults, where one finds the majority of the 
springs and caves and only few populations live in areas where the deposition and 
erosion processes are dominant.

3.2 Cluster analysis

In the first grouping analysis with the most specific data, we found two 
higher-order habitat divisions, namely, lotic and lentic sites (Figure 4). But 
within each higher-order environment, there were four subtypes of habitat with 
the subterranean habitat not clearly partitioned between lotic and lentic but 
was more frequent in lentic environments: (1) temperate streams, (2) neutral 
streams, (3) high dissolved oxygen, and (4) multifactorial habitats. And for lotic 
habitats, we identified the following sub-habitats: (5) water high carbonate, 
(6) moderate dissolved oxygen, (7) low dissolved oxygen, and (8) high-altitude 
streams (see Table 1).

Some sub-habitats overlapped with each other, but others are well defined and 
are separated from others (Figure 5). These overlapping habitats occurred in 3, 4, 
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6, 7, and 8 groups. Likewise, each of these sub-habitats can be separated first by 
altitude as a predominant variable and then by dissolved oxygen and temperature as 
well as the current water flow that involves the first classification as lentic or lotic. 
In general, it is understandable the interrelation of the sub-habitats shares some 

Figure 3. 
Sites with freshwater prawns along Mesoamerica.

Figure 4. 
Cluster analysis using the nearest neighbor method and Euclidean distance (normalized data). Within lentic 
habitats, the following sub-habitats were identified: (1) temperate streams, (2) neutral streams, (3) high oxygen 
dissolved, and (4) multifactorial habitats. And for lotic habitats, the following were identified: (5) water high 
carbonate, (6) moderate dissolved oxygen, (7) low dissolved oxygen, and (8) high-altitude streams.
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the subterranean habitat not clearly partitioned between lotic and lentic but 
was more frequent in lentic environments: (1) temperate streams, (2) neutral 
streams, (3) high dissolved oxygen, and (4) multifactorial habitats. And for lotic 
habitats, we identified the following sub-habitats: (5) water high carbonate, 
(6) moderate dissolved oxygen, (7) low dissolved oxygen, and (8) high-altitude 
streams (see Table 1).

Some sub-habitats overlapped with each other, but others are well defined and 
are separated from others (Figure 5). These overlapping habitats occurred in 3, 4, 
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6, 7, and 8 groups. Likewise, each of these sub-habitats can be separated first by 
altitude as a predominant variable and then by dissolved oxygen and temperature as 
well as the current water flow that involves the first classification as lentic or lotic. 
In general, it is understandable the interrelation of the sub-habitats shares some 

Figure 3. 
Sites with freshwater prawns along Mesoamerica.

Figure 4. 
Cluster analysis using the nearest neighbor method and Euclidean distance (normalized data). Within lentic 
habitats, the following sub-habitats were identified: (1) temperate streams, (2) neutral streams, (3) high oxygen 
dissolved, and (4) multifactorial habitats. And for lotic habitats, the following were identified: (5) water high 
carbonate, (6) moderate dissolved oxygen, (7) low dissolved oxygen, and (8) high-altitude streams.



Crustacea

82

Figure 5. 
Nonparametric multidimensional scaling (MDS) analysis using the Euclidean distance at 0.01% stress with 
standardized data, showing the sub-habitat types of Macrobrachium populations in Mesoamerica. Within 
lentic habitats the following sub-habitats were identified: (1) temperate streams, (2) neutral streams, (3) high 
oxygen dissolved, and (4) multifactorial habitats. And for lotic habitats, the following were identified: (5) water 
high carbonate, (6) moderate dissolved oxygen, (7) low dissolved oxygen, and (8) high-altitude streams.

Sub-habitat Characteristics

(1) Temperate 
streams

They are streams with high temperatures of 25.3–32.4°C; they are at an altitude of 
<353 masl, have a pH of 6.38–7, are mostly epigeous-type environments, and have an 
oxygen saturation <34.7% with the exception of a site that presented super saturation

(2) Neutral 
streams

They are streams with a pH close to neutrality; they exist at altitudes <280 masl, 
temperatures from 25.2–28.3°C, epigeous-type environments; and they have an 
oxygen saturation of 11.7–87%

(3) High-oxygen 
streams

They are streams that mostly have oxygen saturation >60% reaching over saturation 
in several places. They are found at altitudes of 9–599 masl, temperatures of 18.7–
27.7°C, in most epigeal environments although we can find hypogeal representatives

(4) Multifactorial Streams in which we can find both epigeal and hypogeal sites; lentic and 
predominantly lotic environments; at altitudes from 34 to 330 masl, temperatures of 
22.5–28.2°C, oxygen saturation of 10.3–90.6%, and have a pH of 5–8.3

(5) Water high 
carbonate

Site with freshwater stream with a height of 371 masl; originating from a karstic cave 
with a dissolution of the rock higher than other caves, which allows the conductivity 
to increase and the site to be separated from the rest by values of salinities of 0.9%, 
with an alkaline pH, a temperature of 22.7°C in a lotic and epigeous environment, and 
a current speed of 6.6 cm/sec and oxygen saturation of 48.6%

(6) Moderate-
oxygen streams

Streams with an oxygen saturation of 38.2–60.5%, having an average altitude of 
301 masl and a temperature of 21–24.6°C. They are epigeous environments with an 
average current speed of 4.8 cm/sec

(7) Few oxygen 
dissolved

Streams with oxygen saturation of 29.4–46.8%; they have an average altitude of 
25.6 masl and a temperature of 20.6–27.1°C and are epigeous environments with an 
average pH of 6.45

(8) High-altitude 
streams

Streams with an average altitude of 425.5 masl with a maximum of 844 masl. Oxygen 
saturation of 31.6–96.9% and a pH of 6.03 at 8.21

Table 1. 
Sub-habitat types of Macrobrachium populations in the Mesoamerican region.
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sites with similar characteristics because they are all in the same altitude range as 
well as the characteristics of tropical springs and rivers.

The schematic representation in the coastal slope of the sub-habitats and their 
presence is defined by the altitude above sea level, as well as by the water flow 
and the higher presence of carbonate salts for a specific point such as the case of 
sub-habitat 5 (Figure 6). It is important to mention that most of the places where 
these organisms live are located in the tectonic faults of the different regions and 
few populations are found in the river areas where sedimentation and erosion are 
the main processes of formation of these basins. This makes sense when listing the 
six general characteristics of the habitats of these organisms: (1) tropical rivers, 
(2) altitude ranges from 50 to 850 meters above sea level, (3) mainly tectonic faults 
(springs, primary rivers, and caves), (4) preferably rich in oxygen, (5) with riparian 
arboreal vegetation, and (6) on the Atlantic slope with karstic origin.

4. Discussion

According to their distributional range, the freshwater prawns with abbreviated 
larval development inhabit areas from 50 to 600 masl; however, there are some 
extreme values in the lower range down to 9 masl and up to 840 masl. All species 
are located along the mountain systems of the Atlantic slope in Mexico, Guatemala, 
and Belize in contrast with those species of amphidromous prawns that need to 
migrate along the rivers to reach the brackish waters to complete their develop-
ment such as Macrobrachium carcinus, M. heterochirus, M. olfersii, M. americanum, 
and M. acanthurus [1, 6, 22]. The genus Macrobrachium has their origins estimated 
to have occurred in the Cretaceous [17] and just is when these mountain systems 
arose, with the volcanic belt serving as a geographical barrier for this group. The 
Macrobrachium species colonized these freshwater habitats together with Creaseria 
morleyi before the emergence of the Yucatan Peninsula [18]. Because the diversifica-
tion among the freshwater prawns with abbreviated larval development occurred 
from an ancestor previously adapted [19] to the freshwater habitats, the isolation 
of suitable freshwater conditions (cooler temperatures, etc.) worked as driving 

Figure 6. 
Diagrammatic scheme of sub-habitat types of Macrobrachium populations across the coastal slope of 
Mesoamerica.
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sites with similar characteristics because they are all in the same altitude range as 
well as the characteristics of tropical springs and rivers.

The schematic representation in the coastal slope of the sub-habitats and their 
presence is defined by the altitude above sea level, as well as by the water flow 
and the higher presence of carbonate salts for a specific point such as the case of 
sub-habitat 5 (Figure 6). It is important to mention that most of the places where 
these organisms live are located in the tectonic faults of the different regions and 
few populations are found in the river areas where sedimentation and erosion are 
the main processes of formation of these basins. This makes sense when listing the 
six general characteristics of the habitats of these organisms: (1) tropical rivers, 
(2) altitude ranges from 50 to 850 meters above sea level, (3) mainly tectonic faults 
(springs, primary rivers, and caves), (4) preferably rich in oxygen, (5) with riparian 
arboreal vegetation, and (6) on the Atlantic slope with karstic origin.
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According to their distributional range, the freshwater prawns with abbreviated 
larval development inhabit areas from 50 to 600 masl; however, there are some 
extreme values in the lower range down to 9 masl and up to 840 masl. All species 
are located along the mountain systems of the Atlantic slope in Mexico, Guatemala, 
and Belize in contrast with those species of amphidromous prawns that need to 
migrate along the rivers to reach the brackish waters to complete their develop-
ment such as Macrobrachium carcinus, M. heterochirus, M. olfersii, M. americanum, 
and M. acanthurus [1, 6, 22]. The genus Macrobrachium has their origins estimated 
to have occurred in the Cretaceous [17] and just is when these mountain systems 
arose, with the volcanic belt serving as a geographical barrier for this group. The 
Macrobrachium species colonized these freshwater habitats together with Creaseria 
morleyi before the emergence of the Yucatan Peninsula [18]. Because the diversifica-
tion among the freshwater prawns with abbreviated larval development occurred 
from an ancestor previously adapted [19] to the freshwater habitats, the isolation 
of suitable freshwater conditions (cooler temperatures, etc.) worked as driving 
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force in the diversification of these species. With the distributional pattern now 
established, resolving relationships among these species and populations will aid 
in testing hypotheses concerning the patterns and timing of diversification events 
across this group.

Here we distinguish eight sub-habitat types where the freshwater prawns with 
abbreviated larval development occur. Lentic habitats had the following character-
istics: (1) temperate streams, (2) neutral streams, (3) high dissolved oxygen, and 
(4) multifactorial habitats. And the lotic habitats had the following characteristics: 
(5) water high carbonate, (6) moderate dissolved oxygen, and (7) low dissolved 
oxygen. Finally, the last sub-habitat was represented by (8) high-altitude streams 
independent of epigeal or subterranean populations. This classification is the most 
detailed analysis across a large region, allowing us to propose six general charac-
teristics of the habitats of these organisms: (1) tropical rivers, (2) altitude ranges 
from 50 to 850 meters above sea level, (3) mainly tectonic faults (springs, primary 
rivers, and caves), (4) preferably rich in oxygen, (5) with riparian arboreal 
vegetation, and (6) on the Atlantic slope with karstic origin. As a result, few sites 
were recorded where these species coexisted with another Macrobrachium species 
(those with complete larval development species; specifically with M. carcinus 
and M. olfersii). In general, all sites are clean without records of pollutants both 
solids and dissolved. These freshwater shrimp with abbreviated larval develop-
ment are preferentially distributed in areas where these amphidromous shrimps 
do not live because the amphidroms are predators of the abbreviated development 
shrimps. As a result, the abbreviated development shrimps have a microdistribu-
tion in each hydrological basin that is limited to the primary rivers and springs 
where species of amphidroms cannot migrate as it has been invariably reported 
in different species [10, 20–23]. Our analysis shows that even on a small scale, 
multiple environmental factors define not only the sub-habitats within lotic or 
lentic areas but even the differences within and among springs, primary streams, 
or caves. Consequently, we infer that Macrobrachium species are not only plastic-
ity in the morphological traits as has been in another papers, but this plasticity 
extends to their habitat requirements with oxygen dissolved potentially being 
more important than even light or temperature. However, if the freshwater prawns 
of the genus Macrobrachium can be so specific to live in certain sub-habitats, this 
also makes them vulnerable to a such changing environment and so exposed to 
pollution due to the increase of wastewater or the disappearance of these tropical 
rivers, given the demand for drinking water by humans. Thus, monitoring of these 
habitats and especially dissolved oxygen levels is encouraged for the protection of 
these species.
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Chapter 7

Estimation of the Maximum
Sustainable Yield and the Optimal
Fishing Effort of the Blue Crab
(Callinectes sapidus, Rathbun
1896) of Laguna Madre,
Tamaulipas, Mexico
Jorge Homero Rodriguez Castro,
Sandra Edith Olmeda de la Fuente, Wanda Ortiz Baez,
Alfonso Correa Sandoval and Jose Alberto Ramirez de León

Abstract

The fishery of the blue crab (Callinectes sapidus) in Laguna Madre (LM),
Tamaulipas, Mexico, with an average annual catch of 3307 tons, is of great impor-
tance economically and socially. The objective of this research was to estimate the
carrying capacity (K), the catchability coefficient (q), the maximum sustainable
yield (MSY) (tons), and the optimal fishing effort ( fMSY) (traps). For this, a time
series from 1998 to 2012 was used for the catch and number. The Fox (1970) and
Schaefer (1954) models included in A Surplus-Production Model Incorporating
Covariates (ASPIC) software were employed for this study. A set of statistical
variability estimators and the Akaike’s, Bayesian, and Hannan-Quinn information
criteria were used for the selection of models. The results obtained by the fox model
were K = 54,000, q = 0.00008798, MSY = 2567 and fMSY = 146,900 traps, whereas
for the Schaefer model, the results were K = 28,370, q = 0.00002425, MSY = 2008,
and fMSY = 58,390. The model with the best adjustment was that of Schaefer. It is
concluded that the fishing resource has been overexploited during the period
2003–2011, with an average annual surplus of 670 tons and 25,000 traps. It is
recommended to consider the MSY and fMSY values of the Schaefer model for the
National Fishing Charter (NFC).

Keywords: Callinectes sapidus, blue crab, Laguna Madre, Mexico, maximum
sustained yield, ASPIC

1. Introduction

In 2017, a total of 48,602 tons of blue crab was captured in Mexico, 4033 of
which came from the State of Tamaulipas. Such state capture allows the State to
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occupy the fifth place at a national scale, thus taking the fifth place among the nine
main fisheries of the State, according to the definition of the Yearbook of Fishery
and Aquaculture Statistics 2017 [1]. An estimate of 3307 tons from the capture the
State of Tamaulipas comes from Laguna Madre (LM). This goes in accordance with
the proportion of 0.82 that corresponds to LM from the total capture of the blue
crab in Tamaulipas, according to Rodríguez-Castro et al. [2]. In economic terms the
value (in Mexican pesos and its equivalent in US dollars) of the capture of the blue
crab, corresponding to the year 2017, was 51.26 million pesos (2.44 million US
dollars) for the Laguna Madre; 62.51 million pesos (2.98 million US dollars) for the
State of Tamaulipas; and 753.33 million pesos (35.87 million US dollars) for the
country.

The SEMARNAT [3] indicates that the blue crab fishery of LM forms part of the
group of fisheries that concurs in the natural protected area, named as Área de
Protección de Flora y Fauna Laguna Madre y Delta del Río Bravo, and thus is an
important economic source in the zone. Furthermore, the SEMARNAT recognizes
the need for generating biological reference points such as catch limits and optimal
fishing effort (fMSY), among others, in order to manage the fisheries.

Nevertheless, and despite of the economic and social importance of this fishery
resource, the normative of this is limited in terms of the specifications required in
order to achieve its sustainable use. Certain regulatory guidelines specific for the
Gulf of Mexico (e.g., National Fishing Charter (NFC)) are at disposal and used to
administer its management [4]. However, the scope of the guidelines is limited
given that these do not provide management specifications for the State of Tamau-
lipas. In part, this is due to the fact that the scientific reports for this fishery
resource are scarce. Furthermore, those few reports are mainly focused on capture
size analysis rather than management [5–7]. In sum, no scientific research has been
made regarding the management of the blue crab in LM as a fishery resource.
Particularly for the coast of the State of Tamaulipas, the NFC stablishes that the
annual maximum catch limit is 2100 tons per year and that the maximum fishing
effort consists of 47 permits, 11,802 hoops, 35,200 traps, and 641 vessels. The NFC
also mentions that this fishery is “exploited to its sustainability maximum.” This
yearly allowed catch limit pertains to an average of the annual catch of the period
from 2000 to 2007, and not to the maximum sustainable yield (MSY).

The estimation of the maximum sustainable yield from the surplus production
models has been a popular goal in fisheries management even though it has been
questioned regarding its supposed equilibrium [8–13]. On the other hand, the con-
ceptualization of this reference point has transitioned from being a target goal into a
target limit. Given the overexploitation status of the majority of fisheries in the
world, in terms of fisheries management, the fisheries science seeks to minimize the
probabilities of exceeding the limit of the MSY (fishery risk) or of the biomass
declining beyond the level of natural renewal (stock risk) [14]. With this in mind,
in the effort of minimizing probabilities, the precautionary approach in the fisheries
management is implicitly included, represented by the fisheries biological reference
points (e.g., MSY, maximum sustained effort or EMSY) or those based on the fishing
mortality (e.g., FMRS, F0.1) [14, 15].

In the context of fisheries management, the line of research regarding the estima-
tion of some fisheries reference points has currently resurfaced in the Middle East,
primarily MSY and fRMS [16–24], by means of the adjustment of the Fox, Schaefer,
and Pella-Tomlinson models, which are included in some computer packages such as
A Surplus-Production Model Incorporating Covariates (ASPIC) [25], which in turn is
a stock production model that incorporates the covariance of the parameters. On the
other hand, on the topic of model selection, the flow of use of the information criteria
(IC) reaching up to multimodel inference, within the framework of the information

92

Crustacea

theory, arose in parallel. The model selection based on the information theory is a
relatively new paradigm in biological sciences and is very much different from the
classical method based on the null hypothesis test [26–29].

Therefore, the objective of this research is to estimate fisheries reference points
of the blue crab (Callinectes sapidus) of the Laguna Madre, Tamaulipas, Mexico, that
can be employed to make decisions in the management of this resource.

2. Methods

2.1 Study area: Laguna Madre, Mexico

Laguna Madre is located north of the State of Tamaulipas (23°48025°30’ N y 97°
23097°52’ W) (Figure 1). The northern part of the lagoon is delimited by Río Bravo
in the municipality of Matamoros and in the southern part by the Soto la Marina
River in the municipality of Soto La Marina [30]. Its surface has an area of
2000 km2, with an average depth of 0.7 m. It is separated from the Gulf of Mexico

Figure 1.
Laguna Madre, State of Tamaulipas, Mexico.
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by a straight and uniform coastal barrier located windward and irregular towards
the continental edge. The depression of the lagoon is partially filled by supply of the
San Fernando River, thus being divided into two basins: northern and southern [31].
LM has a type BS1 (h’) climate which is semiarid with rainfall in the summer though
scarce throughout the year, with a winter precipitation between 5 and 10.2% [32].
The surface water of LM has a wide range of salinities, from 21.0 to 51.0 with
euryhaline conditions during October (35.0–38.0 psu), poly-euhaline in January
(21.0–36.0 psu), and eu-hyperhaline in May and July (33.0–46.0 and 36.0–51.0 psu,
respectively) [30].

2.2 Data

The annual historical record of the catch measured in tons of the blue crab and
the fishing effort (f), this last one represented by the number of traps (NT), were
used for a time series of 14 years, corresponding to the period from 1998 to 2012
(Table 1). This information was provided in 2013 by the Fisheries Sub-delegation in
Tampico, Tamaulipas, of the delegate of SAGARPA in Tamaulipas. The fishing
effort was not standardized for the following reasons: (1) the blue crab fishery in
LM is monospecific, (2) the extractive activity of this resource is carried out in a
single zone during a single period of the year, and, (3) since the beginning of the
fishery, the artisanal fishing fleet has remained technologically stable.

2.3 Models

Both the Schaefer [33] and the Fox [34] models were the two surplus production
models (or dynamic biomass models) employed in this study using the following

Years Catch (tons) Effort (number of traps) CPUE

1998 2498 28,500 0.088

1999 2302 45,600 0.05

2000 1103 45,600 0.024

2001 1318 45,600 0.029

2002 1432 25,420 0.056

2003 2699 25,420 0.106

2004 2971 32,600 0.091

2005 3462 32,600 0.106

2006 2140 25,420 0.084

2007 2097 83,450 0.025

2008 2433 92,680 0.026

2009 2362 92,680 0.025

2010 2940 83,450 0.035

2011 2967 73,836 0.04

2012 1927 73,836 0.026

CPUE, Catch per unit effort.

Table 1.
Catch, fishing effort, and catch per unit effort of the blue crab (Callinectes sapidus) in Laguna Madre,
México, during the period 1998–2012.
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algorithms: dBdt ¼ rB B∞ � Bð Þ [33] and dB
dt ¼ rB lnB∞ � lnBð Þ [34], where B is the

biomass of the stock, t is the time measured in years, B∞ (K) is the carrying capacity,
n is the inclination measure of the curve, and r is the intrinsic rate of population
increase. In order to run these models, the ASPIC Version 5.0 computer package
[25] was used. This software incorporates the values of the initial proportion, which
correspond to the relative catch value of the first year of the time series, concerning
the catch of the year with the highest catch value from the same time series. In
addition to the variability estimators such as the coefficient of determination (r2)
and the coefficient of variation (CV), the outgoing parameters (management quan-
tities) are the carrying capacity (K), the catchability coefficient (q), the maximum
sustainable yield, and the optimal fishing effort (fMSY) (i.e., the maximum number
of traps that the body of water can withstand without affecting the stock renewal).
The management quantities were obtained by using two types of residual errors:
the additive error and the multiplicative error. These types of errors of residual

variance were calculated using σ2,with additiveerror ¼
Pn

i¼1
y1�by1
� �2

n , and σ2,with

multiplicativeerror ¼
Pn

i¼1
ln y

ŷ1

� �� �2

n , where σ2 = variance, y1= observed value, by1 =
estimated value, and n = number of data. Also, confidence intervals of the outgoing
parameters were estimated at a confidence level of 95% (α = 0.05), according to
Sparre and Venema [35]. This was carried out using the following algorithm:

CI ¼ X � tn�1
σffiffi
n

p
� �

, where CI = confidence interval, tn�1 = percentiles of Student’s

t-distribution, σ = standard deviation, and n = number of data. In this study, tn�1=
2.5, as gathered from the t-distribution table. Given the confidence level of 95%,
this percentile was searched in the table and used for the obtaining the t-
distribution with n � 1 = 14 degrees of freedom.

2.4 Model selection

The information criteria were used for the selection of the model with the best
adjustment. These were (a) the Akaike information criterion (AIC) [36], as in the
corrected Aikake’s information criterion (AICc) [37], given that n/k < 40 [26]
(AICc ¼ AICþ 2k kþ1ð Þ

n�k�1 , where AIC = n*σ̂2 + 2 k) [39]; (b) the Bayesian information
criterion (BIC) (BIC = �2σ̂2 + kn) [39]; and (c) the Hannan-Quinn information
criterion (HQIC) (HQIC = �2σ̂2 + 2kn) [40]. From the shown equations, σ̂2 =
residual variance, k = number of parameters, and n = number of data.

Once the values of the outgoing parameters and the IC were known, the statis-
tical support was assessed, followed by the quantification of evidence from each
model by estimating the differences (Δi) and the plausibility (i.e., the weight of the
evidence in favor of the model i) of each (wi), according to the criterion set by
Burnham and Anderson [26]. For the estimation of Δi, Δi = IC � ICmin was used,
where IC = AICc, BIC, or HQIC and ICmin = model with the lowest value of AICc,
BIC, or HQIC. According to Burnham and Anderson [26], the scale of Δi is
described as follows: if Δi > 10, it shows that the candidate models lack statistical
support and thus should not be taken into account; if Δi < 2, the candidate models
have high evidence as alternative functions; and if 4 < Δi < 7, the candidate models
can be taken into account, although they count with less statistical support than the

previous ones. The wi were calculated using wi ¼ exp �1
2Δið ÞPK

K¼1
exp �1

2Δið Þ, where Δi = AICc,

BIC, or HQIC difference and K = number of parameters.
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CPUE, Catch per unit effort.

Table 1.
Catch, fishing effort, and catch per unit effort of the blue crab (Callinectes sapidus) in Laguna Madre,
México, during the period 1998–2012.
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algorithms: dBdt ¼ rB B∞ � Bð Þ [33] and dB
dt ¼ rB lnB∞ � lnBð Þ [34], where B is the

biomass of the stock, t is the time measured in years, B∞ (K) is the carrying capacity,
n is the inclination measure of the curve, and r is the intrinsic rate of population
increase. In order to run these models, the ASPIC Version 5.0 computer package
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correspond to the relative catch value of the first year of the time series, concerning
the catch of the year with the highest catch value from the same time series. In
addition to the variability estimators such as the coefficient of determination (r2)
and the coefficient of variation (CV), the outgoing parameters (management quan-
tities) are the carrying capacity (K), the catchability coefficient (q), the maximum
sustainable yield, and the optimal fishing effort (fMSY) (i.e., the maximum number
of traps that the body of water can withstand without affecting the stock renewal).
The management quantities were obtained by using two types of residual errors:
the additive error and the multiplicative error. These types of errors of residual

variance were calculated using σ2,with additiveerror ¼
Pn

i¼1
y1�by1
� �2

n , and σ2,with

multiplicativeerror ¼
Pn

i¼1
ln y

ŷ1

� �� �2

n , where σ2 = variance, y1= observed value, by1 =
estimated value, and n = number of data. Also, confidence intervals of the outgoing
parameters were estimated at a confidence level of 95% (α = 0.05), according to
Sparre and Venema [35]. This was carried out using the following algorithm:

CI ¼ X � tn�1
σffiffi
n

p
� �

, where CI = confidence interval, tn�1 = percentiles of Student’s

t-distribution, σ = standard deviation, and n = number of data. In this study, tn�1=
2.5, as gathered from the t-distribution table. Given the confidence level of 95%,
this percentile was searched in the table and used for the obtaining the t-
distribution with n � 1 = 14 degrees of freedom.

2.4 Model selection

The information criteria were used for the selection of the model with the best
adjustment. These were (a) the Akaike information criterion (AIC) [36], as in the
corrected Aikake’s information criterion (AICc) [37], given that n/k < 40 [26]
(AICc ¼ AICþ 2k kþ1ð Þ

n�k�1 , where AIC = n*σ̂2 + 2 k) [39]; (b) the Bayesian information
criterion (BIC) (BIC = �2σ̂2 + kn) [39]; and (c) the Hannan-Quinn information
criterion (HQIC) (HQIC = �2σ̂2 + 2kn) [40]. From the shown equations, σ̂2 =
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tical support was assessed, followed by the quantification of evidence from each
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previous ones. The wi were calculated using wi ¼ exp �1
2Δið ÞPK

K¼1
exp �1

2Δið Þ, where Δi = AICc,

BIC, or HQIC difference and K = number of parameters.
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3. Results

3.1 Maximum sustained yield according to the initial proportion

The values of K, q, MSY, fMSY, CV, and R2 of the Fox and the Schaefer models are
presented in Table 2. Based on the results of the management quantities (B1/K, K, q,
and MSY) of every IP value (from 0.1 to 0.9), the model with the best adjustment
was the Fox model, according to r2, whereas the Schaefer model had the best
adjustment, according to the CV (Table 2). However, considering the management
quantities only for IP = 0.7 and based on the CV (Table 3), the regression estimator
(r2), the variability estimators (r2, CV, σ2, σ), and IC (AICc, BIC, and HQIC), the
selected model was the Fox model (Table 4).

Table 3 shows the punctual estimations and the confidence intervals of the
management quantities (K, q, MSY, and fMSY) calculated by both models, Fox and
Schaefer, according to the type of error in the residual variance and based on the
IP = 0.7. Based on the standard deviation, the sizes of confidence intervals are in the
following ascending order: Fox (multiplicative), Schaefer (multiplicative), Fox
(additive), and Schaefer (additive), respectively. The punctual values of the man-
agement measures varied between models, but not between types of error of resid-
ual variance.

Model IP B1/K K q MSY fMSY CV r2

Fox 0.1 0.1337 53,990 0.00008798 2567 146,900 0.3318 0.803

0.2 0.1337 53,990 0.00008798 2567 146,900 0.3175 0.803

0.3 0.1337 53,990 0.00008798 2567 146,900 0.342 0.803

0.4 0.1337 53,990 0.00008798 2567 146,900 0.3166 0.803

0.5 0.1337 53,990 0.00008798 2567 146,900 0.337 0.803

0.6 0.1337 54,000 0.00008798 2567 146,900 0.3186 0.803

0.7 0.1337 54,000 0.00008798 2567 146,900 0.3472 0.803

0.8 0.1337 53,990 0.00008798 2567 146,900 0.3272 0.803

0.9 0.1337 54,000 0.00008798 2567 146,900 0.3329 0.803

Logistic (Schaefer) 0.1 1.098 26,850 0.00002528 2006 58,960 0.235 0.517

0.2 1.098 27,440 0.00002488 2006 58,760 0.205 0.517

0.3 1.098 27,850 0.00002459 2007 58,610 0.2099 0.516

0.4 1.098 28,060 0.00002444 2007 58,520 0.2585 0.516

0.5 1.098 28,200 0.00002435 2008 58,470 0.2079 0.516

0.6 1.098 28,300 0.00002429 2008 58,430 0.2345 0.516

0.7 1.098 28,370 0.00002425 2008 58,390 0.2117 0.516

0.8 1.098 28,420 0.00002422 2009 58,370 0.2273 0.515

0.9 1.098 28,460 0.0000242 2009 58,350 0.2074 0.515

IP = initial proportion, B1/K = initial biomass divided by carrying capacity, K = carrying capacity, q = catchability
coefficient, MSY = maximum sustained yield, fMSY = optimal effort, CV = coefficient of variation, and r2 = coefficient
of determination.

Table 2.
Management quantities (B1/K, K, q, and MSY) and variability estimators (CV and r2) according to the Fox
and the Schaefer models, in function with the initial proportion of the biomass (IP), of the fishery of the blue
crab (Callinectes sapidus) in Laguna Madre, Mexico, during the period of 1998–2012.
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Parameters and confidence intervals Type of error of residual variance

Additive Multiplicative

Models Models

Fox Schaefer Fox Schaefer

K 54,000 28,370 54,000 28,370

ILCI (P < 0.05) 53,547 27,559 53,781 28,012

SLCI (P < 0.05) 54,453 29,181 54,219 28,728

q 0.00008798 0.00002425 0.00008798 0.00002425

ILCI (P < 0.05) 0.00008753 0.00002344 0.00008776 0.00002389

SLCI (P < 0.05) 0.00008843 0.00002506 0.00008820 0.00002461

RMS 2567 2008 2567 2008

ILCI (P < 0.05) 2114 1197 2348 1650

SLCI (P < 0.05) 3020 2819 2786 2366

fRMS 146,900 58,390 146,900 58,390

ILCI (P < 0.05) 142,370 57,579 144,710 58,032

SLCI (P < 0.05) 151,430 59,201 149,090 58,748

K = carrying capacity, q = catchability coefficient, MSY = maximum sustained yield, fMSY = optimal fishing effort,
ILCI = inferior limit of the confidence interval, and SLCI = superior limit of the confidence interval.
The initial values of the management quantities were estimated using the A Surplus-Production Model Incorporating
Covariates (ASPIC) software with 0.7 as the initial proportion, considering the additive and multiplicative errors of
the residual variance.

Table 3.
Average values and confidence intervals of the management quantities (K, q, MSY, and fmsy) generated by the
Fox and logistic (Schaefer) models for the fishery of the blue crab (Callinectes sapidus) in Laguna Madre,
Tamaulipas, Mexico.

Selection criteria Types of error

Additive models Multiplicative models

Fox Schaefer Fox Schaefer

r2 0.813 0.516 0.813 0.516

σ2residual 665,217 2,132,349 0.1560 0.4148

σ 816 1460 0.3950 0.6441

k 3 3 3 3

AIC 9,978,258 31,985,238 8.34 12.22

AICc 9,978,256 31,985,235 5.94 9.82

BIC 9,978,297 31,985,277 47.34 51.22

HQIC 9,978,342 31,985,322 92.34 96.22

The initial values of the management quantities were estimated by means of the A Surplus-Production Model
Incorporating Covariates (ASPIC) software with 0.7 as the initial proportion, considering the additive and
multiplicative errors of the residual variance.

Table 4.
Residual variance (σ2), standard deviation (σ), number of parameters (k), and the corrected Akaike’s
information criterion (AICc) as well as the Bayesian (BIC) and the Hannan-Quinn (HQIC) information
criteria for each model (Fox and logistic), of the management quantities (K, q, MSY, and fMSY), for the fishery
of the blue crab (Callinectes sapidus) in Laguna Madre, Tamaulipas, México.
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3.2 Model selection

The values of the parameters r2, CV, σ2, σ, and those of the IC (AICc, BIC, and
HQIC), which correspond to the Fox and Schaefer models and according to the type
of error of residual variance, are presented in Table 4. The lowest values of those
estimators pertain to the Fox model in both types of errors. Nevertheless, the values
of the management measures obtained from this model (Fox) are far from reality,
particularly the optimal fishing effort (number of traps).

Figure 2A shows how the fishing catch developed through time as well as the
obtained MSY from the models (Schaefer and Fox). It can be observed that,
according to the Schaefer model, during the period beginning from 2003 up to 2011,
the fishery resource of the blue crab in LM became overexploited. During this
period, approximately 24,000 tons of blue crab were captured, with a surplus of
6000 tons as defined by the function based on the difference in tons of catch with
the MSY (2008 tons). Regarding the number of traps (f), the fMSY was exceeded
from 2007 to 2012 (Figure 2B). During this mentioned period (2007–2012),
approximately 500,000 traps were registered, with a surplus of 150,000 traps.

As for the Fox model, the results indicate that the resource was overexploited
during only 5 (2003, 2004, 2005, 2010, and 2011) out of the 14 years that make up
the time series of this study. During these years of overexploitation, the catch
should have not exceeded 12,835 tons; but 15,039 tons were gathered instead. This
shows a surplus of 2204 tons. In this period of overexploitation, 132, 404, 895, 373,
and 400 tons were overfished in the years 2003, 2004, 2005, 2010, and 2011,
respectively. This is the equivalent of an overfished resource by 5%, 14%, 26%, 13%,
and 13%, respectively. In terms of fishing effort (number of traps), the fMSY was
surpassed (14,690 traps) by 40 up to 85% within the whole time series, according to
the Fox model.

Figure 2.
Fishing catch development through time of blue crab from 1998 to 2012 in Laguna Madre,Tamaulipas,
Mexico, with the maximum sustained yield (A) and the number of traps and the optimal number of traps
(optimal fishing effort) during this period (B).
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4. Discussion

This is the first time that management quantities have been estimated for the
fishery of the blue crab (Callinectes sapidus) in Laguna Madre, Tamaulipas, Mexico.
Furthermore, this is the first work carried out for aquatic organisms on the coast of
Tamaulipas, Mexico, in which the information theory is applied with the purpose of
selecting models by means of the IC, using the corrected Akaike’s information
criterion [41] (AICc) (which is used for small samples), the Schwarz or Bayesian
information criterion [39] (BIC) and the Hannan-Quinn information criterion
(HQIC).

4.1 Management quantities

Fisheries research investigations that deliver fishery management measures
through application software programs such as ASPIC and CEDA (catch effort data
analysis) to mention some, which include the adjustment of the Fox, Schaefer, and
Pella-Tomlinson models, have recently resurfaced [16–24]. However, in this resur-
gence, there has been an underutilization of the management measures delivered by
these software programs given that these only give even more emphasis to the MSY
and the fMSY, thus leaving both K and q unused. Both K and q are parameters
relative to the initial biomass and the catchability of the fishing gear and, hence, can
be used to generate management measures.

The results presented in this study for the two main reference points were
MSY = 2567 tons and fMSY = 146,900 traps, from the Fox model, and MSY = 2008
tons and fMSY = 58,390 traps, from the Schaefer model. The model with the best
delivered adjustment was the Fox model, according to r2, CV, and the information
criteria. As for the MSY, the Schaefer model presented a result (2008 tons) that was
a little more conservative than the one delivered by the Fox model (2567 tons). The
difference between both results was of 22%. However, the values of the manage-
ment measures obtained from this model (Fox model) were far from reality, for the
optimal fishing effort (number of traps) particularly. By accepting this model could
mean allowing an increase of more than 170% of the fishing effort (number of
traps) which in turn could imply an increase of overfishing risk in the short term,
whereas, to accept the Schaefer model (fRMS = 58,390), which is a more conserva-
tive proposal, could imply the sustainability fortification of this fishery resource.
With the Schaefer model, and in relation with the average number of traps from the
last 6 years of the time series, the use of about 25 traps (the equivalent of a 30%)
would be restricted. This also means a lower social impact without affecting the
sustainability of the fishery resource.

4.2 Fishing effort measure

The definition of the fishing effort measure always represents a challenge for
fisheries research, given the need for seeking the measure that can best explain the
variability of fisheries catch. In this study, the number of traps was used as the
measure of fishing effort, assuming that this measure of fishing effort delivers
better adjustments to the models than the number of fishermen and vessels can do.
Yet, it remains the assessment of the best adjustment of these management measure
units for this fishery. A better measure would probably be the time length on which
a trap remains underwater; this will also be a pending challenge. The same situation
is presented by the shrimp fishery in the Gulf of California, where the approach of
using engine power (horsepower) as a measure to normalize fishing power has been
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attempted [42]. Nevertheless, it has been considered that this measure does not
properly represent the variation of the applied fishing effort since trawls use a speed
of 3 knots for efficient fishing [43]. Instead, Morales-Bojórquez et al. [43] suggest
that the best measure for this crustacean is the drag time; also, they indicate that the
number of vessels is a good measure of fishing effort, which Altran and Loesch
suggest as well [44].

The fishing effort (number of traps) in this study is expressed in absolute values
and was not normalized by any technique, given that (1) the fishery of the blue crab
in Laguna Madre is monospecific, (2) the fishing season is the same throughout LM
during the year, and (3) the fishing gear has remained technologically stable since
the beginning of the fishery. It is important to properly identify the need for
normalizing the fishing effort, or not, given that the results may vary according to
the unit of the measure of fishing effort and that the results of some measures could
be less realistic. Morales-Bojórquez et al. [43] standardized the number of vessels
for the yellowleg or brown shrimp (Farfantepenaeus californiensis) fishery in the
Gulf of California considering methods of using average efforts. However, the
results were not successful [43]. Using average efforts can lead to poor results [45].

4.3 Model selection

In a large number of research publications, the values of the coefficient of
determination (r2) and the coefficient of variation (CV) are established as selection
criteria between different candidate models of individual growth [46]. The selec-
tion criterion consists of the process of identifying the candidate model with both
an r2 value closest to 1 and the lowest CV. According to Burnham and Anderson
[26], r2 is a measure of the description and variation of the adjustment of the model
to fit the data. Regardless of this, it is not a useful criterion to select models that
compete to describe the observed data [26]. Because of this, the use of the infor-
mation criteria is recommended to align with the theory of information [26].

The AICc, BIC, and HQIC have as their foundation the Kullback–Leibler dis-
tance, which measures the approximation of the calculated model with the real
data; this way, the best candidate model is selected [27, 47]. The information
criteria rank the models according to the lower values of these information criteria,
so that the models with the lower values of AICc, BIC, and HQIC will be considered
as the best models [48–50]. The most important premise on the IC method is to
penalize the number of parameters from each model based on the principle of
parsimony [46]. In other words, there is a criterion based on the goodness of fit
(adjustment) of the model to the data defined by the objective function of maxi-
mum likelihood or residual sum of squares (RSS) [46]. At the same time, there is a
penalization associated with the total amount of parameters of the model [46].

The NFC establishes that capture over 2100 tons per year should not be allowed.
Additionally, it indicates that this fishery is in a state of “exploited to its sustainable
maximum.” In this study, the model with the best adjustment, according to both the
scientific criteria and reality, was the Schaefer model (MSY = 2008 tons per year).
Following this criterion, the maximum catch recommended by the NFC represents
the overexploitation of the blue crab as a fishery resource, given a surplus of 90 tons
per year on average.

4.4 Decision criteria

The model selection based on the information theory is a relatively new para-
digm in the biological sciences and is very different from the classic method based
on null hypothesis testing [26–29]. In this study, the estimators of the coefficient of
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determination, standard deviation, and the IC used (AICc, BIC, and HQIC) deliv-
ered the same results with respect to the selection of the model with the best
adjustment. However, it has been shown that the criteria based on the information
theory in the adjustment of the models are those that deliver values with greater
certainty for their particular properties according to Burnham and Anderson [26].

5. Conclusions and recommendations

a. Despite the economic and social importance of the crab fishery from Mexico,
and in particular the blue crab (Callinectes sapidus) on the coast of the Gulf of
Mexico, specifically in the Laguna Madre, Tamaulipas, the official measures
of fishing management are insufficient and outdated, while those
corresponding to unofficial scientists are nonexistent. On the Pacific Ocean
side, several species of the genus Callinectes concur for which certain
regulations (Official Mexican Standard) and planning (Regional Fisheries
Management Plan) applicable to fisheries regulation are available. In the
specific case of Laguna Madre, Tamaulipas, there is currently no specific
regulation or regional fisheries planning; this is the first work that delivers
some fisheries management measures such as MSY and fMSY, mainly and
specifically for the fishing resource of the blue crab Callinectes sapidus in the
Laguna Madre, Tamaulipas. Consequently, the comparative analysis of
fishery management measures of this species is only carried out between
those officially indicated and those thrown by this study, and in particular,
these measures are only the MSY and fMSY.

b. The scientific publications on the blue crab Callinectes sapidus of the Laguna
Madre, Tamaulipas, and the State of Tamaulipas are scarce; the existing ones
deal mainly with growth issues and are located in gray literature, with little
access. On the contrary, for this same species, in other regions of the Atlantic,
such as the Chesapeake Bay, USA, and Lake Maracaibo in Venezuela, there is
research on the estimation of fishery management measures, located both in
gray literature as in published literature, but infrequent and outdated.

c. According to the results presented in this study, and considering the period
analyzed (1998–2012), the fishery resource of the blue crab (Callinectes
sapidus) of the Laguna Madre, Tamaulipas, was under-exploited for the first
5 years, and subsequently, the last 10 years, an overexploitation is recorded
according to the RMS obtained in this same study.

d. It is recommended to use the fishery management measures thrown in this
study for blue crab (Callinectes sapidus), in particular those corresponding to
MSY and fMSY (MSY = 2.008 ton and fMSY = 58.390 traps), specifically for the
Laguna Madre, Tamaulipas. It is necessary to incorporate these measures into
the applicable regulations in force or add them to the NFC, as well as include
them in the Fisheries Management Plan that is being prepared for this
purpose. These actions would be in order to contribute to fisheries regulation,
and, consequently, to the conservation of the fishery resource.

e. The use of the information criteria (Akaike, Bayesian, and Hannan and
Quinn) is proposed to select, according to the best fit, the dynamic biomass
models of Schaefer and Fox, since they increase the certainty during the
selection process.
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Chapter 8

A Comparison of Genetic 
Variation in Two Endemic 
Thermal Spring Isopods, 
Thermosphaeroma thermophilum 
and T. milleri (Crustacea - Isopoda:  
Sphaeromatidae)
Veijo Jormalainen, James C. Boothroyd, Autumn Dove  
and Stephen M. Shuster

Abstract

Populations with reduced gene flow and restricted population size are expected 
to show reduced genetic variation. Using starch gel electrophoresis, we examined 
allozyme variation at 12 loci in two species of freshwater, sphaeromatid isopods. 
Thermosphaeroma thermophilum, an endangered species, inhabits a single thermal 
spring in central New Mexico, USA; and T. milleri, inhabits a more complex thermal 
spring system in northern Chihuahua, México. We found no significant differ-
ences in allelic variation between the sexes within each species. Between species, 
electromorphs at each locus differed significantly in both number and moiety on the 
gel, with T. milleri showing greater polymorphism and greater heterozygosity than 
T. thermophilum. Nei’s unbiased genetic distance, calculated using the nine loci com-
mon to both populations (D = 0.75), was consistent with morphological classification 
of T. thermophilum and T. milleri as separate species, as well as with molecular analy-
ses suggesting that these populations have been separated since the late Cretaceous 
(88 myr). Moreover, consistent with the theoretical expectation that small, isolated 
populations will exhibit reduced genetic variation, T. thermophilum, an endangered 
species, exhibited significantly less genetic variation than the more numerous and 
less confined T. milleri. We compare our results with other recent studies using this 
approach to understand the population genetics of natural populations.

Keywords: allozymes, endangered species, Mexico, New Mexico, Socorro isopod

1. Introduction

Wright [1] observed that restricted gene flow and reduced population size can 
lead to population differentiation and ultimately to speciation. Genetic isolation by 
distance as well as speciation occurring in the presence of geographic barriers (i.e., 
allopatric speciation) are well-documented phenomena in a range of taxa [2–4].
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Genetic variation is expected to decrease with decreased population size due 
to fixation of alleles. Frankham [5] empirically demonstrated this effect by com-
paring genetic variation of island populations and their mainland counterparts. 
A significant majority of island populations showed reduced genetic variation 
(average reduction in heterozygosity = 29%, N = 202 comparisons). Moreover, 
insular endemic species showed significantly greater reductions in genetic variation 
compared to non-endemic populations [6]. Reduced genetic variation has a strong 
correlation with reduced population fitness [6]. Species that occupy particular 
freshwater habitats often have limited abilities to disperse to alternative environ-
ments [7, 8]. Freshwater endemic populations are therefore extremely vulnerable 
to extinction, and a detailed understanding of their genetic diversity is valuable to 
conservation efforts [6].

With increasing sophistication of methods for assessing genetic variation and 
documenting parentage using DNA sequence data [9], starch gel electrophoresis has 
been displaced in favor of these demonstrably more precise methods. Nevertheless, 
allozyme analysis retains certain advantages over molecular methods; it is cheaper, 
involves fewer procedural steps, seldom requires optimization, and requires no 
exploratory studies to identify primers [10]. Most importantly, genetic differences 
identified by using allozymes provide a clear and conservative method for distin-
guishing populations. Thus, while no longer fashionable, starch gel electrophoresis 
remains a useful approach for estimating genetic variation within and among species. 
Recent studies confirm the continued value of the starch gel and other protein elec-
trophoresis methods for investigating population differentiation across a broad range 
of taxa, including plants [11–14], invertebrates [15–17] and vertebrates [18–20].

The sphaeromatid isopod genus, Thermosphaeroma, consists of seven known 
species, each endemic to a single, thermal, freshwater habitat in southwestern North 
America. Monophyly within this genus is unambiguous [21], thus Thermosphaeroma 
provides an excellent system for genetic and evolutionary comparisons among spe-
cies. In this paper, we report genetic variation in two species of Thermosphaeroma; 
T. thermophilum, the endangered Socorro isopod [22, 23] is endemic to a single 
thermal spring near Socorro, New Mexico, USA. Its congener, T. milleri, is also an 
endemic species, but inhabits a larger and spatially more complex spring system 
located west of Villa Ahumada, Chihuahua, México, and has a greater estimated 
population size (Shuster, unpubl. data). Due to the large geographic distance sepa-
rating these two endemic species (over 500 km), and thus the extreme unlikelihood 
of gene flow between populations, we expected genetic differentiation between 
these species to be considerable, despite their close taxonomic relationship [21]. We 
also expected genetic variation to be significantly reduced in T. thermophilum com-
pared to T. milleri, given the above predictions of population genetic theory as well 
as with the Socorro isopod’s status as an endangered species [24, 25]. As this is the 
first detailed description of allozyme variation in this genus, we provide descrip-
tions of electromorphs at each locus. We know of no studies comparing genetic 
variation between closely related, endemic species with such marked differences in 
habitat and population size.

2. Materials and methods

2.1 Sampling and processing of isopods

T. thermophilum: Sedillo Spring, the natural habitat of T. thermophilum, was modi-
fied in the early 1900s to supply water to a thermal spring bathhouse (Evergreen) as 
well as to the city of Socorro, New Mexico [26]. The bathhouse is now abandoned, 
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and the species is confined to the concrete pools and gutters through which the 
remaining surface waters of the spring flow. More detailed descriptions of this 
restricted habitat and estimates of population size (<3000 individuals) are provided 
in Federal Register [22] and Shuster [23–25, 27–30].

Using a fine mesh net, we collected samples of approximately 100 T. thermophi-
lum from the substrate and walls of pool 2 [23] in November 1993 and in June 
1995. In 1993, live isopods were placed in insulated containers with spring water 
and transported to Flagstaff, AZ, where 13 adult males and 11 adult females from 
the original sample were placed on ice for 10 min, euthanized by removing the 
cephalon with sharp forceps, and divided into five tissue sub-samples (cephalon, 
upper pereon, lower pereon, pereopods and pleotelson). Each tissue sub-sample 
was placed into a well in one of five separate ELISA dishes with 25 l 0.05 M Tris-HCl 
buffer and frozen at −80°C until samples were electrophoresed. In 1995, isopods 
were transported to Flagstaff for use in behavioral experiments [28–30]. Tissue 
samples were collected from live specimens by placing individuals on ice for 10 min 
and then amputating and freezing the left or right 7th pereopod.

T. milleri: Several thermal springs exist on Ejido Rancho Nuevo, located west of 
Villa Ahumada in northern Chihuahua, México. The largest spring, Ojo Caliente, 
arises from at least five sources within a 200 m2 area beneath a large cottonwood 
tree and flows SSW to form a 3–5 m wide stream, which is diverted to supply water 
to Ejido crops and livestock. Mosquitofish, pupfish, crawfish and large planarians 
all inhabit the stream whose gravel and mud banks are well-covered with grass 
and other aquatic vegetation. The population size is estimated to exceed 1.5 × 105 
individuals (Shuster, unpubl. data). More details of this habitat are provided in 
Bowman [31] and Davis [21].

Using a fine mesh net, we collected approximately 100 T. milleri from the 
substrate and vegetation of Ojo Caliente in August 1994 and in December 1995. The 
1994 sample was processed as described above for T. thermophilum. The 1995 sample 
was maintained in laboratory aquaria for use in behavioral experiments [28–30]. 
Tissue samples were collected from live specimens by placing individuals on ice for 
10 min and then removing the left or right seventh pereopod with fine forceps. Each 
pereopod was frozen as described above until samples were electrophoresed.

2.2 Electrophoresis

Frozen tissue samples were thawed on crushed ice, ground with an additional 
30 ml 0.05 M Tris-HCl pH 7.5 buffer using a glass rod, and loaded onto 12% starch 
gels using buffer systems described in Sassaman [32]. Gels were run at 35 mA for 
4 h, sliced and stained for 12 enzyme loci (see below). Electrophoretic signals were 
identified by measuring the height of each signal’s leading edge on the gel above its 
sample well on the gel, and were scored among the two Thermosphaeroma species 
by identifying the fastest running electromorph as “1” and slower electromorphs as 
2–3. To verify the relative position of electromorphs on gels between species after all 
individuals were initially scored, we reran samples from individuals who exhibited 
the range of allelic variation for both species on the same gels.

For each locus and within each sex, sample and species, we identified three 
measures of allelic diversity, the polymorphic index [PI = 1 − (Σpi

2), where pi = the 
population frequency of each allele, i], the effective number of alleles [ENA =  
1/(Σpi

2)], and observed heterozygosity (H). We also performed goodness of fit 
G-tests for deviations from Hardy-Weinberg (hereafter HW) expectations [4]. We 
calculated the average and standard error of the first three measures and compared 
PI, ENA and H across loci using U-tests, first between sexes within species using all 
samples collected, then between species with the sexes pooled. Because of the large 
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2.2 Electrophoresis

Frozen tissue samples were thawed on crushed ice, ground with an additional 
30 ml 0.05 M Tris-HCl pH 7.5 buffer using a glass rod, and loaded onto 12% starch 
gels using buffer systems described in Sassaman [32]. Gels were run at 35 mA for 
4 h, sliced and stained for 12 enzyme loci (see below). Electrophoretic signals were 
identified by measuring the height of each signal’s leading edge on the gel above its 
sample well on the gel, and were scored among the two Thermosphaeroma species 
by identifying the fastest running electromorph as “1” and slower electromorphs as 
2–3. To verify the relative position of electromorphs on gels between species after all 
individuals were initially scored, we reran samples from individuals who exhibited 
the range of allelic variation for both species on the same gels.

For each locus and within each sex, sample and species, we identified three 
measures of allelic diversity, the polymorphic index [PI = 1 − (Σpi

2), where pi = the 
population frequency of each allele, i], the effective number of alleles [ENA =  
1/(Σpi

2)], and observed heterozygosity (H). We also performed goodness of fit 
G-tests for deviations from Hardy-Weinberg (hereafter HW) expectations [4]. We 
calculated the average and standard error of the first three measures and compared 
PI, ENA and H across loci using U-tests, first between sexes within species using all 
samples collected, then between species with the sexes pooled. Because of the large 
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geographic distance separating these two species (>500 km), we did not estimate 
Wright’s F-statistics, assuming that gene flow between these morphologically 
distinct populations was negligible. Instead we calculated [33] unbiased genetic 
distance (D) using used Miller’s [34] TFPGA which provides a weighted average 
estimate of D across all loci. We assumed the inbreeding coefficient within each 
collection equaled F = (1—H) [4].

3. Results

3.1 Electrophoretic signals

The two Thermosphaeroma species exhibited two groups of electrophoretic 
signals, those in which alleles appeared to be similar in moiety on the gel between 
species (that is, electromorphs appears to reside at similar positions with respect to 
one another on the gel), and those in which alleles appeared distinct in both moiety 
and character. We observed apparently similar electromorphs between the species 
at Pgm1, Pgi, Me, Mdh1, Mdh2 and 6pgdh. Distinct electrophoretic signals appeared 
at Pgm2, Got, Xdh, Idh1, Idh2 and Hex.

In T. thermophilum, phosphoglugomutase loci (Pgm1 and Pgm2) were monomor-
phic, visible as tight bands, located at 31.7 and 28.8 mm, respectively, above sample 
wells. In T. milleri, only Pgm1 was visible. This locus also appeared as a tight band but 
exhibited three alleles. Pgm11 appeared identical in both species, with alleles Pgm12 
and Pgm13 in T. milleri visible at 27.1 and 22.7 mm, respectively, above sample wells.

Phosphoglucose isomerase (Pgi) appeared equivalent in moiety in both species, 
with signals visible as tight bands with small amounts of trailing anodic signal. Two 
alleles were identifiable, with Pgi1 located 21.6 mm, and Pgi2 located 18.9 mm, above 
sample wells. In both species, heterozygotes appeared as trimers, suggesting that 
the functional Pgi molecule consists of two units which combine at random [35].

Both species shared a similar fast signal at malic enzyme (Me1), located at 
20.2 mm above sample wells; T. thermophilum was monomorphic for this allele, 
whereas T. milleri showed two additional loci, Me2 at 16.4 mm and Me3 at 14.9 mm 
above sample wells. All signals in both species appeared as tight, dense bands. At 
6-phosphoglugose dehydrogenase (6pgdh), the fast electromorph (6-pgdh1) and the 
intermediate electromorph (6-pgdh2) appeared similar for both species at 37.9 and 
32.5 mm above sample wells, respectively. T. milleri showed a third electromorph 
(6-pgdh3) at 29.8 mm, which was not observed in T. thermophilum.

Malic dehydrogenase 1 (Mdh1) has been recognized as a mitochondrial signal 
in certain crustaceans (C. Sassaman, pers. com.), thus recognition of alleles at this 
locus is questionable. However, we identified similar fast signals in both species 
(“Mdh11”), appearing as broad bands at 35.5 mm above sample wells, as well as a 
slower signal (“Mdh12”) in T. milleri appearing at 30.4 mm above sample wells. 
Although we did not include this locus in HW analyses or in calculations of D, we 
have provided estimates of PI and ENA to illustrate the diversity in these signals 
within each species. The fast electromorph at Mdh2 reached similar locations above 
sample wells in both species (Mdh21 at 10.7 mm). However, signal density differed 
such that in the monomorphic T. thermophilum Mdh21 signal was clearer and more 
narrow, whereas in T. milleri signals were polymorphic (Mdh22 at 5.1 mm), less 
dense and showed considerable trailing anodic signal.

The species were distinct at glutamate oxaloacetate transaminase (Got). A single 
allele was visible in T. thermophilum as a tight band 38.7 mm (Got1) above sample 
wells. In T. milleri, two alleles were visible as somewhat broader bands at 29.4 mm 
(Got1) and 24.9 mm (Got2) above sample wells. The species were distinct at xantine 
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dehydrogenase (Xdh) as well. Both species showed broad, monomorphic signals; 
T. thermophilum at 12.0 mm (Xdh1) and T. milleri at 18.3 mm (Xdh2). Species differ-
ences were also clear at hexokinase (Hex), both species showing broad and variable, 
but distinct signals. Two alleles were visible in T. thermophilum, Hex1 at 33.4 mm and 
Hex2 at 24.6 mm, and three alleles were visible in T. milleri, Hex3 at 23.2 mm, Hex4 at 
19.8 mm and Hex5 at 12.8 mm.

3.2 Genetic differences between species

Allele frequencies at all loci in both species conformed to Hardy-Weinberg equi-
librium (Table 1), suggesting that Mendelian inheritance and selective neutrality can 
be assumed for these loci [36]. We found no significant differences in polymorphic 
indices (PI), effective numbers of alleles (ENA) or heterozygosity (H) between the 
sexes within either species (U-tests: T. thermophilum: PI (mean ± SE, n = 17): males, 
0.06 ± 0.04; females, 0.08 ± 0.05; z = −0.22, P = 0.83, NS; ENA: males, 1.09 ± 0.07; 
females, 1.13 ± 0.09; z = −0.22, P = 0.83, NS; H: males, 0.05 ± 0.03; females, 0.22 ± 0.14; 
z = −0.18, P = 0.86, NS; T. milleri: PI (mean ± SE, n = 10): males, 0.20 ± 0.06; females, 
0.29 ± 0.10; z = −0.31, P = 0.76, NS; ENA: males, 1.33 ± 0.12; females, 1.23 ± 0.19; 
z = −0.38, P = 0.70, NS; H: males, 0.22 ± 0.06; females, 0.30 ± 0.13; z = −0.19, P = 0.85, 
NS). Therefore, the sexes were combined for further analysis.

Locus Species Sample Sex N EMs PI ENA H HW P

PGM1 thermophilum 11/93 M 13 1 0.00 1.00 0.00 — —

F 12 1 0.00 1.00 0.00 — —

6/94 M 100 1 0.00 1.00 0.00 — —

F 14 1 0.00 1.00 0.00 — —

milleri 12/95 M 103 3 0.50 1.99 0.52 0.28 N.S.

PGM2 thermophilum 11/93 M 13 1 0.00 1.00 0.00 — —

F 12 1 0.00 1.00 0.00 — —

6/94 M 100 1 0.00 1.00 0.00 — —

F 14 1 0.00 1.00 0.00 — —

milleri 12/95 No signal

GOT thermophilum 11/93 M 13 1 0.00 1.00 0.00 — —

F 12 1 0.00 1.00 0.00 — —

milleri 12/95 M 13 2 0.14 1.17 0.15 0.09 N.S.

F 12 1 0.00 1.00 0.00 — —

PGI thermphilum 11/93 M 13 1 0.00 1.00 0.00 — —

F 12 1 0.00 1.00 0.00 — —

6/94 M 100 2 0.02 1.02 0.00 0.01 N.S.

F 14 1 0.00 1.00 0.00 — —

milleri 12/95 M 103 3 0.25 1.34 0.25 0.52 N.S.

F 12 2 0.08 1.09 0.08 0.02 N.S.

XDH thermophilum 11/93 M 13 1 0.00 1.00 0.00 — —

F 12 1 0.00 1.00 0.00 — —

milleri 12/95 M 4 1 0.00 1.00 0.00 — —

F 6 1 0.00 1.00 0.00 — —

ME thermophilum 11/93 M 13 1 0.00 1.00 0.00 — —
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geographic distance separating these two species (>500 km), we did not estimate 
Wright’s F-statistics, assuming that gene flow between these morphologically 
distinct populations was negligible. Instead we calculated [33] unbiased genetic 
distance (D) using used Miller’s [34] TFPGA which provides a weighted average 
estimate of D across all loci. We assumed the inbreeding coefficient within each 
collection equaled F = (1—H) [4].

3. Results

3.1 Electrophoretic signals

The two Thermosphaeroma species exhibited two groups of electrophoretic 
signals, those in which alleles appeared to be similar in moiety on the gel between 
species (that is, electromorphs appears to reside at similar positions with respect to 
one another on the gel), and those in which alleles appeared distinct in both moiety 
and character. We observed apparently similar electromorphs between the species 
at Pgm1, Pgi, Me, Mdh1, Mdh2 and 6pgdh. Distinct electrophoretic signals appeared 
at Pgm2, Got, Xdh, Idh1, Idh2 and Hex.

In T. thermophilum, phosphoglugomutase loci (Pgm1 and Pgm2) were monomor-
phic, visible as tight bands, located at 31.7 and 28.8 mm, respectively, above sample 
wells. In T. milleri, only Pgm1 was visible. This locus also appeared as a tight band but 
exhibited three alleles. Pgm11 appeared identical in both species, with alleles Pgm12 
and Pgm13 in T. milleri visible at 27.1 and 22.7 mm, respectively, above sample wells.

Phosphoglucose isomerase (Pgi) appeared equivalent in moiety in both species, 
with signals visible as tight bands with small amounts of trailing anodic signal. Two 
alleles were identifiable, with Pgi1 located 21.6 mm, and Pgi2 located 18.9 mm, above 
sample wells. In both species, heterozygotes appeared as trimers, suggesting that 
the functional Pgi molecule consists of two units which combine at random [35].

Both species shared a similar fast signal at malic enzyme (Me1), located at 
20.2 mm above sample wells; T. thermophilum was monomorphic for this allele, 
whereas T. milleri showed two additional loci, Me2 at 16.4 mm and Me3 at 14.9 mm 
above sample wells. All signals in both species appeared as tight, dense bands. At 
6-phosphoglugose dehydrogenase (6pgdh), the fast electromorph (6-pgdh1) and the 
intermediate electromorph (6-pgdh2) appeared similar for both species at 37.9 and 
32.5 mm above sample wells, respectively. T. milleri showed a third electromorph 
(6-pgdh3) at 29.8 mm, which was not observed in T. thermophilum.

Malic dehydrogenase 1 (Mdh1) has been recognized as a mitochondrial signal 
in certain crustaceans (C. Sassaman, pers. com.), thus recognition of alleles at this 
locus is questionable. However, we identified similar fast signals in both species 
(“Mdh11”), appearing as broad bands at 35.5 mm above sample wells, as well as a 
slower signal (“Mdh12”) in T. milleri appearing at 30.4 mm above sample wells. 
Although we did not include this locus in HW analyses or in calculations of D, we 
have provided estimates of PI and ENA to illustrate the diversity in these signals 
within each species. The fast electromorph at Mdh2 reached similar locations above 
sample wells in both species (Mdh21 at 10.7 mm). However, signal density differed 
such that in the monomorphic T. thermophilum Mdh21 signal was clearer and more 
narrow, whereas in T. milleri signals were polymorphic (Mdh22 at 5.1 mm), less 
dense and showed considerable trailing anodic signal.

The species were distinct at glutamate oxaloacetate transaminase (Got). A single 
allele was visible in T. thermophilum as a tight band 38.7 mm (Got1) above sample 
wells. In T. milleri, two alleles were visible as somewhat broader bands at 29.4 mm 
(Got1) and 24.9 mm (Got2) above sample wells. The species were distinct at xantine 
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dehydrogenase (Xdh) as well. Both species showed broad, monomorphic signals; 
T. thermophilum at 12.0 mm (Xdh1) and T. milleri at 18.3 mm (Xdh2). Species differ-
ences were also clear at hexokinase (Hex), both species showing broad and variable, 
but distinct signals. Two alleles were visible in T. thermophilum, Hex1 at 33.4 mm and 
Hex2 at 24.6 mm, and three alleles were visible in T. milleri, Hex3 at 23.2 mm, Hex4 at 
19.8 mm and Hex5 at 12.8 mm.

3.2 Genetic differences between species

Allele frequencies at all loci in both species conformed to Hardy-Weinberg equi-
librium (Table 1), suggesting that Mendelian inheritance and selective neutrality can 
be assumed for these loci [36]. We found no significant differences in polymorphic 
indices (PI), effective numbers of alleles (ENA) or heterozygosity (H) between the 
sexes within either species (U-tests: T. thermophilum: PI (mean ± SE, n = 17): males, 
0.06 ± 0.04; females, 0.08 ± 0.05; z = −0.22, P = 0.83, NS; ENA: males, 1.09 ± 0.07; 
females, 1.13 ± 0.09; z = −0.22, P = 0.83, NS; H: males, 0.05 ± 0.03; females, 0.22 ± 0.14; 
z = −0.18, P = 0.86, NS; T. milleri: PI (mean ± SE, n = 10): males, 0.20 ± 0.06; females, 
0.29 ± 0.10; z = −0.31, P = 0.76, NS; ENA: males, 1.33 ± 0.12; females, 1.23 ± 0.19; 
z = −0.38, P = 0.70, NS; H: males, 0.22 ± 0.06; females, 0.30 ± 0.13; z = −0.19, P = 0.85, 
NS). Therefore, the sexes were combined for further analysis.

Locus Species Sample Sex N EMs PI ENA H HW P

PGM1 thermophilum 11/93 M 13 1 0.00 1.00 0.00 — —

F 12 1 0.00 1.00 0.00 — —

6/94 M 100 1 0.00 1.00 0.00 — —

F 14 1 0.00 1.00 0.00 — —

milleri 12/95 M 103 3 0.50 1.99 0.52 0.28 N.S.

PGM2 thermophilum 11/93 M 13 1 0.00 1.00 0.00 — —

F 12 1 0.00 1.00 0.00 — —

6/94 M 100 1 0.00 1.00 0.00 — —

F 14 1 0.00 1.00 0.00 — —

milleri 12/95 No signal

GOT thermophilum 11/93 M 13 1 0.00 1.00 0.00 — —

F 12 1 0.00 1.00 0.00 — —

milleri 12/95 M 13 2 0.14 1.17 0.15 0.09 N.S.

F 12 1 0.00 1.00 0.00 — —

PGI thermphilum 11/93 M 13 1 0.00 1.00 0.00 — —

F 12 1 0.00 1.00 0.00 — —

6/94 M 100 2 0.02 1.02 0.00 0.01 N.S.

F 14 1 0.00 1.00 0.00 — —

milleri 12/95 M 103 3 0.25 1.34 0.25 0.52 N.S.

F 12 2 0.08 1.09 0.08 0.02 N.S.

XDH thermophilum 11/93 M 13 1 0.00 1.00 0.00 — —

F 12 1 0.00 1.00 0.00 — —

milleri 12/95 M 4 1 0.00 1.00 0.00 — —

F 6 1 0.00 1.00 0.00 — —

ME thermophilum 11/93 M 13 1 0.00 1.00 0.00 — —
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Between species, each of the three estimators of genetic variation differed 
significantly (U-tests, n = 54: PI: T. thermophilum: 0.07 ± 0.03, n = 34; T. milleri: 
0.25 ± 0.06, n = 20; z = −3.08, P = 0.002; ENA: T. thermophilum: 1.11 ± 0.06, n = 34; 
T. milleri: 1.28 ± 0.11, n = 20; z = −2.48, P = 0.01; H: T. thermophilum: 0.13 ± 0.07, 
n = 34; T. milleri: 0.26 ± 0.07, n = 20; z = −2.55, P = 0.01). Nei’s [33] unbiased genetic 
distance, D, equaled 0.75, a value consistent with species-level genetic differences in 
a number of species [33].

Locus Species Sample Sex N EMs PI ENA H HW P

F 12 1 0.00 1.00 0.00 — —

6/94 M 75 1 0.00 1.00 0.00 — —

F 5 1 0.00 1.00 0.00 — —

milleri 12/95 M 35 3 0.27 1.37 0.31 1.22 N.S.

F 12 2 0.15 1.18 0.20 0.10 N.S.

IDH1 thermophilum 11/93 M 9 1 0.00 1.00 0.00 — —

F 5 1 0.00 1.00 0.00 — —

milleri 12/95 M 13 1 0.00 1.00 0.00 — —

IDH2 thermophilum 11/93 M 13 1 0.00 1.00 0.00 — —

F 12 1 0.00 1.00 0.00 — —

milleri 12/95 No signal

MDH1 thermophilum 11/93 M 13 1 0.00 1.00 0.00 — —

F 12 1 0.00 1.00 0.00 — —

6/96 M 85 2 0.12 1.14 0.13 0.41 N.S.

F 9 2 0.20 1.24 0.22 0.14 N.S.

milleri 12/95 M 102 2 0.13 1.15 0.14 0.55 N.S.

F 11 1 0.00 1.00 0.00 — —

MDH2 thermophilum 11/93 No signal

milleri 12/95 M 103 2 0.07 1.08 0.08 0.17 N.S.

F 11 1 0.00 1.00 0.00 — —

HEX1 thermophilum 11/93 M 13 2 0.43 1.75 0.31 1.00 N.S.

F 8 2 0.50 2.00 0.75 2.00 N.S.

milleri 12/95 M 13 3 0.50 2.00 0.55 3.57 N.S.

F 4 2 0.43 1.75 0.43 0.29 N.S.

6PGDH thermophilum 11/93 M 13 1 0.00 1.00 0.00 — —

F 12 1 0.00 1.00 0.00 — —

6/96 M 48 2 0.06 1.06 0.06 0.05 N.S.

F 17 2 0.13 1.15 1.43 0.04 N.S.

milleri 12/95 M 100 3 0.14 1.16 0.15 0.66 N.S.

F 11 3 0.24 1.32 0.27 0.27 N.S.

Number of electrophoretic morphs (EMs), polymorphic index (PI), effective number of alleles (ENA), observed 
heterozygosity (H), results of G-test for deviation from the Hardy-Weinberg equilibrium (HW), and significance of 
deviation (P).

Table 1. 
Electrophoretic variation in Thermosphaeroma thermophilum and T. milleri.
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4. Discussion

Strong, directional selection could explain reduced genetic variation in T. 
thermophilum compared to T. milleri, although we found no significant deviation 
from HW expectations at the four variable loci (Table 1) in T. thermophilum, and no 
deviations from HW expectations at any locus examined in T. milleri. The T. ther-
mophilum population is reported to have undergone a severe bottleneck in the mid-
1980s, when a valve controlling the water supply to Sedillo Spring was destroyed 
by vandals (B. Lang, pers. comm.). This event, as well as past destruction of the 
natural habitat by private and municipal water projects may also have reduced the 
available habitat, reduced population size, and thus reduced genetic variability in 
the T. thermophilum population. This explanation is consistent with average hetero-
zygosity (H) in T. thermophilum equaling half of that observed in T. milleri.

However, these factors do not explain why some loci (Hex1; 6-pgdh) in T. ther-
mophilum have remained highly variable. Recent bottlenecks in other species appear 
to reduce genetic variation in all loci simultaneously [37, 38] and reductions in allelic 
diversity may persist for millennia [39]. Selection can maintain polymorphism in 
finite populations [4]. However, in Sedillo Spring, the source of selection and the iso-
pod characteristics on which it may act, are unknown. Thus, the existence of genetic 
variation in some but not all loci in the endangered Socorro isopod population, while 
encouraging from a species management perspective, for now remains unexplained.

Genetic population structure is well-documented in isopod crustaceans using a 
variety of genetic markers. Allozymes are most commonly used to identify genetic 
differences within and among populations [36, 40–43] although pigmentation 
patterns known to exhibit Mendelian inheritance have been and are still widely used 
in documenting population differences [44–49]. Molecular markers are increasingly 
used to document genetic differences among isopod populations, and preliminary 
data using mitochondrial DNA sequences have been used successfully to distinguish 
congeners within the genus Thermosphaeroma [22].

Although molecular genetic methods do provide more precise information on 
genetic differences within and among populations, protein electrophoresis remains 
a useful tool for investigating population differences. Because allozyme loci are 
usually codominant, clear indications of allelic differentiation, isolation by distance 
and most standard measures of genetic diversity can all be identified without 
approximation [12–14, 16]. Population differences detected using this approach 
are certain to be more conservative than molecular analyses [9]. Moreover, despite 
continued reduction of the cost of molecular analyses, electrophoresis is remains a 
cheaper and more sample efficient method—particularly for large samples—than 
most analyses using DNA.

Our results using allozyme variation, indicate that Thermosphaeroma milleri and 
T. thermophilum are genetically distinct at the level of separate species, a result con-
sistent with previous morphological [49] and molecular genetic analyses [22]. Our 
main finding, that genetic variation in T. thermophilum is sharply reduced compared 
to its closest relative, is consistent with population genetic theory [1, 3, 4] and with 
recent empirical analyses [5] indicating that reduced population size reduces genetic 
variation within populations, specifically within the T. thermophilum population.
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Between species, each of the three estimators of genetic variation differed 
significantly (U-tests, n = 54: PI: T. thermophilum: 0.07 ± 0.03, n = 34; T. milleri: 
0.25 ± 0.06, n = 20; z = −3.08, P = 0.002; ENA: T. thermophilum: 1.11 ± 0.06, n = 34; 
T. milleri: 1.28 ± 0.11, n = 20; z = −2.48, P = 0.01; H: T. thermophilum: 0.13 ± 0.07, 
n = 34; T. milleri: 0.26 ± 0.07, n = 20; z = −2.55, P = 0.01). Nei’s [33] unbiased genetic 
distance, D, equaled 0.75, a value consistent with species-level genetic differences in 
a number of species [33].

Locus Species Sample Sex N EMs PI ENA H HW P

F 12 1 0.00 1.00 0.00 — —

6/94 M 75 1 0.00 1.00 0.00 — —

F 5 1 0.00 1.00 0.00 — —

milleri 12/95 M 35 3 0.27 1.37 0.31 1.22 N.S.

F 12 2 0.15 1.18 0.20 0.10 N.S.

IDH1 thermophilum 11/93 M 9 1 0.00 1.00 0.00 — —

F 5 1 0.00 1.00 0.00 — —

milleri 12/95 M 13 1 0.00 1.00 0.00 — —

IDH2 thermophilum 11/93 M 13 1 0.00 1.00 0.00 — —

F 12 1 0.00 1.00 0.00 — —

milleri 12/95 No signal

MDH1 thermophilum 11/93 M 13 1 0.00 1.00 0.00 — —

F 12 1 0.00 1.00 0.00 — —

6/96 M 85 2 0.12 1.14 0.13 0.41 N.S.

F 9 2 0.20 1.24 0.22 0.14 N.S.

milleri 12/95 M 102 2 0.13 1.15 0.14 0.55 N.S.

F 11 1 0.00 1.00 0.00 — —

MDH2 thermophilum 11/93 No signal

milleri 12/95 M 103 2 0.07 1.08 0.08 0.17 N.S.

F 11 1 0.00 1.00 0.00 — —

HEX1 thermophilum 11/93 M 13 2 0.43 1.75 0.31 1.00 N.S.

F 8 2 0.50 2.00 0.75 2.00 N.S.

milleri 12/95 M 13 3 0.50 2.00 0.55 3.57 N.S.

F 4 2 0.43 1.75 0.43 0.29 N.S.

6PGDH thermophilum 11/93 M 13 1 0.00 1.00 0.00 — —

F 12 1 0.00 1.00 0.00 — —

6/96 M 48 2 0.06 1.06 0.06 0.05 N.S.

F 17 2 0.13 1.15 1.43 0.04 N.S.
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F 11 3 0.24 1.32 0.27 0.27 N.S.
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heterozygosity (H), results of G-test for deviation from the Hardy-Weinberg equilibrium (HW), and significance of 
deviation (P).
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Electrophoretic variation in Thermosphaeroma thermophilum and T. milleri.
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4. Discussion

Strong, directional selection could explain reduced genetic variation in T. 
thermophilum compared to T. milleri, although we found no significant deviation 
from HW expectations at the four variable loci (Table 1) in T. thermophilum, and no 
deviations from HW expectations at any locus examined in T. milleri. The T. ther-
mophilum population is reported to have undergone a severe bottleneck in the mid-
1980s, when a valve controlling the water supply to Sedillo Spring was destroyed 
by vandals (B. Lang, pers. comm.). This event, as well as past destruction of the 
natural habitat by private and municipal water projects may also have reduced the 
available habitat, reduced population size, and thus reduced genetic variability in 
the T. thermophilum population. This explanation is consistent with average hetero-
zygosity (H) in T. thermophilum equaling half of that observed in T. milleri.

However, these factors do not explain why some loci (Hex1; 6-pgdh) in T. ther-
mophilum have remained highly variable. Recent bottlenecks in other species appear 
to reduce genetic variation in all loci simultaneously [37, 38] and reductions in allelic 
diversity may persist for millennia [39]. Selection can maintain polymorphism in 
finite populations [4]. However, in Sedillo Spring, the source of selection and the iso-
pod characteristics on which it may act, are unknown. Thus, the existence of genetic 
variation in some but not all loci in the endangered Socorro isopod population, while 
encouraging from a species management perspective, for now remains unexplained.

Genetic population structure is well-documented in isopod crustaceans using a 
variety of genetic markers. Allozymes are most commonly used to identify genetic 
differences within and among populations [36, 40–43] although pigmentation 
patterns known to exhibit Mendelian inheritance have been and are still widely used 
in documenting population differences [44–49]. Molecular markers are increasingly 
used to document genetic differences among isopod populations, and preliminary 
data using mitochondrial DNA sequences have been used successfully to distinguish 
congeners within the genus Thermosphaeroma [22].

Although molecular genetic methods do provide more precise information on 
genetic differences within and among populations, protein electrophoresis remains 
a useful tool for investigating population differences. Because allozyme loci are 
usually codominant, clear indications of allelic differentiation, isolation by distance 
and most standard measures of genetic diversity can all be identified without 
approximation [12–14, 16]. Population differences detected using this approach 
are certain to be more conservative than molecular analyses [9]. Moreover, despite 
continued reduction of the cost of molecular analyses, electrophoresis is remains a 
cheaper and more sample efficient method—particularly for large samples—than 
most analyses using DNA.

Our results using allozyme variation, indicate that Thermosphaeroma milleri and 
T. thermophilum are genetically distinct at the level of separate species, a result con-
sistent with previous morphological [49] and molecular genetic analyses [22]. Our 
main finding, that genetic variation in T. thermophilum is sharply reduced compared 
to its closest relative, is consistent with population genetic theory [1, 3, 4] and with 
recent empirical analyses [5] indicating that reduced population size reduces genetic 
variation within populations, specifically within the T. thermophilum population.
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Chapter 9

Phage Therapy for Control of
Bacterial Diseases
Palaniappan Ramasamy

Abstract

Phage therapy is one of the most important control strategies envisaged for the
management of bacterial diseases in the aquatic environment. There are no other
effective alternative approaches for the natural control of bacterial diseases,
while phage therapy remains the best method which has not yet been exploited.
The occurrence, infectivity, lytic activities, therapeutic potentials, and efficacy of
the bacteriophages of Bacillus spp./Vibrio spp. for control of pathogenic bacteria
diseases such as Vibrio vulnificus, V. damsela, and V. furnissii in the cultures of
crustaceans are presented. An ideal method for long-term storage and recovery of
the lytic bacteriophages, agar bioassay method and one-step growth experiments,
in vivo and in vitro experiments, and validation of the usefulness of phage therapy
are described. The review highlights the occurrences of plagues of lytic phages of
Vibrio sp. and Bacillus spp. and their control effects of vibriosis both in vivo and
in vitro in the crustaceans, thus establishing the application and efficacy of the
phages of Vibrio/Bacillus against the pathogenic Vibrio spp. Development of
specific phage therapy or a cocktail of phages to a wide variety of systems is
considered to represent an interesting emerging alternative to antibiotic therapy
and vaccination.

Keywords: phage therapy, bacterial diseases, vibriosis, probiotics, bacteriophages,
antimicrobials, antibiotic resistance, crustaceans, shrimp, lobster, crab, Artemia

1. Introduction

1.1 Global crustacean production and losses due to diseases

Global fish production was 171 million tons estimated at USD 362 billion in 2016,
while aquaculture production was 80.37 million tons estimated at USD 232 billion
[1–3] consisting of 54.1 million tons of finfish production, 17.1 million tons of
molluscs, 7.9 million tons of crustaceans, and 938,500 tons of other aquatic animals
such as turtles, sea cucumbers, sea urchins, frogs, and edible jellyfish [3]. Freshwa-
ter finfish represents half of the global aquaculture production (54%), molluscs
being the second more produced aquaculture item in the world (24%) [2]. Crusta-
ceans come next in production relevance, represented mostly by penaeid shrimps
and grapsid crabs [2, 3]. Aquaculture is the world’s fastest growing segment with a
global increase of 5.7% per annum in shrimp production resulting in an increase of
18% by 2020, and the estimated world production of farmed shrimp is 3.5 million
metric tons though the diseases, international market prices, and production costs
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effective alternative approaches for the natural control of bacterial diseases,
while phage therapy remains the best method which has not yet been exploited.
The occurrence, infectivity, lytic activities, therapeutic potentials, and efficacy of
the bacteriophages of Bacillus spp./Vibrio spp. for control of pathogenic bacteria
diseases such as Vibrio vulnificus, V. damsela, and V. furnissii in the cultures of
crustaceans are presented. An ideal method for long-term storage and recovery of
the lytic bacteriophages, agar bioassay method and one-step growth experiments,
in vivo and in vitro experiments, and validation of the usefulness of phage therapy
are described. The review highlights the occurrences of plagues of lytic phages of
Vibrio sp. and Bacillus spp. and their control effects of vibriosis both in vivo and
in vitro in the crustaceans, thus establishing the application and efficacy of the
phages of Vibrio/Bacillus against the pathogenic Vibrio spp. Development of
specific phage therapy or a cocktail of phages to a wide variety of systems is
considered to represent an interesting emerging alternative to antibiotic therapy
and vaccination.

Keywords: phage therapy, bacterial diseases, vibriosis, probiotics, bacteriophages,
antimicrobials, antibiotic resistance, crustaceans, shrimp, lobster, crab, Artemia

1. Introduction

1.1 Global crustacean production and losses due to diseases

Global fish production was 171 million tons estimated at USD 362 billion in 2016,
while aquaculture production was 80.37 million tons estimated at USD 232 billion
[1–3] consisting of 54.1 million tons of finfish production, 17.1 million tons of
molluscs, 7.9 million tons of crustaceans, and 938,500 tons of other aquatic animals
such as turtles, sea cucumbers, sea urchins, frogs, and edible jellyfish [3]. Freshwa-
ter finfish represents half of the global aquaculture production (54%), molluscs
being the second more produced aquaculture item in the world (24%) [2]. Crusta-
ceans come next in production relevance, represented mostly by penaeid shrimps
and grapsid crabs [2, 3]. Aquaculture is the world’s fastest growing segment with a
global increase of 5.7% per annum in shrimp production resulting in an increase of
18% by 2020, and the estimated world production of farmed shrimp is 3.5 million
metric tons though the diseases, international market prices, and production costs
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are the main challenges and constrains to the growth and productivity of the shrimp
industry on a global level [4]. However, disease outbreaks have caused serious
economic losses in several countries, and the estimated global losses due to shrimp
diseases are around US$ 6 billion per annum [5, 6]. Such concerns confirm that the
bacterial diseases are the most important contracting factors for development of
the global aquaculture industry [7].

1.2 Bacterial diseases in crustaceans

Bacteria in the aquatic environment and the bacterial diseases, viz. vibriosis,
shell diseases (chitinolytic bacteria), and gaffkemia of lobsters, are ubiquitous and
are significant for the survival of crustaceans in confined habitats [8–22]. Diseases,

Diseases Hosts Causative bacterial species

Vibriosis Penaeus monodon, P. merguiensis,
and P. indicus (eggs, larvae,
postlarvae, juveniles, and
adults); Litopenaeus vannamei,
Macrobrachium, lobster
Homarus americanus, crab
Portunus trituberculatus

Vibrio harveyi, V. splendidus;
Vibrio harveyi, V. alginolyticus,
V. parahaemolyticus, V. anguillarum,
V. furnissii, V. mimicus, V. damsela
[7, 13–22]

Bacterial fouling of surfaces
with filamentous bacterial
disease

Penaeus monodon, P. merguiensis,
P. indicus

Leucothrix sp.,Thiothrix sp.,
Flexibacter sp., Cytophaga sp.,
Flavobacterium sp. [7]

Shell disease, brown/black
spot, black gill, black rot/
erosion, blisters, necrosis of
appendages

Crabs and shrimp, white and
brown shrimp Penaeus monodon,
P. merguiensis, P. indicus

Chitonoclastic bacteria Vibrio spp.
infections Vibrio, Aeromonas,
Pseudomonas, Flavobacterium [7, 8, 11]

Chitinolytic bacterial
disease, shell disease, box
burnt disease, bacterial shell
disease

Cancer spp., Callinectes sapidus,
other crabs; lobsters, shrimps,
and crayfish

Chitinolytic or chitinoclastic bacteria
(Gram-negative), viz. Vibrio spp.,
Pseudomonas spp., and Aeromonas spp.
[7, 9–11, 13, 17, 20–22]

Milky hemolymph disease
(milky hemolymph
syndrome [MHS])

Spiny lobster Panulirus spp.,
Panulirus ornatus, P. homarus,
and P. stimpsoni; Litopenaeus
vannamei (Penaeus monodon,
Carcinus maenas)

Rickettsia-like bacterium, a-
Proteobacteria, Streptococcus sp.,
[7, 10–12]

Gaffkemia, septicemia Lobsters Homarus americanus Gaffkya homari [7, 9–11]

Bacteremias Bacterial diseases of crabs Vibrio, Aeromonas, Rhodobacteriales-
like organism, Vibrio cholerae, Vibrio
vulnificus, chitinoclastic bacteria,
Rickettsia intracellular organisms,
chlamydia-like organism,
Spiroplasma, chitinoclastic bacteria,
Rickettsia intracellular organisms,
chlamydia-like organism, and
Spiroplasma [7]

Fungal diseases Penaeus monodon, [larval
(nauplii, zoea, and mysis)
Indian tiger prawn]
Macrobrachium rosenbergii

Lagenidium callinectes [16, 17]

Table 1.
Bacterial diseases, causative organisms, and their crustacean hosts.
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causative organisms, and their crustacean hosts are listed in Table 1. Gaffkemia of
lobsters is caused by Aerococcus viridans var. homari and is the root cause of mass
mortalities of lobsters, while crabs, viz. Cancer borealis and C. irroratus, serve as
reservoir hosts of Aerococcus viridans [8–13]. Vibriosis causes mass mortalities in
several crustaceans such as penaeid shrimp Penaeus monodon and P. japonicus, fresh
water prawn Macrobrachium, lobster Homarus americanus, blue crabs Callinectes
sapidus, rock crabs Cancer irroratus, and shore crab Carcinus maenas. Shell diseases
are caused by chitinolytic bacteria which were encountered in English prawn
Palaemon serratus; American lobsters Homarus americanus; penaeid shrimp; king
crabs, Paralithodes camtschaticus and Paralithodes platypus; and tanner crabs
Chionoecetes tanneri, and these crustaceans are affected by rust diseases which are
caused by chitin-destroying bacteria [8–22]. Significant mortalities of larval, post-
larval, and adult crustaceans, viz. shrimp Penaeus monodon, Litopenaeus vannamei,
and Macrobrachium, lobster Homarus americanus, and crab Portunus trituberculatus,
are caused by common pathogens such as Vibrio harveyi, V. alginolyticus, V.
parahaemolyticus, V. anguillarum, V. furnissii, V. mimicus, V. damsela, Pseudomonas,
and Aeromonas [9–22]. Infectious diseases caused by Vibrio species represent the
greatest challenges that cause vibriosis with considerable economic losses, and that
is the most overwhelming problem in aquaculture, shrimp, and crustaceans [7–101].

2. Phage therapy

Phage therapy is a prospective ideal therapy for vibriosis in aquaculture of
crustaceans. Bacteriophages are defined as bacterial viruses that can infect cells,
multiply in, cytolyse, and destroy susceptible bacteria. Bacteriophages are viruses of
bacteria which have a natural ability to target, infect, and destroy their host cells
of a particular bacterial species or groups or even unrelated bacteria, and thus they
play a major role in controlling their target bacterial population density in nature
[23–60]. They are both omnipresent and copious in the aquaculture environment,
especially in seawater, in which the total numbers of viruses normally surpass the
bacterial cell concentration by a factor of 10 [25]. “Most phages reproduce upon
entering a cell and in that process kill their host. They encode two families of
proteins, holins, and lysins, which allow the phage progeny to burst through the
bacterial cell wall and go off in search of new hosts. But the cell is already dead by
the time that happens in terms of lethality; the lysis is just a matter of burning down
the house for good measure.” An estimated 108 strains of phage with approximately
1031–1032 phages are known to occur in the biosphere at any given time [23].
Bacteriophages are used for the isolation and identification of specific bacteria to
help in the diagnosis of the bacterial diseases, to kill antibiotic-resistant, virulent
bacteria through a natural phenomenon called lysogeny, whereby one of the phage-
infected bacteria in a colony kills another uninfected bacterium through phage
missiles or antibacterial peptides [24, 25, 36–39, 41].

2.1 Phage therapy, an alternative to antibiotics

Due to their specific antibacterial activities and significance of the phage therapy
as an alternative to antibiotics, bacteriophage therapy is re-emerging, and conse-
quently this has become a potentially novel and useful concept to kill even intracel-
lular pathogenic bacteria and warrant future development. Bacteriophage therapy
has been extended from medical applications into the fields of agriculture, aqua-
culture, and the food industry [28–30, 39]. Bacteriophages specific for Vibrio spp.
have been described [36–41]. Bacteriophages are known to infect >140 bacterial
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are the main challenges and constrains to the growth and productivity of the shrimp
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diseases are around US$ 6 billion per annum [5, 6]. Such concerns confirm that the
bacterial diseases are the most important contracting factors for development of
the global aquaculture industry [7].
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vannamei (Penaeus monodon,
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Rickettsia-like bacterium, a-
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causative organisms, and their crustacean hosts are listed in Table 1. Gaffkemia of
lobsters is caused by Aerococcus viridans var. homari and is the root cause of mass
mortalities of lobsters, while crabs, viz. Cancer borealis and C. irroratus, serve as
reservoir hosts of Aerococcus viridans [8–13]. Vibriosis causes mass mortalities in
several crustaceans such as penaeid shrimp Penaeus monodon and P. japonicus, fresh
water prawn Macrobrachium, lobster Homarus americanus, blue crabs Callinectes
sapidus, rock crabs Cancer irroratus, and shore crab Carcinus maenas. Shell diseases
are caused by chitinolytic bacteria which were encountered in English prawn
Palaemon serratus; American lobsters Homarus americanus; penaeid shrimp; king
crabs, Paralithodes camtschaticus and Paralithodes platypus; and tanner crabs
Chionoecetes tanneri, and these crustaceans are affected by rust diseases which are
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larval, and adult crustaceans, viz. shrimp Penaeus monodon, Litopenaeus vannamei,
and Macrobrachium, lobster Homarus americanus, and crab Portunus trituberculatus,
are caused by common pathogens such as Vibrio harveyi, V. alginolyticus, V.
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and Aeromonas [9–22]. Infectious diseases caused by Vibrio species represent the
greatest challenges that cause vibriosis with considerable economic losses, and that
is the most overwhelming problem in aquaculture, shrimp, and crustaceans [7–101].
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Phage therapy is a prospective ideal therapy for vibriosis in aquaculture of
crustaceans. Bacteriophages are defined as bacterial viruses that can infect cells,
multiply in, cytolyse, and destroy susceptible bacteria. Bacteriophages are viruses of
bacteria which have a natural ability to target, infect, and destroy their host cells
of a particular bacterial species or groups or even unrelated bacteria, and thus they
play a major role in controlling their target bacterial population density in nature
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especially in seawater, in which the total numbers of viruses normally surpass the
bacterial cell concentration by a factor of 10 [25]. “Most phages reproduce upon
entering a cell and in that process kill their host. They encode two families of
proteins, holins, and lysins, which allow the phage progeny to burst through the
bacterial cell wall and go off in search of new hosts. But the cell is already dead by
the time that happens in terms of lethality; the lysis is just a matter of burning down
the house for good measure.” An estimated 108 strains of phage with approximately
1031–1032 phages are known to occur in the biosphere at any given time [23].
Bacteriophages are used for the isolation and identification of specific bacteria to
help in the diagnosis of the bacterial diseases, to kill antibiotic-resistant, virulent
bacteria through a natural phenomenon called lysogeny, whereby one of the phage-
infected bacteria in a colony kills another uninfected bacterium through phage
missiles or antibacterial peptides [24, 25, 36–39, 41].

2.1 Phage therapy, an alternative to antibiotics

Due to their specific antibacterial activities and significance of the phage therapy
as an alternative to antibiotics, bacteriophage therapy is re-emerging, and conse-
quently this has become a potentially novel and useful concept to kill even intracel-
lular pathogenic bacteria and warrant future development. Bacteriophage therapy
has been extended from medical applications into the fields of agriculture, aqua-
culture, and the food industry [28–30, 39]. Bacteriophages specific for Vibrio spp.
have been described [36–41]. Bacteriophages are known to infect >140 bacterial
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genera, and they are the most valuable and ubiquitous (1031) phage organisms in
the world [26–35, 40–45]. Earliest description of phages and their antibacterial
activity has been independently demonstrated [62]. D’Herelle [33] published a
comprehensive account of phages, and hence the International Bacteriophage Insti-
tute was established in Tbilisi, Georgia, in 1923, now called as “the George Eliava
Institute of Bacteriophages, Microbiology and Virology” [32, 34], which is still
involved in researching phage therapy applications and supplies phage for the
treatment of various bacterial infections. D’Herelle’s first phage therapy experi-
ments against bacterial dysentery were exceptionally successful and were very
promising in the removal of the infectious organisms [32, 34]. However some of the
results of the early phage therapy experiments of infectious host organisms were
known to be contradictory with reports of both success and failure. Whenever
failures occurred in phage therapy, they were attributed to a range of factors. They
include unsatisfactory understanding of phage biology, inadequate experimental
technical knowledge, poor quality of phage preparations, and a lack of understand-
ing of the causes of illness being treated. The discovery of such specific bacterio-
phages were at first considered to become powerful beneficial therapeutic agents
against pathogenic microorganisms but could not be put into practice because of the
dawn of antibiotic era experiencing overuse/misuse of antibacterial medication that
resulted in the development of untreatable antibiotic resistance [32, 36]. Commer-
cialization of antibiotics in the Western countries in the 1940s had led to a simulta-
neous decline in the use of phages as human therapeutics, while in some of the
Eastern European countries, exploitation of phage therapy was continued either
alone or in combination with antibiotics [19, 34, 61–73]. The experimental phage
therapy could be an alternative to antibiotics and replace them when they fail for
the treatment of chronic infections, and such a successful eradication of drug-
resistant bacteria was documented [19, 42, 61–73]. Moreover, the significantly
decline costs of phage therapy constitute an important additional battle for its wider
application in the current era of a worldwide circumstance in antibiotic resistance.
The efficacy of phage therapy is well recognized and demonstrated in a few cases
[32, 64–66]. Even a single dose of phage was reported to be much more effective
than multiple doses of antibiotics such as ampicillin, tetracycline, and chloram-
phenicol [66]. The use of phage therapy to control fish pathogens has also been
reported [23, 24, 42, 43]. Phage lysins have been used as potential therapeutics for
treatment of bacterial infections [44]. Furthermore, the US Food and Drug Admin-
istration has approved commercial phage preparations to prevent bacterial contam-
inations. Such developments have prompted to explore the possibilities of using
bacteriophages to control bacterial infections in crustacean aquaculture [36–41].
Further cautious phage collection and perfect experimental conditions for phage
propagation and purification, route and timing of phage administration, and envi-
ronmental monitoring of phage for use are needed. Such a focus may help in further
development of probiotics, phage therapy applicable to a wide variety of systems,
which is considered to signify an emerging alternative to antibiotic therapy and
vaccination.

2.2 Probiotics in crustacean cultures

Probiotics are defined as applications of whole or components of microorgan-
isms or “a live microbial adjunct which has a beneficial effect on the host by
modifying the host-associated or ambient microbial community, by ensuring
improved use of the feed or enhancing its nutritional value, by enhancing the host
response towards disease, or by improving the quality of its ambient environment”
[74–93]. A probiotic is a live microbial feed supplement which benefits the host
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animal by improving its intestinal microbial balance [82]. Lactic acid bacterium
Bacillus S11 was tested as probiotics and has been proven as antagonists of shrimp
pathogens [75]. Bacillus spores were used as biocontrol agents to reduce Vibrio
species in shrimp culture facilities [83]. The inhibitory activity of Bacillus subtilis
BT23, isolated from shrimp culture ponds, is against pathogenic Vibrio harveyi
under in vitro and in vivo conditions [39, 73]. The concept of probiotics is exploited
to “augment” naturally occurring pathogenic bacterial population to increase the
growth rate and control diseases of organisms in aquaculture such as fish/shellfish
[84, 85]. Several microorganisms have been evaluated as probiotics which have
been shown to be successful in the larval stages of the aquatic organisms in
preventing the diseases, improving digestion and growth [82, 84, 87]. Some of the
proposed mechanisms that provide protection against pathogens involve the pro-
duction of inhibitory compounds, competition for essential nutrients and adhesion
sites, enhancement of disease resistance, and modulation of host immune responses
[82, 87]. A probiotic containing a combination of several different bacteria has
been shown to be more efficient at controlling bacterial pathogens [82, 90, 91].
Probiotics are known to act and inhibit the growth and proliferation of bacterial
pathogens both in vivo and in vitro by generating antibacterial compounds such as
bacteriocin, siderophores, lysozymes, proteases, hydrogen peroxide, antibiotics,
and organic acids [91]. In aquaculture, some microorganisms are more beneficial to
host organisms in reducing the incidence of diseases though the factors and mech-
anisms which mediate the benefits to the host are poorly understood. Future studies
should be focused on evaluating the mechanisms by which the probiotics interact
with the host and pathogens and their biology.

2.3 Proprobiotics

Proprobiotic is defined as a synbiotic comprising pre- and probiotics involving a
combination of strains of nonpathogenic bacteria and yeast so as to provide supple-
mentary nutrients and to protect against invading pathogens. Commercially avail-
able proprobiotics are known to competitively exclude the potential pathogen
through the use of proprobiotics in aquaculture. Effects of Ergosan and Vibromax
are used to prevent vibriosis in Litopenaeus vannamei [42, 43]. Probiotics (e.g.,
Arda-Tek, Australia, viz. DMS1000, S-1100, DMS-2001, DMS-2002, DMS-2004,
etc., Wunapuo-15 of Team Aqua Corporation) are used to reduce the number of
Gram-negative pathogenic bacteria including Vibrio in the water and to maintain
stable water quality, to stabilize plankton, to reduce rate of sludge buildup on the
pond bottom, and to digest microbial slime [73, 82, 84–91]. To assess the actual
impact of these probiotic products in the field, it is fundamental to determine the
efficacy of the probiotics and the continuance of their application. The potency of
the probiotic products against selected pathogenic bacteria (and viruses) also needs
to be critically evaluated. The application of some beneficial bacteria has been an
option in aquaculture to achieve a number of benefits, viz. to reduce mortality in
shrimp, to enhance production and increase harvest yield and eliminate antibiotic
use, and to enhance immunity and disease resistance in black tiger shrimp Penaeus
monodon by a probiont bacterium (Bacillus S11) [84–91]. Immunity enhancement
occurs in black tiger shrimp Penaeus monodon by a probiont bacterium (Bacillus
S11), and the immune stimulator capacity of probiotics may be affected by factors
such as source, type, dose, and duration of supplementation [80, 85]. The use of
probiotic mixtures consisting of Bacillus tequilensis and B. endophyticus along with
commercial probiotics was shown to be beneficial in altering the bacterial commu-
nity of larval shrimp Litopenaeus vannamei when the hosts were challenged with
Vibrio parahaemolyticus. Similarly application of Bacillus sp. promoted cellular and
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such as source, type, dose, and duration of supplementation [80, 85]. The use of
probiotic mixtures consisting of Bacillus tequilensis and B. endophyticus along with
commercial probiotics was shown to be beneficial in altering the bacterial commu-
nity of larval shrimp Litopenaeus vannamei when the hosts were challenged with
Vibrio parahaemolyticus. Similarly application of Bacillus sp. promoted cellular and
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humoral immune resistances and provided disease protection in tiger shrimp P.
monodon. The effects of probiotics such as Bacillus cereus, Paenibacillus polymyxa,
and Pseudomonas sp. PS-102 as biocontrol agents against pathogens of various Vibrio
species in shrimp were evaluated. Growth promoter probiotics have been used in
aquaculture to enhance the growth of cultivated species, whereas their side effects if
any on the host need to be investigated. The probiotics was shown to increase the
survival and growth of white shrimp (Litopenaeus vannamei), and the production
increased by 35%, whereas with the use of antimicrobials, it decreased by 94% and
thus demonstrated the significance of endemic Bacillus probiotics on the improve-
ment of the health of larval shrimp [71, 73]. The efficacy of the non-hemolytic
probiotic Bacillus strains against pathogenic Vibrio species, viz. Vibrio campbellii,
V. vulnificus, V. parahaemolyticus, and V. alginolyticus on the growth of the larval
shrimp was tested by using a daily concentration of 1 � 105 cfu ml�1 with initial
bioassay density of 225 nauplii L�1, and the treatments promoted a considerable
increase in survival and growth of the larval shrimp compared to the control, and
thus the study has established a significant antagonistic activity of the probiotic
Bacillus strains against the Vibrio species [48]. Various strains of Bacillus, or a
commercial product made from Bacillus sp., Saccharomyces cerevisiae, Nitrosomonas
sp., and Nitrobacter sp., used as probiotics show prevention of infection and pro-
motion of growth rate of all the stages of the white shrimp Litopenaeus vannamei
Boone and Fenneropenaeus indicus when the diet was supplemented with 50 g of
probiotic kg�1 of food. The use of probiotic Shewanella algae in shrimp farms is
found to be safe for the consumer of shrimp [92]. A scientific rational approach for
the evaluation of aquaculture probiotics and guidelines is needed for their use and
safety.

2.4 Bacillus for the control of vibriosis

Pathogenic Vibrio spp. were controlled by cell-free extracts of Bacillus under
in vitro and in vivo conditions indicating that probiotic treatment offers a promising
alternative to the use of antibiotics in shrimp aquaculture [41, 63, 70, 85]. Though
probiotic bacteria are currently used to improve the health of the shrimp ponds and
increase productivity and reduce mortality of prawns, little attention has been paid
to bacteriophages preying on the probiotic bacteria of crustacean culture such as
Vibrio/Bacillus spp. from aquaculture systems. A special focus needs to be given to
bacteriophages infecting probiotic bacteria to explore the antibacterial potential of
bacteriophages of Bacillus spp., Vibrio spp., and other bacteria. The existence of
bacteriophages in the probiotic Bacillus sp. and Vibrio spp. controlling the infectiv-
ity of the Vibrio spp. with a significant reduction in the mortality of infected shrimp
was demonstrated [37, 41]. Anti-Vibrio activities of Bacillus spp. mainly due to the
production of bacteriocin or bacteriocin-like substances have been reported from
B. subtilis, B. megaterium, B. stearothermophilus, B. licheniformis, B. thuringiensis,
B. thermovorans, and B. cereus [16, 22, 45, 47, 68, 69, 83]. P. monodon larvae fed with
Bacillus S11 showed 100% survival after challenge with pathogenic V. harveyi,
whereas only 26% control animals survived.

2.5 Antimicrobials

Vibrio species are Gram-negative curved rod-shaped bacteria that belong to the
Vibrionaceae family, and they naturally inhabit the estuarine, coastal, and marine
environment worldwide. Vibrio species occur as the dominant flora in all develop-
mental stages of Penaeus monodon, and they have been described as the causal
pathogens. Vibriosis is a severe bacterial disease in penaeid shrimp and is responsible
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for large-scale losses in the aquaculture industry, leading to prophylactic as well as
therapeutic use of antimicrobials [18–22, 70–73]. Antibiotics are used in shrimp
farming to control or treat bacterial disease outbreaks with an expected 100,000–
200,000 tons of antibiotics being consumed in the world every year [57]. Oxytet-
racycline, tetracycline, quinolones, sulfonamides, and trimethoprim are among the
antimicrobials utilized to control bacterial infections in the aquaculture industry.
Indiscriminate prophylactic uses of diverse antibiotics in the shrimp hatcheries/
farms have resulted in antibiotic resistance of the bacteria causing mass mortalities
of the hosts [73–75]. The potential negative consequences are the development of
drug-resistant bacteria and reduced efficacy of antibiotic treatment. Shrimp
farmers are exceedingly dependent on various antibiotics as a preventive measure
against shrimp bacterial infections with 14% of farmers using antibiotics on a daily
basis in their farms [22].

2.6 Antibiotic-resistant bacterial infections in crustaceans

All of the 121 isolates of Vibrio spp. were found to be 100% resistant to ampicil-
lin, cloxacillin, oxacillin, erythromycin, vancomycin, penicillin G, and furazolidone
and partially resistant to cefaclor, streptomycin, rifampicin, oxytetracycline,
nalidixic acid, cefotaxime, and chlorotetracycline [14, 16]. Molitoris et al. [14]
reported a high degree of resistance to ampicillin and furazolidone, and incidence of
resistance to chloramphenicol, neomycin, and gentamycin has also been detected
[16, 18–20, 22, 46, 69]. Multidrug-resistant Vibrio harveyi isolated from black gill-
diseased Fenneropenaeus indicus and antibacterial activity against pathogenic Vibrio
harveyi and its protective efficacy on juvenile F. indicus were reported. In vitro
susceptibility of antibiotics against Vibrio spp. and Aeromonas spp. isolated from
Penaeus monodon hatcheries and ponds and the effect of probiotics, antibiotics, and
pathogenicity of Listonella anguillarum-like bacteria isolated from Penaeus monodon
culture systems and antibiotic-resistant Vibrio spp. were commonly isolated from
hatchery-reared postlarvae compared to farm-reared P. monodon [61, 62, 72, 73,
79, 85]. The unrelenting use of antibiotics against diseases in human beings and
other life forms may pollute the aquatic system, and their impact on developing
antibiotic-resistant Vibrio sp. may be a serious threat in addition to the use of
antibiotics in aquaculture farms [63, 70]. Control of the bacterial diseases depends
on improvement of management practices to minimize the risk of introduction of
infectious agents into aquaculture systems and to reduce predisposing factors such
as overcrowding and overfeeding.

2.7 Antibiotic-resistant genes (ARGs)

A study assessed a variety of antibiotic-resistant bacteria and detected the pres-
ence of their resistance genes from mariculture environments. A variety of antibi-
otics that were used in aquaculture have led to the occurrence of antibiotic-resistant
genes in bacteria, and in these bacteria many different ARGs can be found, and they
are β-lactam- and penicillin-resistant genes penA and blaTEM-1; chloramphenicol-
resistant genes catI, catII, catIII, catIV, and floR; tetracycline-resistant genes tatA,
tatB, tatC, tatD, tatE, tatG, tatH, tatJ, tatY, and tatZ; and many more [65, 68]. ARGs
can be transferred among bacteria via conjugation, transduction, or transformation.
The widespread emergence of antimicrobial resistant bacteria worldwide has
become a major therapeutic challenge. Therefore there is a need for development of
novel non-antibiotic approach such as phage therapy biocontrol agents to fight
against resistant bacterial infections due to the shortage of new antibiotics in devel-
opmental pipeline [19, 61–73]. Thiel [25] stated that phage therapy is “a nearly
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humoral immune resistances and provided disease protection in tiger shrimp P.
monodon. The effects of probiotics such as Bacillus cereus, Paenibacillus polymyxa,
and Pseudomonas sp. PS-102 as biocontrol agents against pathogens of various Vibrio
species in shrimp were evaluated. Growth promoter probiotics have been used in
aquaculture to enhance the growth of cultivated species, whereas their side effects if
any on the host need to be investigated. The probiotics was shown to increase the
survival and growth of white shrimp (Litopenaeus vannamei), and the production
increased by 35%, whereas with the use of antimicrobials, it decreased by 94% and
thus demonstrated the significance of endemic Bacillus probiotics on the improve-
ment of the health of larval shrimp [71, 73]. The efficacy of the non-hemolytic
probiotic Bacillus strains against pathogenic Vibrio species, viz. Vibrio campbellii,
V. vulnificus, V. parahaemolyticus, and V. alginolyticus on the growth of the larval
shrimp was tested by using a daily concentration of 1 � 105 cfu ml�1 with initial
bioassay density of 225 nauplii L�1, and the treatments promoted a considerable
increase in survival and growth of the larval shrimp compared to the control, and
thus the study has established a significant antagonistic activity of the probiotic
Bacillus strains against the Vibrio species [48]. Various strains of Bacillus, or a
commercial product made from Bacillus sp., Saccharomyces cerevisiae, Nitrosomonas
sp., and Nitrobacter sp., used as probiotics show prevention of infection and pro-
motion of growth rate of all the stages of the white shrimp Litopenaeus vannamei
Boone and Fenneropenaeus indicus when the diet was supplemented with 50 g of
probiotic kg�1 of food. The use of probiotic Shewanella algae in shrimp farms is
found to be safe for the consumer of shrimp [92]. A scientific rational approach for
the evaluation of aquaculture probiotics and guidelines is needed for their use and
safety.

2.4 Bacillus for the control of vibriosis

Pathogenic Vibrio spp. were controlled by cell-free extracts of Bacillus under
in vitro and in vivo conditions indicating that probiotic treatment offers a promising
alternative to the use of antibiotics in shrimp aquaculture [41, 63, 70, 85]. Though
probiotic bacteria are currently used to improve the health of the shrimp ponds and
increase productivity and reduce mortality of prawns, little attention has been paid
to bacteriophages preying on the probiotic bacteria of crustacean culture such as
Vibrio/Bacillus spp. from aquaculture systems. A special focus needs to be given to
bacteriophages infecting probiotic bacteria to explore the antibacterial potential of
bacteriophages of Bacillus spp., Vibrio spp., and other bacteria. The existence of
bacteriophages in the probiotic Bacillus sp. and Vibrio spp. controlling the infectiv-
ity of the Vibrio spp. with a significant reduction in the mortality of infected shrimp
was demonstrated [37, 41]. Anti-Vibrio activities of Bacillus spp. mainly due to the
production of bacteriocin or bacteriocin-like substances have been reported from
B. subtilis, B. megaterium, B. stearothermophilus, B. licheniformis, B. thuringiensis,
B. thermovorans, and B. cereus [16, 22, 45, 47, 68, 69, 83]. P. monodon larvae fed with
Bacillus S11 showed 100% survival after challenge with pathogenic V. harveyi,
whereas only 26% control animals survived.

2.5 Antimicrobials

Vibrio species are Gram-negative curved rod-shaped bacteria that belong to the
Vibrionaceae family, and they naturally inhabit the estuarine, coastal, and marine
environment worldwide. Vibrio species occur as the dominant flora in all develop-
mental stages of Penaeus monodon, and they have been described as the causal
pathogens. Vibriosis is a severe bacterial disease in penaeid shrimp and is responsible
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for large-scale losses in the aquaculture industry, leading to prophylactic as well as
therapeutic use of antimicrobials [18–22, 70–73]. Antibiotics are used in shrimp
farming to control or treat bacterial disease outbreaks with an expected 100,000–
200,000 tons of antibiotics being consumed in the world every year [57]. Oxytet-
racycline, tetracycline, quinolones, sulfonamides, and trimethoprim are among the
antimicrobials utilized to control bacterial infections in the aquaculture industry.
Indiscriminate prophylactic uses of diverse antibiotics in the shrimp hatcheries/
farms have resulted in antibiotic resistance of the bacteria causing mass mortalities
of the hosts [73–75]. The potential negative consequences are the development of
drug-resistant bacteria and reduced efficacy of antibiotic treatment. Shrimp
farmers are exceedingly dependent on various antibiotics as a preventive measure
against shrimp bacterial infections with 14% of farmers using antibiotics on a daily
basis in their farms [22].

2.6 Antibiotic-resistant bacterial infections in crustaceans

All of the 121 isolates of Vibrio spp. were found to be 100% resistant to ampicil-
lin, cloxacillin, oxacillin, erythromycin, vancomycin, penicillin G, and furazolidone
and partially resistant to cefaclor, streptomycin, rifampicin, oxytetracycline,
nalidixic acid, cefotaxime, and chlorotetracycline [14, 16]. Molitoris et al. [14]
reported a high degree of resistance to ampicillin and furazolidone, and incidence of
resistance to chloramphenicol, neomycin, and gentamycin has also been detected
[16, 18–20, 22, 46, 69]. Multidrug-resistant Vibrio harveyi isolated from black gill-
diseased Fenneropenaeus indicus and antibacterial activity against pathogenic Vibrio
harveyi and its protective efficacy on juvenile F. indicus were reported. In vitro
susceptibility of antibiotics against Vibrio spp. and Aeromonas spp. isolated from
Penaeus monodon hatcheries and ponds and the effect of probiotics, antibiotics, and
pathogenicity of Listonella anguillarum-like bacteria isolated from Penaeus monodon
culture systems and antibiotic-resistant Vibrio spp. were commonly isolated from
hatchery-reared postlarvae compared to farm-reared P. monodon [61, 62, 72, 73,
79, 85]. The unrelenting use of antibiotics against diseases in human beings and
other life forms may pollute the aquatic system, and their impact on developing
antibiotic-resistant Vibrio sp. may be a serious threat in addition to the use of
antibiotics in aquaculture farms [63, 70]. Control of the bacterial diseases depends
on improvement of management practices to minimize the risk of introduction of
infectious agents into aquaculture systems and to reduce predisposing factors such
as overcrowding and overfeeding.

2.7 Antibiotic-resistant genes (ARGs)

A study assessed a variety of antibiotic-resistant bacteria and detected the pres-
ence of their resistance genes from mariculture environments. A variety of antibi-
otics that were used in aquaculture have led to the occurrence of antibiotic-resistant
genes in bacteria, and in these bacteria many different ARGs can be found, and they
are β-lactam- and penicillin-resistant genes penA and blaTEM-1; chloramphenicol-
resistant genes catI, catII, catIII, catIV, and floR; tetracycline-resistant genes tatA,
tatB, tatC, tatD, tatE, tatG, tatH, tatJ, tatY, and tatZ; and many more [65, 68]. ARGs
can be transferred among bacteria via conjugation, transduction, or transformation.
The widespread emergence of antimicrobial resistant bacteria worldwide has
become a major therapeutic challenge. Therefore there is a need for development of
novel non-antibiotic approach such as phage therapy biocontrol agents to fight
against resistant bacterial infections due to the shortage of new antibiotics in devel-
opmental pipeline [19, 61–73]. Thiel [25] stated that phage therapy is “a nearly
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forgotten therapy that may yet re-emerge as a savior to this accelerating crisis of
antibiotic resistance. For every bacterium known on this planet, there are legions of
bacteriophages—tiny viruses that seek out bacteria and use them as a breeding
ground, almost invariably destroying their prokaryotic host in the process. That
makes them harmless to even to nontarget bacteria—distinguishing them from
broadspectrum antibiotics, which, when they work, can wipe out beneficial flora
along with a troublesome infection.” The phage specificity has its drawbacks as
there is a requirement of the right match between phage and bacteria which needs
to be determined for the phage therapy to work. There has been renewed concern in
the application of bacteriophage as a non-antibiotic approach to control bacterial
infections in various fields including human infections, food safety, agriculture, and
veterinary applications. However the guideline data on the use of phage therapy
applied to invertebrates, like shrimp and other crustaceans, are nonexistent
[64, 68, 92, 93].

2.8 Bacteriophage therapy for biocontrol of vibriosis in crustaceans

A bacteriophage isolated from a shrimp hatchery was shown to infect V. harveyi,
signifying its potential as a biocontrol agent of luminous vibriosis. In vitro treat-
ments of bacteriophages were shown to exhibit a significant reduction (2–3 log
units) in the number of V. harveyi host cells [41, 46, 48, 49]. These studies showed
that bacteriophages could be used for biocontrol of V. harveyi and that bacterio-
phage therapy could be effective as an alternative to antibiotics in the control of
luminous vibriosis in shrimp hatchery systems [23–69]. In vitro experiments con-
firmed that bacteriophages could be effectively used in vivo as biological agents to
control Vibrio sp. in aquaculture systems [36–39, 41, 46, 48, 49]. Investigation on
the occurrences of luminescent V. harveyi and their bacteriophages in shrimp
showed that the presence of low concentrations of bacteriophages in the larval
rearing tank waters could not prevent the development of luminous vibriosis
[46–49], and this study showed that the presence of optimal concentration of phages
is required for effective reduction of the pathogenic bacteria. A lytic spectrum of
bacteriophages (Viha1, Viha2, Viha3, Viha4, Viha6, Viha7) occurring in nature
exhibited a wide spectrum of activity against V. harveyi, suggesting their potential
as agents for biocontrol of vibriosis in aquaculture environments [51]. A lytic phage
(PW2) was isolated and characterized under controlled conditions in the laboratory
from the host bacterium V. harveyi CS101 [49], and the useful bacteriophages for
the biocontrol of vibriosis have been explored. A probiotic strain V. alginolyticus
reduced the diseases and mortality of infected P. monodon with A. salmonicida,
V. anguillarum, and V. ordalli [49]. A soil bacterial strain, PM-4, was shown to
exhibit in vitro inhibitory effect against V. anguillarum and to promote the growth
of P. monodon nauplius [53]. Inoculation of Bacillus S11, a saprophytic strain,
resulted in greater survival of the post-larval P. monodon that were challenged with
pathogenic luminescent bacterial culture [51]. These works strongly suggest an
effective control of microflora in crustaceans can be achieved in aquaculture
environments by bacteriophage-producing bacteria. The crustacean host, causative
agent, diseases, and source of bacteriophages/bacteria are listed in Table 2.

2.9 In vitro and in vivo effects of Bacillus against vibriosis in shrimp

In vitro and in vivo antagonistic effects of Bacillus against the pathogenic Vibrio
species were evaluated [40]. Cell-free extracts of Bacillus subtilis BT23 were shown
to exhibit inhibitory effects against the growth and proliferation of Vibrio harveyi
isolated from black gill-diseased Penaeus monodon. The probiotic effect of Bacillus
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forgotten therapy that may yet re-emerge as a savior to this accelerating crisis of
antibiotic resistance. For every bacterium known on this planet, there are legions of
bacteriophages—tiny viruses that seek out bacteria and use them as a breeding
ground, almost invariably destroying their prokaryotic host in the process. That
makes them harmless to even to nontarget bacteria—distinguishing them from
broadspectrum antibiotics, which, when they work, can wipe out beneficial flora
along with a troublesome infection.” The phage specificity has its drawbacks as
there is a requirement of the right match between phage and bacteria which needs
to be determined for the phage therapy to work. There has been renewed concern in
the application of bacteriophage as a non-antibiotic approach to control bacterial
infections in various fields including human infections, food safety, agriculture, and
veterinary applications. However the guideline data on the use of phage therapy
applied to invertebrates, like shrimp and other crustaceans, are nonexistent
[64, 68, 92, 93].

2.8 Bacteriophage therapy for biocontrol of vibriosis in crustaceans

A bacteriophage isolated from a shrimp hatchery was shown to infect V. harveyi,
signifying its potential as a biocontrol agent of luminous vibriosis. In vitro treat-
ments of bacteriophages were shown to exhibit a significant reduction (2–3 log
units) in the number of V. harveyi host cells [41, 46, 48, 49]. These studies showed
that bacteriophages could be used for biocontrol of V. harveyi and that bacterio-
phage therapy could be effective as an alternative to antibiotics in the control of
luminous vibriosis in shrimp hatchery systems [23–69]. In vitro experiments con-
firmed that bacteriophages could be effectively used in vivo as biological agents to
control Vibrio sp. in aquaculture systems [36–39, 41, 46, 48, 49]. Investigation on
the occurrences of luminescent V. harveyi and their bacteriophages in shrimp
showed that the presence of low concentrations of bacteriophages in the larval
rearing tank waters could not prevent the development of luminous vibriosis
[46–49], and this study showed that the presence of optimal concentration of phages
is required for effective reduction of the pathogenic bacteria. A lytic spectrum of
bacteriophages (Viha1, Viha2, Viha3, Viha4, Viha6, Viha7) occurring in nature
exhibited a wide spectrum of activity against V. harveyi, suggesting their potential
as agents for biocontrol of vibriosis in aquaculture environments [51]. A lytic phage
(PW2) was isolated and characterized under controlled conditions in the laboratory
from the host bacterium V. harveyi CS101 [49], and the useful bacteriophages for
the biocontrol of vibriosis have been explored. A probiotic strain V. alginolyticus
reduced the diseases and mortality of infected P. monodon with A. salmonicida,
V. anguillarum, and V. ordalli [49]. A soil bacterial strain, PM-4, was shown to
exhibit in vitro inhibitory effect against V. anguillarum and to promote the growth
of P. monodon nauplius [53]. Inoculation of Bacillus S11, a saprophytic strain,
resulted in greater survival of the post-larval P. monodon that were challenged with
pathogenic luminescent bacterial culture [51]. These works strongly suggest an
effective control of microflora in crustaceans can be achieved in aquaculture
environments by bacteriophage-producing bacteria. The crustacean host, causative
agent, diseases, and source of bacteriophages/bacteria are listed in Table 2.

2.9 In vitro and in vivo effects of Bacillus against vibriosis in shrimp

In vitro and in vivo antagonistic effects of Bacillus against the pathogenic Vibrio
species were evaluated [40]. Cell-free extracts of Bacillus subtilis BT23 were shown
to exhibit inhibitory effects against the growth and proliferation of Vibrio harveyi
isolated from black gill-diseased Penaeus monodon. The probiotic effect of Bacillus
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was tested by exposing shrimp to B. subtilis BT23 at a density of 106/108 cfu ml�1 for
6 days before a challenge with V. harveyi at 103/104 cfu ml�1 for 1 h infection
(Figure 1a-f). Probiotic treatment of B. subtilis BT23 showed a 90% reduction in
accumulated mortality of P. monodon. Pathogenic Vibrio species were controlled by
Bacillus under in vitro and in vivo conditions, and the results indicated that probiotic
treatment offers a promising alternative to the use of antibiotics in shrimp aquacul-
ture.

The occurrence of phages in infected cells of Bacillus sp. is illustrated
(Figure 1a-c). Each bacteriophage particle of the bacterium Bacillus sp. presented as
electron-dense objects comprising a distinctive head with a flexible noncontractile
tail. The preparations consisted of 30 min–2 h exposures of Bacillus cells to in vitro
phage infection, and the TEM of such experimentally phage-infected cells showed
actively adsorbing and infecting phages onto the surface of bacterial cell membrane
(Figure 1b), while phage particles occurred within the completely lysed cells in
8–24 h (Figure 1c).

TEM analysis of the phages of Vibrio host cells showed the occurrence of tailless
phages with a double-layer membrane covering the icosahedral head. Phage-
uninfected, phage-infected, and completely lysed Vibrio cells are shown
(Figure 1d–f).

2.10 Antagonism of Bacillus against Vibrio spp.

An antagonism assay consisting of cell-free extract of Bacillus BT21, Bacillus
BT22, and B. subtilis BT23 showed inhibitory activity against several pathogenic
species of Vibrio [40]. They reported that B. subtilis BT23 exhibits a relatively higher
inhibitory activity than the other two Bacillus BT21 and Bacillus BT22. Moreover
B. subtilis BT23 was shown to inhibit the growth and proliferation of 112 isolates
of Vibrio spp. consisting of V. harveyi (39 isolates), V. anguillarum (24 isolates),
V. vulnificus (30 isolates), and V. damsela (19 isolates) which were obtained from
P. monodon culture hatcheries and ponds. The growth and proliferation of pathogenic
V. harveyi was inhibited by B. subtilis BT23 culture inoculated at a preliminary level
of 105–109 cfu ml�1, whereas lower concentrations of B. subtilis BT23 (105 and
107 cfu ml�1) allowed early growth and proliferation followed by a decrease in the
total viable counts of V. harveyi. Co-culture experiments demonstrated that the
growth and proliferation of V. harveyiwas controlled under in vitro conditions when
the concentrations of B. subtilis BT23 were increased. Experiments of cell-free

Figure 1.
(a) Light micrograph of uninfected Bacillus sp.; (b) TEM micrograph showing phages on the surface of the
infected Bacillus. (c) TEM micrograph of phage-lysed bacterial cell. (d) TEM micrograph of uninfected Vibrio
cells. (e) TEM micrograph of phage-infected Vibrio cell. (f) TEM micrograph of phage-lysed Vibrio cell.
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was tested by exposing shrimp to B. subtilis BT23 at a density of 106/108 cfu ml�1 for
6 days before a challenge with V. harveyi at 103/104 cfu ml�1 for 1 h infection
(Figure 1a-f). Probiotic treatment of B. subtilis BT23 showed a 90% reduction in
accumulated mortality of P. monodon. Pathogenic Vibrio species were controlled by
Bacillus under in vitro and in vivo conditions, and the results indicated that probiotic
treatment offers a promising alternative to the use of antibiotics in shrimp aquacul-
ture.

The occurrence of phages in infected cells of Bacillus sp. is illustrated
(Figure 1a-c). Each bacteriophage particle of the bacterium Bacillus sp. presented as
electron-dense objects comprising a distinctive head with a flexible noncontractile
tail. The preparations consisted of 30 min–2 h exposures of Bacillus cells to in vitro
phage infection, and the TEM of such experimentally phage-infected cells showed
actively adsorbing and infecting phages onto the surface of bacterial cell membrane
(Figure 1b), while phage particles occurred within the completely lysed cells in
8–24 h (Figure 1c).

TEM analysis of the phages of Vibrio host cells showed the occurrence of tailless
phages with a double-layer membrane covering the icosahedral head. Phage-
uninfected, phage-infected, and completely lysed Vibrio cells are shown
(Figure 1d–f).

2.10 Antagonism of Bacillus against Vibrio spp.

An antagonism assay consisting of cell-free extract of Bacillus BT21, Bacillus
BT22, and B. subtilis BT23 showed inhibitory activity against several pathogenic
species of Vibrio [40]. They reported that B. subtilis BT23 exhibits a relatively higher
inhibitory activity than the other two Bacillus BT21 and Bacillus BT22. Moreover
B. subtilis BT23 was shown to inhibit the growth and proliferation of 112 isolates
of Vibrio spp. consisting of V. harveyi (39 isolates), V. anguillarum (24 isolates),
V. vulnificus (30 isolates), and V. damsela (19 isolates) which were obtained from
P. monodon culture hatcheries and ponds. The growth and proliferation of pathogenic
V. harveyi was inhibited by B. subtilis BT23 culture inoculated at a preliminary level
of 105–109 cfu ml�1, whereas lower concentrations of B. subtilis BT23 (105 and
107 cfu ml�1) allowed early growth and proliferation followed by a decrease in the
total viable counts of V. harveyi. Co-culture experiments demonstrated that the
growth and proliferation of V. harveyiwas controlled under in vitro conditions when
the concentrations of B. subtilis BT23 were increased. Experiments of cell-free

Figure 1.
(a) Light micrograph of uninfected Bacillus sp.; (b) TEM micrograph showing phages on the surface of the
infected Bacillus. (c) TEM micrograph of phage-lysed bacterial cell. (d) TEM micrograph of uninfected Vibrio
cells. (e) TEM micrograph of phage-infected Vibrio cell. (f) TEM micrograph of phage-lysed Vibrio cell.
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extracts of Bacillus subtilis BT23 established the inhibitory effects on the growth and
proliferation of V. harveyi in liquid culture under aerobic conditions. The inhibitory
efficacy was higher in B. subtilis BT23 cell-free extracts of 108 cfu ml�1 and low in
104 cfu ml�1. Cell-free extracts of Bacillus subtilis BT23 initially could not limit the
growth and proliferation of V. harveyi for 2 days, and afterward the growth and
proliferation of V. harveyi was extremely inhibited when compared with the growth
of V. harveyi without B. subtilis BT23. The studies on the probiotic treatment V.
harveyi-infected P. monodon revealed a substantial reduction in the mortality of
shrimp which were treated with B. subtilis BT23 strains under in vivo conditions.
The cumulative mortality of V. harveyi post-infection and probiotic B. subtilis BT23-
untreated P. monodon was 50% on the ninth day and 100% on the seventeenth day
of post-infection. In contrast, in the probiotic treatment groups, the cumulative
mortality of shrimp was 10% in the combined treatment after 5 days post-infection.
Long-term and short-term treatments of V. harveyi-infected P. monodon with B.
subtilis BT23 showed a decrease in cumulative mortality of 32 and 60%, respec-
tively. In control groups of V. harveyi-uninfected P. monodon, there was no mortal-
ity. The growth of pathogenic V. harveyi was inhibited by nonpathogenic B. subtilis
BT23 under in vivo and in vitro conditions. Co-culture experiments showed that the
inhibitory activity of B. subtilis BT23 increased with increasing density of the
antagonist. A high concentration of B. subtilis BT23 (antagonist) was essential to
obstruct the growth and multiplication of V. harveyi in the co-culture experiments.
The antagonist required being present at significantly higher levels than the patho-
gen, and the degree of inhibition increased with the level of antagonist. During the
co-culture, 107/108 cfu ml�1 was required to inhibit the growth of the pathogen
V. harveyi. Therefore, a potential probiotic co-culture must either be supplied on a
regular basis or be able to colonize and multiply on or in the host. A similar control
of pathogenic Vibrio in fish and shellfish, by the use of nonpathogenic bacterial
strains and disease prevention, has received much attention during the last decade
[42, 43, 56, 81]. Purification and characterization of the antibacterial substances
from the host bacteria and the phages could help to understand the mechanism of
antibacterial activity of Bacillus and other strains. Probiotic treatment offers a very
promising alternative to the use of antibiotics in fish and shrimp aquaculture.
Further study is needed to elucidate the exact mode of action of the observed
beneficial effects of the probiotics and to understand the possibilities and limita-
tions of microbial control in aquaculture.

2.10.1 Long-term storage of phages

The usefulness of a phage lysate preparation and treatment method adopted for
long-term storage of phages was elucidated in a study that demonstrated the infec-
tivity of the phages of Vibrio spp. that remained unaffected with chloroform and
DMSO treatments and storage at �40°C for 30 days [37–39, 41]. Similarly, phages
were shown to be highly stable under normal storage conditions and also stable in
NaCl and MgSO4 due to its stabilizing effect. Substantial amounts of viable phages
were reported to occur even after storage even in distilled water. Phage isolates
were found to be stable upon storage at 4°C, and a rapid loss of phage infectivity
was encountered with repeated freezing and thawing at �70°C. Bacillus phage was
stable to a 1-hour exposure to chloroform, indicating that it probably does not
contain chloroform-soluble lipids and lipoproteins. V. vulnificus phage infectivity
could not be inhibited with trypsin, protease, and ribonuclease treatments, while
the infectivity of the Vibrio phages was inhibited with lysozyme and SDS treat-
ments, perhaps demonstrating that the enzyme has interfered with the adsorbing of
the phages [38, 39, 41]. The enzymatic treatments and inhibition of phage
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infectivity of several phages were reported. Proteinase K treatment could not alter
the adsorption ability of phage particles. These studies show that binding of the
phages to its host cell membrane is the first step of lytic cycle and this can be an
irreversible mechanism, and a similar mechanism may exist in the infection of
vibriophages as the infectivity of the phages were inhibited by lysozyme and SDS
treatments. Treatment with 1% SDS did not affect the adsorption ability of phage
particles. Similarly Mycoplasma arthritidis virulent 1 (MAV1) phage infectivity was
reported to be unaffected by treatment with Triton X-100 and was resistant to
nonionic detergents. Vibrio phages were found to be fairly resistant to chloroform
[46, 101]. Further studies on the proteins and lipids of V. vulnificus phages may help
us to understand their role in the life cycle and infectivity of phages. V. vulnificus
phages survived 100% at pH 7 and exhibited infectivity, while none of the phages
survived at extreme pH conditions (pH 3 and pH 12) [41]. V. harveyi phages were
inactivated at pH 3 or less and at pH 12 or greater. In contrast, VPP97 phage was
totally inactivated at pH below 5 or over 10. All V. vulnificus phages from the shrimp
Penaeus monodon exhibited optimal survival at 37°C, but infectivity occurred, and
plaques were observed up to a maximum temperature of 50°C [41]. JSF9 phage was
shown to be stable at a temperature below 37°C, and the phages were rapidly
inactivated above 50°C temperature. V. parahaemolyticus phage (VPP97) has been
shown to be stable up to a temperature of 65°C and was totally inactivated at 70°C
[41, 54, 58, 77, 101]. Phages were reported to survive extremes of temperature up to
95°C [54]. Phages, viz. T-ϕD0, T-ϕD2S, T-ϕHSIC, and T-ϕD1B, exhibited a latent
period ranging from 90 to 180 min [77]. The results have clearly shown the physi-
cochemical parameters are very important for the survival and infectivity of phages
[37, 38, 46, 49]. Additional studies related to infectivity, stage specific expression of
proteins, and specific effects of the purified phage proteins are needed to better
understand their functions and applications in the control and process of infectivity
of V. vulnificus phages.

2.10.2 Phage therapy for vibriosis in shrimp

Phage therapy is a re-emerging field, and the bacteriophages represent potential
biocontrol agents for the control of virulent and drug-resistant bacteria [19, 23–73].
However the use of phage therapy in shrimp is still in its early years, and these are
highlighted especially the need for using more than one kind of bacteriophage in
aquaculture to evade development of bacterial resistance [47–49, 58–60]. Phage
therapy has been effectively used to protect against Vibrio diseases in a shrimp and
prawn hatchery. Inhibitory effects of bacteriophages against shrimp pathogenic
Vibrio spp., efficacy of potential phage cocktails against Vibrio harveyi and closely
related Vibrio species isolated from shrimp, morphological characterization and
biocontrol effects of Vibrio vulnificus phages against vibriosis in the shrimp, and a
phage therapy in aquaculture system have been described [37–39, 41]. Four new V.
vulnificus phages were detected from shrimp aquaculture system, named VV1, VV2,
VV3, and VV4 [39]. All lytic V. vulnificus phages belonged to Tectiviridae family
with typical double-layered elongated icosahedral head and tailless morphology
[39, 101]. Lytic V. vulnificus phages which infect other Vibrio isolates were further
characterized for long-term storage by enzyme treatment, organic solvent treat-
ment, detergent treatment, pH stability, temperature stability, and agar bioassay
method and one-step growth experiment. The infectivity, growth, and multiplica-
tion of VV1, VV2, VV3, and VV4 phages were unaffected by the treatment effects
of chloroform, acetone, ethyl alcohol, methyl alcohol, ribonuclease (RNase), tryp-
sin, protease, and Triton-X100. The phages (VV1–VV4) were inactivated
completely with temperature (over 60°C), pH (below 3 and above 12), and
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extracts of Bacillus subtilis BT23 established the inhibitory effects on the growth and
proliferation of V. harveyi in liquid culture under aerobic conditions. The inhibitory
efficacy was higher in B. subtilis BT23 cell-free extracts of 108 cfu ml�1 and low in
104 cfu ml�1. Cell-free extracts of Bacillus subtilis BT23 initially could not limit the
growth and proliferation of V. harveyi for 2 days, and afterward the growth and
proliferation of V. harveyi was extremely inhibited when compared with the growth
of V. harveyi without B. subtilis BT23. The studies on the probiotic treatment V.
harveyi-infected P. monodon revealed a substantial reduction in the mortality of
shrimp which were treated with B. subtilis BT23 strains under in vivo conditions.
The cumulative mortality of V. harveyi post-infection and probiotic B. subtilis BT23-
untreated P. monodon was 50% on the ninth day and 100% on the seventeenth day
of post-infection. In contrast, in the probiotic treatment groups, the cumulative
mortality of shrimp was 10% in the combined treatment after 5 days post-infection.
Long-term and short-term treatments of V. harveyi-infected P. monodon with B.
subtilis BT23 showed a decrease in cumulative mortality of 32 and 60%, respec-
tively. In control groups of V. harveyi-uninfected P. monodon, there was no mortal-
ity. The growth of pathogenic V. harveyi was inhibited by nonpathogenic B. subtilis
BT23 under in vivo and in vitro conditions. Co-culture experiments showed that the
inhibitory activity of B. subtilis BT23 increased with increasing density of the
antagonist. A high concentration of B. subtilis BT23 (antagonist) was essential to
obstruct the growth and multiplication of V. harveyi in the co-culture experiments.
The antagonist required being present at significantly higher levels than the patho-
gen, and the degree of inhibition increased with the level of antagonist. During the
co-culture, 107/108 cfu ml�1 was required to inhibit the growth of the pathogen
V. harveyi. Therefore, a potential probiotic co-culture must either be supplied on a
regular basis or be able to colonize and multiply on or in the host. A similar control
of pathogenic Vibrio in fish and shellfish, by the use of nonpathogenic bacterial
strains and disease prevention, has received much attention during the last decade
[42, 43, 56, 81]. Purification and characterization of the antibacterial substances
from the host bacteria and the phages could help to understand the mechanism of
antibacterial activity of Bacillus and other strains. Probiotic treatment offers a very
promising alternative to the use of antibiotics in fish and shrimp aquaculture.
Further study is needed to elucidate the exact mode of action of the observed
beneficial effects of the probiotics and to understand the possibilities and limita-
tions of microbial control in aquaculture.

2.10.1 Long-term storage of phages

The usefulness of a phage lysate preparation and treatment method adopted for
long-term storage of phages was elucidated in a study that demonstrated the infec-
tivity of the phages of Vibrio spp. that remained unaffected with chloroform and
DMSO treatments and storage at �40°C for 30 days [37–39, 41]. Similarly, phages
were shown to be highly stable under normal storage conditions and also stable in
NaCl and MgSO4 due to its stabilizing effect. Substantial amounts of viable phages
were reported to occur even after storage even in distilled water. Phage isolates
were found to be stable upon storage at 4°C, and a rapid loss of phage infectivity
was encountered with repeated freezing and thawing at �70°C. Bacillus phage was
stable to a 1-hour exposure to chloroform, indicating that it probably does not
contain chloroform-soluble lipids and lipoproteins. V. vulnificus phage infectivity
could not be inhibited with trypsin, protease, and ribonuclease treatments, while
the infectivity of the Vibrio phages was inhibited with lysozyme and SDS treat-
ments, perhaps demonstrating that the enzyme has interfered with the adsorbing of
the phages [38, 39, 41]. The enzymatic treatments and inhibition of phage
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infectivity of several phages were reported. Proteinase K treatment could not alter
the adsorption ability of phage particles. These studies show that binding of the
phages to its host cell membrane is the first step of lytic cycle and this can be an
irreversible mechanism, and a similar mechanism may exist in the infection of
vibriophages as the infectivity of the phages were inhibited by lysozyme and SDS
treatments. Treatment with 1% SDS did not affect the adsorption ability of phage
particles. Similarly Mycoplasma arthritidis virulent 1 (MAV1) phage infectivity was
reported to be unaffected by treatment with Triton X-100 and was resistant to
nonionic detergents. Vibrio phages were found to be fairly resistant to chloroform
[46, 101]. Further studies on the proteins and lipids of V. vulnificus phages may help
us to understand their role in the life cycle and infectivity of phages. V. vulnificus
phages survived 100% at pH 7 and exhibited infectivity, while none of the phages
survived at extreme pH conditions (pH 3 and pH 12) [41]. V. harveyi phages were
inactivated at pH 3 or less and at pH 12 or greater. In contrast, VPP97 phage was
totally inactivated at pH below 5 or over 10. All V. vulnificus phages from the shrimp
Penaeus monodon exhibited optimal survival at 37°C, but infectivity occurred, and
plaques were observed up to a maximum temperature of 50°C [41]. JSF9 phage was
shown to be stable at a temperature below 37°C, and the phages were rapidly
inactivated above 50°C temperature. V. parahaemolyticus phage (VPP97) has been
shown to be stable up to a temperature of 65°C and was totally inactivated at 70°C
[41, 54, 58, 77, 101]. Phages were reported to survive extremes of temperature up to
95°C [54]. Phages, viz. T-ϕD0, T-ϕD2S, T-ϕHSIC, and T-ϕD1B, exhibited a latent
period ranging from 90 to 180 min [77]. The results have clearly shown the physi-
cochemical parameters are very important for the survival and infectivity of phages
[37, 38, 46, 49]. Additional studies related to infectivity, stage specific expression of
proteins, and specific effects of the purified phage proteins are needed to better
understand their functions and applications in the control and process of infectivity
of V. vulnificus phages.

2.10.2 Phage therapy for vibriosis in shrimp

Phage therapy is a re-emerging field, and the bacteriophages represent potential
biocontrol agents for the control of virulent and drug-resistant bacteria [19, 23–73].
However the use of phage therapy in shrimp is still in its early years, and these are
highlighted especially the need for using more than one kind of bacteriophage in
aquaculture to evade development of bacterial resistance [47–49, 58–60]. Phage
therapy has been effectively used to protect against Vibrio diseases in a shrimp and
prawn hatchery. Inhibitory effects of bacteriophages against shrimp pathogenic
Vibrio spp., efficacy of potential phage cocktails against Vibrio harveyi and closely
related Vibrio species isolated from shrimp, morphological characterization and
biocontrol effects of Vibrio vulnificus phages against vibriosis in the shrimp, and a
phage therapy in aquaculture system have been described [37–39, 41]. Four new V.
vulnificus phages were detected from shrimp aquaculture system, named VV1, VV2,
VV3, and VV4 [39]. All lytic V. vulnificus phages belonged to Tectiviridae family
with typical double-layered elongated icosahedral head and tailless morphology
[39, 101]. Lytic V. vulnificus phages which infect other Vibrio isolates were further
characterized for long-term storage by enzyme treatment, organic solvent treat-
ment, detergent treatment, pH stability, temperature stability, and agar bioassay
method and one-step growth experiment. The infectivity, growth, and multiplica-
tion of VV1, VV2, VV3, and VV4 phages were unaffected by the treatment effects
of chloroform, acetone, ethyl alcohol, methyl alcohol, ribonuclease (RNase), tryp-
sin, protease, and Triton-X100. The phages (VV1–VV4) were inactivated
completely with temperature (over 60°C), pH (below 3 and above 12), and
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lysozyme and sodium dodecyl sulfate (SDS) treatment. One-step growth experi-
ments indicated a latent period of 3 h and a burst size at 37°C. Agar bioassay method
indicated that the percentage inhibition of the bacteria Vibrio was 75 (VV1) and 70
(VV2, VV3, and VV4), respectively. V. vulnificus phages had a broad lytic spectrum
and potential biocontrol of luminous vibriosis in the shrimp aquaculture system
[39, 41, 101]. The lytic Vibrio vulnificus phages may provide a better understanding
of phage-host interactions and development of phage therapy in the aquaculture
system. Besides, 12 V. harveyi phages showing broad host ranges were recovered
from seawater samples. Further, some of the phages of ϕH17-5c, ϕH17-7b, ϕH17-8b,
and ϕH17-9b were reported to show inhibitory activity against V. harveyi based on
various tests, viz. heat stability, chloroform stability, adsorption rate, and one-step
growth experiment [58]. A bacteriophage of Vibrio harveyi was secluded from
shrimp farm water from the West coast of India and demonstrated to exhibit a
broad lytic activity against V. harveyi isolates [48, 49]. V. harveyi-infected larval
shrimp exhibited a higher rate of survival in the presence of the bacteriophage than
the uninfected control larval shrimp. Bacteriophage treatment of the vibriosis of
shrimp in hatchery tanks enhanced the survival of the V. harveyi-infected shrimp
larvae and reduced the bacterial counts [50–55, 57, 58]. Bacteriophages secluded
from a shrimp hatchery and farmed P. monodon samples exhibited lytic activity
against V. harveyi and also controlled the population of V. harveyi and improved the
survival of Penaeus monodon larvae [41, 48–52, 58]. Purified bacteriophages
exhibited lytic activity, indicating they are appropriate for phage therapy applica-
tion [29, 53]. A few bacteriophages that infected V. harveyi in a shrimp hatchery
were unable to control the outbreak of luminescent vibriosis disease in a shrimp
culture system [75]. The potential of the bacteriophages of Vibrio harveyi was
reported to control population of pathogenic Vibrio harveyi in a hatchery setting
[48]. In a set of laboratory experiments, post-larval Penaeus monodon was exposed
to 106 cfu ml�1 cells of Vibrio harveyi and was treated with 100 ppm phage which has
led to a drastic reduction of Vibrio harveyi counts with 86% survival of the infected
larvae, while the survival of the phage-untreated larvae was 25%. In the antibiotic
(oxytetracycline 5 ppm, kanamycin 100 ppm/day)-treated hatchery tanks, an initial
reduction of luminous bacterial counts was shown, and after 48 h the bacterial
count increased to 106 ml�1, showing the luminous vibriosis and mortality of the
nauplii of Penaeus monodon with 40% larval survival. In contrast, in the
bacteriophage-treated tank, the larval survival was 86%, and the survival rate in the
control tank was only 17% [48]. The presence of V. mimicus (15 isolates), exhibiting
a typica profile of Vibrio [49] (two isolates), was obtained from diseased tissues of
penaeid shrimp. A prominent occurrence of V. harveyi, V. furnissii, V. mimicus, V.
damsela, and V. anguillarum in the hatchery tank water besides MBV- and WSSV-
uninfected P. monodon, sea sediment, seawater, and shrimp culture pond sediment
and shrimp culture pond water has been recorded [30, 53]. Vibriosis (V.
alginolyticus)-associated mortality has been recorded in several invertebrates such as
Penaeus monodon and Macrobrachium rosenbergii. Phage therapy has been shown to
inhibit the growth and multiplication of V. harveyi, V. parahaemolyticus, and V.
anguillarum. Bacteriophages belonging to Siphoviridae family are positive to control
Vibrio species as the Siphoviridae phages are considered to have a specific host range
consisting of species of Vibrio harveyi, Vibrio parahaemolyticus, and Vibrio
campbellii [41, 44, 46, 48–53, 58, 60, 69]. A lytic phage PW2 was obtained from
shrimp pond water in Songkhla Province, Thailand, and the morphological charac-
teristics of the phage consisted of an icosahedral head and a long noncontractile tail
categorized under the order Caudovirales and family of Siphoviridae. The phage
PW2 showed lytic properties against Vibrio harveyi [52]. Most of the Vibrio harveyi
phages were found to be siphophages [25, 26, 29, 41, 51]. However, Vibrio harveyi
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phages which were from other families such as Myoviridae and Podoviridae were
also reported [41, 51]. Selection of a suitable bacteriophage or a cocktail of phages is
the key issue in the success of phage therapy of Vibrio species. Moreover phage
cocktails have been demonstrated to be more effective than individual phages in
treatment of Vibrio infection. By making a phage cocktail, it would become easier to
treat a wide range of drug-resistant bacterial infections [58, 68]. Moreover phage-
resistant mutants are exceptional, and hence the use of a multiphage therapy might
decrease the resistance mechanism [61–65, 81, 82]. The limitations of the use of
bacteriophages have been recognized, and the phages cannot be used if they (1)
have toxin gene insertion; (2) have endotoxin release due to their lytic effect on the
host bacterial cells; (3) have a risk of genetic material exchange, i.e., transduction or
phage conversion; (4) have propagation and continuous maintenance; (5) have
development of anti-bacteriophage bodies against them; (6) have the cost temper-
ate phages contributing to bacterial virulence; (7) have emergence of phageresistant
bacteria; (8) have disease outbreak of unknown bacteria when phage specificity is a
problem; and (9) are continuously removed by the immune system [80–82].
Vibriophages themselves may have some protective effects though they can be
candidates as therapeutic agents in bacterial infections in the aquaculture system,
and therefore there is a need to be further investigating them in their natural
environment. Future work may involve obtaining consistent credible results which
can substantiate the application of bacteriophages to control vibriosis in shrimp and
extending such research to other organisms. The usefulness of phage therapy to
control microbial infections that occur in dissimilar organisms at various stages of
from eggs to brood stock, as well as in laboratory, tanks, or field applications, was
shown in experiments made with shrimp larvae, showing a promising potential for
phage therapy [46]. The life-saving antibiotics and the new-generation antibiotics
cannot be used in aquaculture, and therefore the bacteriophages have the natural
advantages and potential to be used in management of the vibriosis in aquaculture.

2.10.3 Phage therapy in lobsters

Significant (71%) mortalities of larval, post-larval, and adult lobsters were
caused by shell diseases where Vibrio spp., besides Pseudomonas, and Aeromonas
have also been isolated. A strain of Vibrio owensii (DY05) was isolated from an
epizootic in aquaculture-reared larval phyllosomas of the ornate spiny lobster
Panulirus ornatus [10–12, 55]. Bacteriophage therapy was one of the techniques that
controlled and removed the pathogenic Vibrio spp. from the larval cultures of the
tropical rock lobster, Panulirus ornatus. V. harveyi has been found to be associated
with diseases in spiny lobster [55].

Crothers-Stomps and colleagues [55] demonstrated that from eight bacterio-
phages (six phages belonged to the family Siphoviridae, and two belonged to the
familyMyoviridae), only one bacteriophage from the family Siphoviridae was shown
to exhibit a clear lytic activity against V. harveyi with no apparent transducing
properties. They have identified the occurrence of phage resistance as a major
constraint to the use of phage therapy in aquacultures as the pathogenic bacteria
were not completely eliminated [29, 41], and a similar approach on other phages is
essential for understanding of the mechanism of development of phage resistance.

2.10.4 Diseases of Macrobrachium rosenbergii (DeMan)

Bacterial and fungal diseases are accountable for the high mortality and pro-
found economic loss encountered in the giant freshwater prawn M. rosenbergii
aquaculture industry [19–21]. Vibriosis (V. alginolyticus)-associated mortality was
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lysozyme and sodium dodecyl sulfate (SDS) treatment. One-step growth experi-
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inhibit the growth and multiplication of V. harveyi, V. parahaemolyticus, and V.
anguillarum. Bacteriophages belonging to Siphoviridae family are positive to control
Vibrio species as the Siphoviridae phages are considered to have a specific host range
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shrimp pond water in Songkhla Province, Thailand, and the morphological charac-
teristics of the phage consisted of an icosahedral head and a long noncontractile tail
categorized under the order Caudovirales and family of Siphoviridae. The phage
PW2 showed lytic properties against Vibrio harveyi [52]. Most of the Vibrio harveyi
phages were found to be siphophages [25, 26, 29, 41, 51]. However, Vibrio harveyi
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phages which were from other families such as Myoviridae and Podoviridae were
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have also been isolated. A strain of Vibrio owensii (DY05) was isolated from an
epizootic in aquaculture-reared larval phyllosomas of the ornate spiny lobster
Panulirus ornatus [10–12, 55]. Bacteriophage therapy was one of the techniques that
controlled and removed the pathogenic Vibrio spp. from the larval cultures of the
tropical rock lobster, Panulirus ornatus. V. harveyi has been found to be associated
with diseases in spiny lobster [55].

Crothers-Stomps and colleagues [55] demonstrated that from eight bacterio-
phages (six phages belonged to the family Siphoviridae, and two belonged to the
familyMyoviridae), only one bacteriophage from the family Siphoviridae was shown
to exhibit a clear lytic activity against V. harveyi with no apparent transducing
properties. They have identified the occurrence of phage resistance as a major
constraint to the use of phage therapy in aquacultures as the pathogenic bacteria
were not completely eliminated [29, 41], and a similar approach on other phages is
essential for understanding of the mechanism of development of phage resistance.

2.10.4 Diseases of Macrobrachium rosenbergii (DeMan)

Bacterial and fungal diseases are accountable for the high mortality and pro-
found economic loss encountered in the giant freshwater prawn M. rosenbergii
aquaculture industry [19–21]. Vibriosis (V. alginolyticus)-associated mortality was
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recorded in M. rosenbergii [19–21]. They have shown the occurrence of a very high
load of total heterotrophic bacterial count and a total presumptive Vibrio count in
the 11 different larval stages of M. rosenbergii, whereas the total heterotrophic
bacterial count was higher in the larval tank water throughout the cycle of the M.
rosenbergii larval culture. The control treatment methods for the vibriosis consisted
of chlorination, application of antibiotics, UV radiation alone, and a combination of
sequential treatments starting from chlorination (2 ppm) followed by sand filtra-
tion, dechlorination, UV radiation (10 s) and microfiltration (5 μm size), and the
sequential treatments in M. rosenbergii, and these had resulted in the gradual reduc-
tion of V. alginolyticus counts, and these were shown to be the best methods to
control the pathogenic bacterial population in hatcheries of freshwater prawn
M. rosenbergii. Antimicrobial resistance profile of Vibrio species isolated from the
hatchery system of M. rosenbergii has been reported [19–21]. Vibriosis of M.
rosenbergii can be controlled through phages φSt2 and φGrn1 of V. alginolyticus from
live feed A. salina [97–99].

2.10.5 Diseases of crabs

Shell diseases are caused by chitinolytic bacteria which were encountered in
English prawn Palaemon serratus; American lobsters Homarus americanus; penaeid
shrimp; and king crabs, Paralithodes camtschaticus and Paralithodes platypus; and the
tanner crabs Chionoecetes tanneri are affected by rust diseases caused by chitin-
destroying bacteria [7]. Biocontrol method against the infection of V. anguillarum
for rearing the swimming crab larvae Portunus trituberculatus in the aquaculture
water has been described [94–96]. A bacterial strain PM-4 Thalassobacter utilis
isolated from a crustacean culturing pond was shown to inhibit the growth of
pathogenic Vibrio anguillarum in seawater and to improve the growth of larval crab.
The cells of the bacterial strain PM-4 T. utilis were cultured in a large quantity and
were added daily for 63 of seawater used for culturing larval crab Portunus
trituberculatus. Initial V. anguillarum bacterial density in the crustacean culture
water was 106 cells ml�1, while at the crab larval growth stage zoea II, the bacterial
density was found to increase to more than 107 cells ml�1 and reduced the patho-
genic V. anguillarum bacteria to 106 cells ml�1. When the bacterial strain PM-4
Thalassobacter utilis dominated the bacterial populations, the numbers of patho-
genic bacteria Vibrio spp. were reduced or could not be detectable in seawater. The
growth and production of the larval crab P. trituberculatus were found to be
increased by the addition of the bacterial strain PM-4 to the culture water. Investi-
gations on the bacteriophages and phage therapy specific for aquaculture of crabs
are desirable.

2.10.6 Phage therapy for vibriosis of Artemia salina

The occurrences of V. harveyi, V. furnissii, V. mimicus, V. damsela, and V.
anguillarum in the nauplii of Artemia and the presence of V. harveyi and V. mimicus
in the Artemia-reared water have been recorded [12, 18, 22, 39]. A prominent
occurrence of Vibrio in the Artemia nauplii, Artemia-reared water, egg samples,
hatchery tank water besides MBV- and WSSV-uninfected P. monodon, sea sedi-
ment, seawater, and shrimp culture pond sediment and shrimp culture pond water
was recorded. Vibriosis (V. alginolyticus)-associated mortality has been recorded in
several invertebrates such as Penaeus monodon and Macrobrachium rosenbergii
[18–21, 34, 97–99]. Vibrio species normally reside in the live feed organism such as
Artemia salina which serves as means of carrying and establishing the bacteria into
the hatchery and aquaculture system where V. alginolyticus has been reported as the
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prevailing member of the cultivable bacterial community of Artemia. There are a
number of studies indicative that Artemia nauplii are vectors of potentially harmful
bacteria such as Vibrio spp. Goulden et al. [12] reported that Vibrio owensii (DY05)-
infected Artemia (brine shrimp) was responsible for 84–89% mortality of the
aquacultured larval phyllosomas of the ornate spiny lobster Panulirus ornatus, and
an understanding of the infection processes can help to improve targeted biocontrol
strategies. The existing disinfection techniques such as filters, chlorination, ozone,
UV, etc. could not prevent the occurrence of bacterial pathogens in the hatcheries
and may perhaps help in the growth, proliferation, and multiplication of the
opportunistic pathogen application of broad-spectrum antibiotics in the feed and
hatchery water which has been the most natural strategy to control bacterial infec-
tions. The practice of applying antibiotics in aquaculture has become unattractive as
many important bacterial pathogens belonging to the genera Aeromonas and Vibrio
evolve antibiotic resistance. The excessive and indiscriminate use of antibiotics has
resulted in the development of multidrug-resistant bacterial strains and public
health problems. In shrimp hatcheries, the use of bacteriophages that infect bacteria
is an alternative method to selectively eliminate their bacterial hosts while leaving
normal microbiome unaltered. Phage therapy has been shown to inhibit the
growth and multiplication of V. harveyi, V. parahaemolyticus, and V. anguillarum
[39, 97–99].

2.10.7 In vitro lytic effect of phages φSt2 and φGrn1 on Vibrio strains of Artemia salina

In vitro cell lysis experiment of phage (a) φSt2 and (b) φGrn1 was carried by
infecting the fresh cultures of the host bacteria V. alginolyticus strain V1 which was
collected from live feed A. salina culture [97–99]. The lysis of the host bacteria V.
alginolyticus strain V1 grown in TCBS was proportional to the multiplicity of infec-
tion (MOI) (which is defined as the ratio between the number of viruses in an
infection and the number of the host cells which can be resolved by correcting the
relative concentration of virus and host) used. The lowest (MOI = 1) showed no
effect, while the highest (MOI = 100) showed a complete inhibition of bacterial
growth. The phages were also tested in vitro against 12 different bacterial isolates
grown in TCBS which originated from live feed A. salina culture. A phage mixture
of φSt2 and φGrn1 at MOI = 100 was shown to affect the growth of all 12 bacterial
strains tested, and the study showed that in all cases, there was a delay in the
exponential phase, and even when the cultures reached a plateau of growth, the
density of phage-treated bacteria was lower than their corresponding controls.

2.10.8 In vivo efficacy of phages on the vibriosis of A. salina culture

The effect of the phage mixture (φSt2 and φGrn1 at MOI = 100) was examined
by administrating the phages in vivo in the live prey cultures of A. salina. After 4 h
of administration of the phage mixture, Vibrio count was not altered in the phage-
untreated control cultures, while the Vibrio count drastically reduced in the phage-
treated cultures of A. salina [97]. The total Vibrio counts in the phage-treated
cultures of A. salina was 5.3 � 103 � 3.1 � 103 cfu ml�1, which was 93% lesser than
that of the initial total Vibrio counts. The φSt2 and φGrn1 phages affected the
growth of a range of Vibrio spp. and exhibited lytic activity in eight different V.
alginolyticus strains [97]. The phages also exhibited infection in 10 out of the 25
Vibrio strains (40%) tested and lysis in bacterial strains such as V. harveyi and V.
parahaemolyticus species and were known to affect the growth of several strains of
bacteria V. harveyi strains isolated from an Artemia live feed organism. A broad host
range of φSt2 and φGrn1 phages indicated the occurrences of a very similar host
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recorded in M. rosenbergii [19–21]. They have shown the occurrence of a very high
load of total heterotrophic bacterial count and a total presumptive Vibrio count in
the 11 different larval stages of M. rosenbergii, whereas the total heterotrophic
bacterial count was higher in the larval tank water throughout the cycle of the M.
rosenbergii larval culture. The control treatment methods for the vibriosis consisted
of chlorination, application of antibiotics, UV radiation alone, and a combination of
sequential treatments starting from chlorination (2 ppm) followed by sand filtra-
tion, dechlorination, UV radiation (10 s) and microfiltration (5 μm size), and the
sequential treatments in M. rosenbergii, and these had resulted in the gradual reduc-
tion of V. alginolyticus counts, and these were shown to be the best methods to
control the pathogenic bacterial population in hatcheries of freshwater prawn
M. rosenbergii. Antimicrobial resistance profile of Vibrio species isolated from the
hatchery system of M. rosenbergii has been reported [19–21]. Vibriosis of M.
rosenbergii can be controlled through phages φSt2 and φGrn1 of V. alginolyticus from
live feed A. salina [97–99].
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Shell diseases are caused by chitinolytic bacteria which were encountered in
English prawn Palaemon serratus; American lobsters Homarus americanus; penaeid
shrimp; and king crabs, Paralithodes camtschaticus and Paralithodes platypus; and the
tanner crabs Chionoecetes tanneri are affected by rust diseases caused by chitin-
destroying bacteria [7]. Biocontrol method against the infection of V. anguillarum
for rearing the swimming crab larvae Portunus trituberculatus in the aquaculture
water has been described [94–96]. A bacterial strain PM-4 Thalassobacter utilis
isolated from a crustacean culturing pond was shown to inhibit the growth of
pathogenic Vibrio anguillarum in seawater and to improve the growth of larval crab.
The cells of the bacterial strain PM-4 T. utilis were cultured in a large quantity and
were added daily for 63 of seawater used for culturing larval crab Portunus
trituberculatus. Initial V. anguillarum bacterial density in the crustacean culture
water was 106 cells ml�1, while at the crab larval growth stage zoea II, the bacterial
density was found to increase to more than 107 cells ml�1 and reduced the patho-
genic V. anguillarum bacteria to 106 cells ml�1. When the bacterial strain PM-4
Thalassobacter utilis dominated the bacterial populations, the numbers of patho-
genic bacteria Vibrio spp. were reduced or could not be detectable in seawater. The
growth and production of the larval crab P. trituberculatus were found to be
increased by the addition of the bacterial strain PM-4 to the culture water. Investi-
gations on the bacteriophages and phage therapy specific for aquaculture of crabs
are desirable.

2.10.6 Phage therapy for vibriosis of Artemia salina

The occurrences of V. harveyi, V. furnissii, V. mimicus, V. damsela, and V.
anguillarum in the nauplii of Artemia and the presence of V. harveyi and V. mimicus
in the Artemia-reared water have been recorded [12, 18, 22, 39]. A prominent
occurrence of Vibrio in the Artemia nauplii, Artemia-reared water, egg samples,
hatchery tank water besides MBV- and WSSV-uninfected P. monodon, sea sedi-
ment, seawater, and shrimp culture pond sediment and shrimp culture pond water
was recorded. Vibriosis (V. alginolyticus)-associated mortality has been recorded in
several invertebrates such as Penaeus monodon and Macrobrachium rosenbergii
[18–21, 34, 97–99]. Vibrio species normally reside in the live feed organism such as
Artemia salina which serves as means of carrying and establishing the bacteria into
the hatchery and aquaculture system where V. alginolyticus has been reported as the
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prevailing member of the cultivable bacterial community of Artemia. There are a
number of studies indicative that Artemia nauplii are vectors of potentially harmful
bacteria such as Vibrio spp. Goulden et al. [12] reported that Vibrio owensii (DY05)-
infected Artemia (brine shrimp) was responsible for 84–89% mortality of the
aquacultured larval phyllosomas of the ornate spiny lobster Panulirus ornatus, and
an understanding of the infection processes can help to improve targeted biocontrol
strategies. The existing disinfection techniques such as filters, chlorination, ozone,
UV, etc. could not prevent the occurrence of bacterial pathogens in the hatcheries
and may perhaps help in the growth, proliferation, and multiplication of the
opportunistic pathogen application of broad-spectrum antibiotics in the feed and
hatchery water which has been the most natural strategy to control bacterial infec-
tions. The practice of applying antibiotics in aquaculture has become unattractive as
many important bacterial pathogens belonging to the genera Aeromonas and Vibrio
evolve antibiotic resistance. The excessive and indiscriminate use of antibiotics has
resulted in the development of multidrug-resistant bacterial strains and public
health problems. In shrimp hatcheries, the use of bacteriophages that infect bacteria
is an alternative method to selectively eliminate their bacterial hosts while leaving
normal microbiome unaltered. Phage therapy has been shown to inhibit the
growth and multiplication of V. harveyi, V. parahaemolyticus, and V. anguillarum
[39, 97–99].

2.10.7 In vitro lytic effect of phages φSt2 and φGrn1 on Vibrio strains of Artemia salina

In vitro cell lysis experiment of phage (a) φSt2 and (b) φGrn1 was carried by
infecting the fresh cultures of the host bacteria V. alginolyticus strain V1 which was
collected from live feed A. salina culture [97–99]. The lysis of the host bacteria V.
alginolyticus strain V1 grown in TCBS was proportional to the multiplicity of infec-
tion (MOI) (which is defined as the ratio between the number of viruses in an
infection and the number of the host cells which can be resolved by correcting the
relative concentration of virus and host) used. The lowest (MOI = 1) showed no
effect, while the highest (MOI = 100) showed a complete inhibition of bacterial
growth. The phages were also tested in vitro against 12 different bacterial isolates
grown in TCBS which originated from live feed A. salina culture. A phage mixture
of φSt2 and φGrn1 at MOI = 100 was shown to affect the growth of all 12 bacterial
strains tested, and the study showed that in all cases, there was a delay in the
exponential phase, and even when the cultures reached a plateau of growth, the
density of phage-treated bacteria was lower than their corresponding controls.

2.10.8 In vivo efficacy of phages on the vibriosis of A. salina culture

The effect of the phage mixture (φSt2 and φGrn1 at MOI = 100) was examined
by administrating the phages in vivo in the live prey cultures of A. salina. After 4 h
of administration of the phage mixture, Vibrio count was not altered in the phage-
untreated control cultures, while the Vibrio count drastically reduced in the phage-
treated cultures of A. salina [97]. The total Vibrio counts in the phage-treated
cultures of A. salina was 5.3 � 103 � 3.1 � 103 cfu ml�1, which was 93% lesser than
that of the initial total Vibrio counts. The φSt2 and φGrn1 phages affected the
growth of a range of Vibrio spp. and exhibited lytic activity in eight different V.
alginolyticus strains [97]. The phages also exhibited infection in 10 out of the 25
Vibrio strains (40%) tested and lysis in bacterial strains such as V. harveyi and V.
parahaemolyticus species and were known to affect the growth of several strains of
bacteria V. harveyi strains isolated from an Artemia live feed organism. A broad host
range of φSt2 and φGrn1 phages indicated the occurrences of a very similar host
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structures as receptors, viz. LPS phage receptors on the outer membrane of many of
Gram-negative bacteria and the genetic similarity contributing to this broad lytic
spectrum of the phages φSt2 and φGrn1 phages which exhibited a strong lytic effect
against V. alginolyticus-type strain DSM 2171 [98]. The bacteriophages, φSt2 and
φGrn1, are having a broad host range, and such biological attributes make them the
potential candidates for phage therapy application, and these advocate that phage
therapy can be an alternative to antibiotics in aquaculture. The phages, viz. φSt2
and φGrn1 and a giant bacteriophage pVa-21, can effectively be used in the biolog-
ical control of pathogenic Vibrio species in marine hatcheries [97–99]. These studies
indicate the potential applications of the phages for various purposes outside aqua-
culture, and further research on the specificity, phage-host interactions, proteo-
mics, and genomics of phages are needed to establish their usefulness and
utilization. Efficacy of phage therapy was shown to prevent mortality of the vibrio-
sis-infected brine shrimp Artemia franciscana [97–99]. Application of single-type/
cocktails of phages against V. parahaemolyticus- and V. harveyi-infected cysts and
nauplii Artemia franciscana showed a drastic improvement in the survival rate
(from 85 to 89%) and hatching success (100% in both cases) in groups treated with
phages, whereas the control groups exhibited a survival rate of 40–50% and hatch-
ing success (50%). These studies indicate that the phage cocktails offer an alterna-
tive to chemotherapeutic agents and can be used in brine shrimp production.

3. Conclusions

The callous use of antibiotics against bacterial diseases in the culture of crusta-
ceans in the aquatic system has led to the development of antibiotic-resistant bac-
terial infections which can be a serious threat to all life forms and public health, and
the phage therapy may help to overcome such complex problems. Control of bacte-
rial diseases in the future may depend on development of novel drugs, innovative
approaches, and management practices to minimize the risk of introduction of
infectious agents into aquaculture systems and to reduce predisposing factors. The
occurrences of lytic bacteriophages of Bacillus spp./Vibrio spp. as well as their
efficacy were established. Phage therapy has been shown to inhibit the growth and
multiplication of many different pathogenic bacteria, viz. V. harveyi, V.
parahaemolyticus, V. alginolyticus, V. furnissii, V. mimicus, V. damsel, and V.
anguillarum, and promote better survival and production of the crustaceans in
aquaculture. Infected live feed Artemia is responsible for the establishment of the
bacterial infections in the hatchery and aquaculture system causing mass mortality
of the larval crustaceans in culture, and such bacterial infections can be controlled
through lytic phages, viz. ϕH17-5c, ϕH17-7b, ϕH17-8b, and ϕH17-9b from V.
harveyi; phages VV1, VV2, VV3, and VV4 from V. vulnificus; and φSt2 and φGrn1 of
V. alginolyticus of A. salina. However development of specific cocktails of phage
therapy for aquaculture of crabs, prawns, lobsters, and crabs is desirable. The phage
therapy is an ideal method for the control of microbial infections that occur in
dissimilar organisms at various stages from eggs to brood stock as well as in labora-
tory, tanks, or field applications, and extending such research to other organisms
could be one of the valuable strategies, to provide evidences and validate the
usefulness and therapeutic potential of the phage therapy. An understanding of the
infection processes, phage resistance, the efficacy of phage therapy on the targeted
pathogens, and their impact on the normal microbiome can help to improve bio-
control strategies. The potential applications of the phages for various purposes
outside aquaculture and further research on the specificity and phage-host interac-
tions are needed to establish their usefulness and exploitation. Future work may be
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carried out on the intricacies of phage lifestyles and their dynamics in natural
systems, genome and viriomes, proteome analysis, genes coding for their proteins,
and DNA polymerase phylogeny, which can help us in identifying novel methods of
phage-host interaction and in understanding the way in which phages control their
hosts. The use of probiotic organisms and phage therapy in crustacean aquaculture
is found to be safe for the consumer of shrimp, and therefore a scientific rational
approach is needed to evolve guidelines for phage therapy/probiotic applications in
aquaculture and for their use and safety.
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Chapter 10

Assessment of Metal 
Accumulation and 
Bioaccumulation Factor of 
Some Trace and Heavy Metals in 
Freshwater Prawn and Crab
Osikemekha Anthony Anani and John Ovie Olomukoro

Abstract

Globally, freshwater decapods have been one of the major food delicacies 
because of their rich deposits of minerals. High metals are usually accumulated 
in the body tissues of these organisms because of their lifestyle. Metal accu-
mulation in freshwater decapods has been acclaimed and perceived to cause 
serious health concerns when transferred to humans along the food chain. A 
recent study has shown that freshwater biota, prawn (Macrobrachium rosen-
bergii), showed significant differences (p < 0.05) in Mn, Cu, Pb and Cr and no 
significant difference (p > 0.05) in Fe, Zn and Cd. In contrast, the freshwater 
biota, crab (Sudanonautes africanus), showed significant differences (p < 0.05) 
in Fe, Zn and Mn and no significant differences (p > 0.05) in Pb, Cr and Cd. A 
high accumulation of Fe in the whole tissues of Macrobrachium rosenbergii and 
Sudanonautes africanus was also established. This is because Fe in the Nigerian 
soil and sediment is naturally very high beyond slated thresholds and tend to 
accumulate and transcend or magnify in benthic. It was noticed that Zn (2.68) 
and Cr (4.52) had the highest bioaccumulation factors in prawn and crab, 
respectively. Chromium has been observed to be carcinogenic. The consump-
tion of Cr in the muscles of crab might constitute probable serious  
health risk.

Keywords: accumulation, biomagnification, decapods, risk, carcinogenicity

1. Introduction

Globally, freshwater decapods have been one of the major food delicacies 
because of their rich deposits of minerals, metals; calcium (Ca), iron (Fe), zinc 
(Zn) and copper (Cu), Nickel (Ni), Vanadium (V) and Cadmium (Cd) as well as 
nutrients; protein, fibers and cellulose. High levels of mineral contents like metals 
are usually accumulated in the body tissues of these organisms because of their 
lifestyle. This has necessitated the increased rate of human consumption in recent 
times [1].
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Assessment of Metal 
Accumulation and 
Bioaccumulation Factor of 
Some Trace and Heavy Metals in 
Freshwater Prawn and Crab
Osikemekha Anthony Anani and John Ovie Olomukoro

Abstract

Globally, freshwater decapods have been one of the major food delicacies 
because of their rich deposits of minerals. High metals are usually accumulated 
in the body tissues of these organisms because of their lifestyle. Metal accu-
mulation in freshwater decapods has been acclaimed and perceived to cause 
serious health concerns when transferred to humans along the food chain. A 
recent study has shown that freshwater biota, prawn (Macrobrachium rosen-
bergii), showed significant differences (p < 0.05) in Mn, Cu, Pb and Cr and no 
significant difference (p > 0.05) in Fe, Zn and Cd. In contrast, the freshwater 
biota, crab (Sudanonautes africanus), showed significant differences (p < 0.05) 
in Fe, Zn and Mn and no significant differences (p > 0.05) in Pb, Cr and Cd. A 
high accumulation of Fe in the whole tissues of Macrobrachium rosenbergii and 
Sudanonautes africanus was also established. This is because Fe in the Nigerian 
soil and sediment is naturally very high beyond slated thresholds and tend to 
accumulate and transcend or magnify in benthic. It was noticed that Zn (2.68) 
and Cr (4.52) had the highest bioaccumulation factors in prawn and crab, 
respectively. Chromium has been observed to be carcinogenic. The consump-
tion of Cr in the muscles of crab might constitute probable serious  
health risk.

Keywords: accumulation, biomagnification, decapods, risk, carcinogenicity

1. Introduction

Globally, freshwater decapods have been one of the major food delicacies 
because of their rich deposits of minerals, metals; calcium (Ca), iron (Fe), zinc 
(Zn) and copper (Cu), Nickel (Ni), Vanadium (V) and Cadmium (Cd) as well as 
nutrients; protein, fibers and cellulose. High levels of mineral contents like metals 
are usually accumulated in the body tissues of these organisms because of their 
lifestyle. This has necessitated the increased rate of human consumption in recent 
times [1].
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It has been documented that freshwater crab (Sudanonautes africanus) and 
prawn (Macrobrachium rosenbergii) have high deposits of Fe, Zn and Mn, with few 
traces of Cu, Pb, Cr, Cd, Ni and V [1–4].

Metal accumulation in freshwater decapods has been acclaimed and perceived 
to cause serious health concerns when transferred to humans along the food 
chain. Environmental valuation of the noxiousness of metals in the freshwater 
Sudanonautes africanus and Macrobrachium rosenbergii had been shown to have 
probable human health hazard effect concomitant by way of ingestion [1].

Health risks associated with heavy metals such as renal failure, skeletal defor-
mation, and hepatic failure have been linked to their non-decomposable and 
persistence nature in the visceral organ-parts of humans [5]. This can lead to severe 
maladies like dysentery, stomach aches, head-tremor, anemia, paralysis, nausea, 
paroxysm, melancholy and even respiratory disorders [6], which can be either acute 
or chronic forms; neuron toxicity, oncogenic, genetic alteration or teratogenicity [7].

High levels of bio-accumulated heavy metals in freshwater decapods have been 
identified in these ranks; Fe > Zn > Mn > Cu > Pb > Cr [1] as interconnected with 
their sediment background levels [8].

2. Methodology

2.1 Sampling technique

Samples of freshwater prawns and crabs (Macrobrachium rosenbergii and 
Sudanonautes africanus) were captured and collected monthly from March 2015 
to August 2016 at designated stations by some fishermen, using local-hand nets 
enticed with ox-heart, set at the river bank of each station 24 hours before captur-
ing. The prawns and crabs were collected and kept in different labeled plastic 
rubbers according to the stations, filled with the river water and immediately taken 
to the laboratory for heavy metal analysis and identifications.

2.2 Extraction and determination of heavy metals in freshwater decapods

Employing the methods of [1], the freshwater biota was oven dried at 
105°C. About 2 g of a dried up standardized sample of each tissue were digested and 
sample was made up to about 50 ml of purified water. Samples of the biota were 
analyzed for iron, manganese, zinc, copper, chromium, cadmium, nickel, lead, and 
vanadium with an AAS (atomic absorption spectrophotometer; SOLAAR 969AA 
UNICAM, Spectronic Unicam, Cambridge, UK) [1].

2.3 Data analysis

Simple descriptive analysis, ANOVA (Analysis of variance), was employed using 
SPSS version 20.0.

To determine the accumulation rate of heavy metals in the freshwater biota, the 
bio-indices; bioaccumulation factor was employed with Micro Excel version 2013. 
Bioaccumulation factor (BAF) is the concentration of metals in sediment or water 
over the concentration of metals in the biota in mg kg−1 [8]. This can be represented 
in the equation below:

        BAF =   concentration of metals in sediment / water  (mg / kg)     ________________________________________    
concentration of metals in Crab / prawn  (mg / kg) 

                           (1)
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3. Assessment of metal contents in freshwater decapods

The assessment of metal contents in freshwater decapods is suitable for both 
water and terrestrial life forms. This is based on their significance as water indica-
tors of pollutants via monitoring in spatial or temporal, in order to quantify their 
ecological role in the ecosystem. Even though the dangers of water pollution by 
metals are fully acknowledged, it is still a subject of discussing in line with the over 
increasing anthropogenic activities [9] and as well as the lithogenic activities [1].

Freshwater prawn and shrimp (Macroinvertebrates) are commonly recom-
mended as fauna-indicators for evaluating the fluctuation of aquatic disorders in 
the region of probable pollution [3]. In general, decapods are of certain prominence 
for bio-monitoring survey [10], as the bedrock species in most aquatic systems [11], 
as well as the most tolerated species against water pollution. This shows their pollu-
tion status as regards to the buildup of the corresponding components of metals in 
their muscles [12].

3.1  Accumulation of metals in Sudanonautes africanus and Macrobrachium 
rosenbergii

Metal contamination in freshwater ecosystem is of utmost worry everywhere in the 
biosphere [13–15]. This might be as a result of their persistence noxious special effects 
and accumulation features in the aquatic system and fauna respectively [16–22].

Metals go in into freshwater ecosystem via lithogenic and human activities 
[18, 22–24]. Benthic region is a key sink and a basis for metal pollution [25]. 
Built-up substances such as metals can be a sign of macrobenthic fauna-accumu-
lation severity, ill health or death as the case may arise [24]. Certain residential 
chemicals in the sediment can exterminate benthic macroinvertebrates, thus 
plummeting the food chain structure [26].

However, a recent study has shown that freshwater biota; prawn (Macrobrachium 
rosenbergii) showed significant differences (p < 0.05) in Mn, Cu, Pb and Cr and 
no significant difference (p > 0.05) in Fe, Zn and Cd. No observable p-values were 
noticed for Ni and V respectively (Table 1). In contrast, the freshwater biota; crab 
(Sudanonautes africanus) showed significant differences (p < 0.05) in Fe, Zn and Mn 
and no significant difference (p > 0.05) was observed in Pb, Cr and Cd. There was 
also no observed p-values in Ni and V (Table 2) [28]. It was noticed that the ranks of 
heavy metals and their spatial variability in the shrimps and crabs were Fe > Zn > Cu 
> Pb = Cd > Cr = Ni = V and Fe > Zn > Mn > Cu > Pb > Cr = Cd > Ni = V respectively.

3.2 Bioaccumulation

The food chain structure has served as a pointer where metals are streamed 
along. Freshwater ecosystem pollution by metals, especially the heavy ones is on 
the increase daily around the world, causing several problems globally. Consequent 
of the buildup effect of certain heavy metals, particularly via the food chain, their 
bio-availability needs to be examined. This can be done via investigation of metal 
contents in biota in order to gather and predict its bioavailability and subsequent 
accumulation in the organism(s).

Generally, freshwater decapods freely accumulate metals in their muscles in order 
to meet their basic metabolic needs. This makes them appropriate as bio-indicators 
of metals in the ecosystem. For example, freshwater Sudanonautes africanus and 
Macrobrachium rosenbergii accumulate high levels of Fe, Zn and Mn in their muscles 
[28] based on the facts that these metals play vital role in the respiratory pigment 
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hemocyanin [29] and metalloenzymes [30] respectively. An appreciable increase 
in the values of Mn in the whole tissue of freshwater decapods has been associated 
with a combination of factors such as co-factor [1, 30–32]. More so, high concentra-
tion of iron in the sediment and decapods can possibly be related to its presence in 
cytochromes and proteins [28, 32].

A high accumulation of Fe in the whole tissues of Macrobrachium rosenbergii 
and Sudanonautes africanus has been established by [28]. This is because Fe in 
the Nigerian soil and sediment is naturally very high beyond slated thresholds 
and tends to accumulate and transcend or magnify in benthic macroinverte-
brates [24, 33–35].

Freshwater fauna are well known to be discriminatory in metal accumulation 
[36]. Antón et al. and Hopkin [37, 38], stated that decapods regulate their net 
assimilation of metals, which need about 0.07 mg kg−1 of Zn and 0.08 mg kg−1 
of Cu to trigger the enzymes and respiratory proteins. The high levels of heavy 
metals in aquatic biotas are of particular interest because of the potential risk to 
humans who consume them [1, 36]. The effects of metals in the surroundings, 
rest on to a great magnitude on whether they exist in forms that can be assimi-
lated by plants or animals [36]. Some freshwater decapods are bottom feeders 
and are generally expected to concentrate more metals than surface feeders like 
shrimp. The accumulation of metals in their muscles may be either dosage or 
time-reliant. This may therefore be contemplative of the amount of metals in the 
ecosystem [37–41].

3.3  Bioaccumulation factor: designated trace and heavy metals and impact in 
freshwater Macrobrachium rosenbergii and Sudanonautes africanus

Table 3 shows the computed bioaccumulation factor for the different trace 
and heavy metals in the whole body tissue of freshwater prawn and crab. It was 
observed that the concentration of the BAFs of heavy metals of prawn as com-
pared with that of crab was distinct with varied increase in values greater than 1 
(BAFs > 1) Fe (2.68) in prawn and Fe, Zn, Mn, Cu, Pb and Cr (1.30, 1.45, 1.77, 1.41, 
1.81, and 4.52) in crab as related to their sediment concentrations. It was noticed 
that Cr had the highest value of accumulation in crab.

Table 3. 
Results of bioaccumulation factors (BAFs) of trace and heavy metals in freshwater prawn (Macrobrachium 
rosenbergii) and crab (Sudanonautes africanus) in Ossiomo River.
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3.3.1 Iron (Fe)

Iron, is the richest element in the Earth’s crust [42]. The two oxidation states of 
Fe; ferrous (Fe2+), and ferric (Fe3+) account for their Fenton chemical reactions in 
aquatic fauna via combination with their macromolecules (proteins, nucleic acids, 
lipids and carbohydrates) [43]. On the other hand, ferric iron is virtually insoluble 
in aqueous solution and can bioaccumulated in freshwater fauna (decapods) in 
their tissues [44] and even biomagnified along the food chain thereby impeding the 
health status of humans.

Iron is very vital to quite a lot of life processes; manufacturing of DNA, the 
respiratory electron transport chain, as well as oxygen storage and transport. 
However, level of Fe beyond the threshold in fauna muscles can result to conjuncti-
vitis, choroids, and retinitis [45] pneumoconiosis, called siderosis [46] and the risk 
of pulmonary cancer when ingested or inhaled by humans [43].

3.3.2 Zinc (Zn)

Zinc is one of the essential trace metals in nature. Aquatic fauna depends on it for 
their survival. Zinc is made up of about 200 metalloenzymes and other metabolic 
components guaranteeing permanency of the DNA and its assemblies; nuclear mem-
branes, nucleolus and protein structures (ribosomes) [41]. Excessive consumption of 
Zn can result to a diverse compulsive health impact on humans [47].

The composition of zinc found in the tissue of decapods has been investigated 
to be intrinsically high which will possibly biomaginify in tissues at much higher 
levels [48–52]. Possible impact of Zn toxicity in freshwater decapods is in the gills, 
and abdominal muscle which has been confirmed in juvenile of decapods [53, 54]. 
This might be basically linked to the comparatively greater and more pervious body 
nature of the juveniles [41].

3.3.3 Manganese (Mn)

This is a crucial trace metal which can be seriously noxious upon persistent 
contact through ingestion above threshold limits. The basic dietary requirements 
of Mn are fulfilled through food intake [55–57], but with little noxious effects from 
air and water. This is a great concern to individuals who will consume freshwater of 
Macrobrachium rosenbergii and Sudanonautes africanus with elevated amounts of Mn 
accumulated in them.

Possible conditions linked to Mn toxicity are schizophrenia, dreariness, weak 
brute force, head tremor and sleeplessness [58, 59]. Chronic impacts of Mn are 
hepatopancreas, lung, liver and vascular instabilities, deteriorations in body fluid 
pressure, failure in growth of fauna fetuses and brain impairment.

3.3.4 Copper (Cu)

Like manganese, copper is found naturally in the surroundings and also crucial 
for normal growth and metabolic rate of all fauna [60] especially the aquatic ones. 
Copper contributes immensely to the cellular metalloprotein-hemocyanin in 
freshwater decapods [49, 61]. However, fairly low copper contents are found in the 
muscles of freshwater Sudanonautes africanus and Macrobrachium rosenbergii [28].

Freshwater Sudanonautes africanus and Macrobrachium rosenbergii cannot be 
compared to their counterpart; crayfish, which is very valuable for evaluating 
bioavailability of Cu in water environments [62, 63].
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3.3.5 Lead (Pb)

This element is neither crucial nor valuable to aquatic fauna and causes series 
of health conditions in the biota [40, 60] and subsequently probable risk impact to 
man via the food chain [1]. Pb can be introduced into a freshwater ecosystem via 
lithogenic form; re-suspension of the bottom sediment by benthic dwellers [1, 24] 
or via anthropogenic inputs; fertilizers and pesticides.

The amount of lead accumulated in freshwater Sudanonautes africanus and 
Macrobrachium rosenbergii has been investigated to be fairly below the benchmark 
limits of [27]. Previous studies have stated that the amount of Pb found in muscles 
of decapods were also in line of the benchmark limit [54, 64–67]. Contrary, [68] 
observed a high concentration (0.15 mg l−1) of Pb in the gonads of the freshwater 
crab, Potamonautes perlatus.

At low concentrations, Pb may result to a variety of health effects, including 
behavioral problems and learning disabilities [58]. Lead affects the central and 
peripheral nervous systems, eventually causing neurological and behavioral disorders 
in patients [69]. Lead has been found to be carcinogenic and also a probable enzyme 
stimulating effect [70], which interferes with fertility and causes renal damage.

3.3.6 Chromium (Cr)

This is a crucial element that has high noxious level [71]. Chromium has been 
found to be very high in the muscles of certain decapods [41, 54–67, 72]. However, 
study on freshwater Sudanonautes africanus and Macrobrachium rosenbergii revealed 
fairly low amount of Cr in their whole tissue [28].

3.3.7 Cadmium (Cd)

This is not an essential element and has high potential for teratogenicity, 
cancer-causing, and high latency for kidney toxicity at the chronic stage if ingested 
via food [72, 73].

Bioaccumulation of residue Cd in aquatic ecosystems and decapods whole tissue 
have been described to have a positive relationship consequent on the biota close-
ness to point source [9, 74–78].

3.3.8 Nickel (Ni) and vanadium (V)

Nickel and vanadium are universal elements recognized for their noxiousness, 
persistence, and likeness for bio-accumulation [60]. However, they were below 
detectable limits (BDL) in Sudanonautes africanus and Macrobrachium rosenbergii in 
this study [28]. This might be as a result of the geo-formation of the ecosystem and 
lack of the use of Ni and V related materials around the study terrain.

4. Conclusions

The assessment of metal accumulation and bioaccumulation factor of some 
trace and heavy metals in freshwater prawn and crab (Sudanonautes africanus and 
Macrobrachium rosenbergii) have shown that the metal accumulation were in this 
ranks: Fe > Zn > Cu > Pb = Cd > Cr = Ni = V and Fe > Zn > Mn > Cu > Pb > Cr = C
d > Ni = V. The BAFs values obtained were observed to be greater than 1 (BAFs > 1) 
for Fe (2.68) in prawn and also for Fe, Zn, Mn, Cu, Pb and Cr (1.30, 1.45, 1.77, 1.41, 
1.81, and 4.52) in crab as related to their sediment concentrations. It was noticed 
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that Zn and Cr had the highest bioaccumulation factors in prawn and crab respec-
tively. Chromium has been observed to be carcinogenic. Consumption of Cr in the 
muscles of crab might constitute probable serious health risk.
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