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Preface

Biological research involves multidisciplinary studies, including field and 
experimental studies on biological characteristics at the individual level as well as
mechanisms influencing organisms’ response to internal and external factors. From
this point of view, biological research focuses on morphological and physiological 
characteristics, biotechnology, and molecular mechanisms as well as behavior. 
Additionally, biological research focuses on interactions among the organisms and 
their surrounding environment.

Biological Research in Aquatic Science describes biological studies and applications in
different research areas. The book is divided into five sections, each containing one
chapter written by experts in their respective fields.

Section 1, “Overview on Cryobiology in Aquatic Science,” is an introductory section
that explains the mechanisms, strategies, and application fields of cryopreservation
biotechnology and cryobanking in aquatic science.

Section 2, “Spermatology in Aquatic Species,” presents valuable information
regarding biological and physiological features of fish sperm as well as modern
technologies for the evaluation of its quality.

Section 3, “Climate Change and Aquatic Environment,” describes climate change
and its effect on fish community, lake ecology, primary production, eutrophication, 
and water quality in terms of temperate lakes.

Section 4, “Migration in Aquatic Species,” covers the migration reasons of aquatic
species as well as properties of the Arctic with an emphasis on the Canadian region.

Section 5, “Plankton in Aquatic Ecosystems,” describes fish biology in terms of food 
chain relations and the relationships between fish larva and zooplankton.

This book addresses various topics regarding biology in aquatic science and will be
helpful for researchers studying in the field. I would like to thank all the authors for
their distinguished contributions, and IntechOpen and its Author Service Manager
Ms. Sandra Maljavac for her help in publishing this book.

Yusuf Bozkurt
Professor,

İskenderun Technical University,
İskenderun, Hatay, Turkey
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Chapter 1

Introductory Chapter: 
Cryopreservation Biotechnology
in Aquatic Science
Yusuf Bozkurt

1. Introduction

Cryopreservation is the process of freezing the biological materials at tem-
perature of liquid nitrogen (LN2) (–196°C). This means it is possible storing of the
biological materials as unchanged for centuries with the capability of recovering the
cell functionality following the thawing process [1].

This situation has been increasing the importance of cryobiology as a science
that examines the effect of ultra-low temperatures on cell, tissue, organ, and 
organisms and also freezability of these structures maintaining their viability. In
addition, a better understanding of functional properties of thawed cells following 
the freezing process has been accelerating the development of cryobiology [2].

The cryopreservation method basically includes temperature reduction, cellular
dehydration, freezing, and thawing. The lowering of normal temperature to 4°C 
reduces the cellular metabolic activity and increases the life span of sperm cells. 
Following thawing process, normal functions of the cells restart [3]. These events
at ultra-low temperatures provide basic mechanisms for long-term preservation
of biological material in genetically stable form. In practice, no significant change
of biological importance occurs below −150°C, and therefore, the material can be
conveniently stored in liquid nitrogen at −196°C [2].

Gamete, embryo, and embryonic cell cryopreservation have become of tre-
mendous value in aquatic biotechnologies, which provide an important tool for
the propagation of economically important species, and also in the protection of
endangered species and genetic diversity in aquatic species [1].

Following successful cryopreservation of avian spermatozoa using glycerol as
cryoprotectant by Polge et al. [4], cryopreservation of male gametes became pos-
sible in this research area. For the first time, Blaxter [5] applied a similar approach
for fish gametes and reported achieving approximately 80% cellular motility
following thawing of Atlantic herring spermatozoa in the field of aquaculture. Since
then, cryopreservation of fish sperm has been studied and succeeded in more than
200 species [6, 7]. Today, sperm management techniques have been established for
freshwater and marine fish species [8–12].

Cold or frozen state preservation of gametes is an important biotechnologi-
cal tool for aquatic species conservation and has a great concern for aquaculture. 
Growing in concern to this biotechnology has led to an increase in the number of
studies in this research area [13]. Nowadays, it is possible to use preserved semen in
routine reproduction applications in aquaculture practices [14].
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2. Cryopreservation of sperm cells in aquatic species 

Sperm cryopreservation is a very valuable tool for the conservation of aquatic 
species [15]. It is considered as a reliable method for the ex situ preservation of 
biodiversity since it provides opportunity to preserve desired cell samples. In addi-
tion, it is possible to reconstruct the original strain, population, or variety following 
required environmental restoration via this biotechnology [2]. 

The progressive interest in the application of cryopreservation to aquaculture 
has revealed how useful this method could be in the management of fish reproduc-
tion especially when it is combined with other reproductive technologies such as 
androgenesis or sex reversal [2]. 

Two methods can be used for gamete cryopreservation: slow freezing and 
vitrification. Slow freezing uses low concentrations of cryoprotectants, which are 
associated with chemical toxicity and osmotic shock. Semen refrigeration with 
slow cooling rates (0.5–1°C/min) and temperature reduction induces stress on cell 
membranes and causes modifications in the functional state of membranes [16]. 
The stress caused by ice crystal formation is associated with the osmotic pressure 
changes in the unfrozen solution [17]. 

Cold shock reduces membrane permeability to water and solutes resulting in 
membrane injury. The main changes occurring during the freezing process are 
ultrastructural, biochemical, and functional. These changes reduce fertilization 
of eggs. In frozen/thawed semen, motility of sperm cells is better protected than 
its morphological integrity. Membrane permeability is increased following cooling 
process, and this may be a result of increased membrane leakiness and specific 
protein channels [18]. 

3. Cryopreservation of eggs and embryos in aquatic species 

Cryopreservation of egg is more complicated than that of sperm. It is possible 
to indicate that the large size and the presence of three different membrane layers 
with different water permeabilities are the main obstacles related to the removal of 
intracellular water from fish eggs [2]. 

When the eggs are stripped, the eggs are permeable to ice-reducing cryoprotec-
tants due to opening of channel in the shell-like chorion. According to Harvey and 
Ashwood-Smith [19], penetration of cryoprotectants such as glycerol, DMSO, and 
methanol is rather slow in unactivated ova. However, once fertilization or activation 
occurs, the channel closes and the chorion hardens [20]. At this point, the eggs are 
impermeable to cryoprotectants and will significantly increase in size due to a brief 
inflow of the water [21]. 

Cryopreservation of embryos has become an integral part of assisted repro-
duction. Successful cryopreservation of embryos is important because the biodi-
versity of both paternal and maternal genomes will be preserved. Fish embryos 
are better candidates than eggs for the cryopreservation process due to their 
higher membrane permeability, less chilling sensitivity, and less complex mem-
brane system. 

Studies carried out so far associated to fish egg cryopreservation have been 
mainly focused on model species such as zebrafish (Danio rerio) [22], although 
other marine and freshwater species have also been studied, for example, gilthead 
seabream (Sparus aurata) [20] and some South American freshwater species [23]. 
On the other hand, there are factors limiting fish egg cryopreservation including 
their multicompartmental biological systems, high chilling sensitivity, low mem-
brane permeability, and larger size [20]. 
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4. Cryobanking in aquatic science 

One of the important fields using cryopreservation technology is the cryobanks 
or sperm banks. Cryobanks are currently more developed for rare domestic animals 
such as cattle, sheep, and goats than for non-domestic animals. In addition, use of 
cryobanking to facilitate the management and conservation of endangered species 
is becoming widespread [24]. 

The creation of cryobanks for the selected stock to prevent outbreaks or genetic 
drift is also essential to develop genetic selection programs in commercial aquacul-
ture. On the other hand, conservation of aquatic species which in danger of extinc-
tion, is also necessary until the environmental conditions recovered. 

In aquatic science, cryobanking has considerable advantages on cultured aquatic 
species in captivity, in terms of cost, labor, and security since thousands of samples 
from different generations can be maintained in a minimum space without the risk 
of loss caused by disease [25]. Moreover, transportation and management of frozen 
samples are relatively simple, allowing greater flexibility for designing recovery 
programs. In addition, development of reproductive technologies in aquatic species 
allows recovery of population from semen samples through cross-breeding pro-
grams or application of androgenesis procedures [26]. 

Research on fish germplasm cryobanking has been carried out on different cell 
types such as sperm cells, somatic cells, spermatogonia and primordial germ cells, 
as well as oocytes and embryos. On the other hand, it is well known that sperm cells 
present advantages compared to other cell types because of their small size and high 
resistance to chilling [27]. 

5. Opportunities and new strategies 

The cryopreservation process provides many benefits. Some of the cryobiological 
applications in the field of aquaculture have been summarized as follows ([6, 8, 28]: 

• Storing the sperm for routine fertilization process 

• Cross-breeding programming independently the maturation period or avail-
ability of breeders 

• Utilizing all the sperms from species with a large production 

• Increasing the fertile life of the individuals 

• Transporting the gametes or embryos between farms instead of breeders 

• Marketing the well-characterized and standard quality sperm 

• Hybridizing between species with different maturation periods 

• Reducing the synchronization treatments 

• Year-round supplying the broodstock gametes 

Recently, new technologies have been developed to conserve paternal and mater-
nal genetic information. From this point of view, latest studies have focused on 
cryopreservation of primordial germ cells as an alternative for the cryopreservation 
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of both paternal and maternal genomes. On the other hand, there is little data about 
reprogramming of somatic cells into primordial germ cells in fish. In addition, 
cryopreservation of fish tissues can be considered for cryobanking. However, the 
regeneration methods should be well studied and established in aquatic species [2]. 

6. Conclusion 

Gamete, embryo, and embryonic cell cryopreservation have become of tre-
mendous value in aquatic biotechnologies, which provide an important tool for the 
propagation of economically important species, and also in the protection of the 
endangered species and genetic diversity in aquatic species [1]. This situation has 
been increasing the importance of cryobiology as a science, examining the effect of 
ultra-low temperatures on cells, tissues, organs, and organisms and also the freez-
ability of these structures maintaining their viability [2]. 
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Chapter 2

Fish Sperm Physiology: Structure, 
Factors Regulating Motility, and 
Motility Evaluation
Jacky Cosson

Abstract

For reproduction, most fish species adopt external fertilization: their spermato-
zoa are delivered in the external milieu (marine- or freshwater) that represents both
a drastic environment and a source of signals that control the motility function. 
This chapter is an updated overview of the signaling pathways going from external 
signals such as osmolarity and ionic concentration and their membrane reception to
their transduction through the membrane and their final reception at the flagellar
axoneme level. Additional factors such as energy management will be addressed as
they constitute a limiting factor of the motility period of fish spermatozoa. Modern
technologies used nowadays for quantitative description of fish sperm flagella in
movement will be briefly described as they are more and more needed for predic-
tion of the quality of sperm used for artificial propagation of many fish species used 
in aquaculture. The chapter will present some applications of these technologies
and the information to which they allow access in some aquaculture species.

Keywords: flagellum, sperm energetics, sperm signaling, sperm motility, osmolarity

1. Introduction

The main function of a spermatozoon is to convey the male genome remotely
to the female one, which occurs in case of fish by swimming in the external milieu, 
marine or freshwater. Spermatozoa must access, bind, and penetrate an egg, 
for successful fertilization. Therefore, most of the physiological activity of fish
spermatozoa is motility oriented. These processes include as a prerequisite the
activation of spermatozoon motility. In case of fish species, spermatozoa stored in
the seminal plasma are immotile during transit through the genital tract of most
externally fertilizing teleost and chondrostean. Motility is induced immediately
following the release of spermatozoa from the male genital tract into the aqueous
environment. External trigger agents for the initiation of motility depend on the
species’ reproductive behavior that is mostly controlled by the aquatic environment
(fresh or salt water). Triggering signals include osmotic pressure, ionic and gaseous
components of the external media, and, in some cases, egg-derived substances used 
for sperm guidance. Environmental factors influencing fish spermatozoon motility
have received a large attention: these extensive studies led to several mechanisms
of activation for freshwater and marine fish spermatozoa. However, after reception
of the signal, a transduction pathway initiated by these mechanisms must lead the
information to the flagellar motility apparatus (axoneme). This review presents
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the current knowledge with respect to (1) membrane reception of the activation 
signal and its transduction through the spermatozoon plasma membrane via the 
external membrane components such as ion channels or aquaporins; (2) cytoplas-
mic trafficking of the activation signal; (3) final steps of the signaling, including 
signal transduction to the axonemal machinery, and activation of axonemal dynein 
motors and regulation of their activity; (4) signaling involved in guidance processes 
that control the sperm/egg approach and meeting; and (5) pathways supplying 
energy for the short flagellar motility period of fish spermatozoa. For each step in 
this signaling process, quantitative methods were developed to evaluate the qual-
ity of the sperm samples that are used for aquaculture propagation of many fish 
species. These methods as well as examples of their usefulness for application to fish 
artificial reproduction are presented in the last part of this chapter. 

2. Fish sperm structure and spermatogenesis 

The main traits of the flagellar mechanics of spermatozoa and the main factors 
that regulate their motility have been described in details in a recent review chapter 
by Cosson et al. [1]. 

2.1 Structure of fish spermatozoa: a brief presentation 

Compared to mammalian spermatozoa, the structure of a fish spermatozoon is 
qualified as “simple sperm”, mostly because the flagellum structure does not include 
additional columns flanking the motor part (axoneme) that are present in mam-
mal sperm. In teleost fish, spermatozoa generally have no acrosome (in contrast to 
chondrostean such as sturgeon), and the impenetrable chorion presents a micropyle 
that gives access to the membrane of the oocyte. Spermatozoa often show a spherical 
nucleus with homogenous, highly condensed chromatin, a nuclear fossa, a midpiece 
of variable size with or without a cytoplasmic channel, and one or two long flagella 
[2]. Moreover, fish spermatozoa can be classified into two forms, aqua sperm and 
intro-sperm, according the external or internal mode of fertilization, respectively [2]. 

The main components present in a fish spermatozoon [3, 4] are: the head is 
occupied mostly by the nucleus with paternal DNA material. In most fish species, the 
head has an almost spherical shape (diameter of 2–4 μm). In some case such as stur-
geon, paddlefish, and eel spermatozoa, the shape of head is elongated (up to 9 μm 
long and 2 μm wide) [5–7], the midpiece is mostly composed of the centrioles, and 
the mitochondria (usually from 2 to 9 per each spermatozoon) is generating energy 
(ATP) for motility [8]. In a mature spermatozoon, because the protein synthesis 
machinery is absent, no gene expression occurs. The centriolar complex of midpiece 
consists of the proximal and the distal centrioles, which forms the basal body of the 
flagellum, used for anchoring the flagellum to the head of the sperm cell. 

The flagellum is a highly conserved organelle during evolution, and there are 
very few differences between molecular composition of sperm flagella relatively 
to that in protists [1, 10]. Fish sperm flagellar length varies from 20 to 100 μm, 
depending on species. Flagellar bending is generated by a highly organized cylindri-
cal system of microtubules, called the axoneme, emanating from the basal body 
[11]. In turn, the canonical “9 + 2” axoneme consists of nine pairs of peripheral 
microtubular doublets and one central pair of singlet microtubules. This structural 
arrangement [12] is illustrated in Figure 1. Such axonemal pattern is highly con-
served and almost identical among eukaryotic cilia and flagella from protozoans to 
human. Nevertheless, in Anguilliformes and Elopiformes sperm flagella present a 
“9 + 0” pattern lacking central microtubules [6, 7, 13]. 

12 



 

 
   

 

  
 
 
 

 
  

 
 

 
  

 
 

Fish Sperm Physiology: Structure, Factors Regulating Motility, and Motility Evaluation 
DOI: http://dx.doi.org/10.5772/intechopen.85139 

Figure 1. 
Schematic structure of the head-tail junction of a model spermatozoon: the artistic view applies to a teleost 
such as trout [9] as an example of sperm cell. m, membrane surrounding both the head (top) and the tail; a, 
axoneme, the mechanical part actuating the flagellum (bottom); t, microtubule doublets, the major scaffold 
of the 9 + 2 axoneme; c, centriolar complex, at the basal part of the axoneme, made of microtubule triplets. In 
many fish species, the mitochondria (not shown for simplification) are localized in this head-tail junction zone, 
and two centrioles are orthogonally assembled to form the centriolar complex. 

The structural connections between the nine peripheral outer doublets and the 
sheath surrounding the central pair occur through the radial spokes. The central 
pair of singlets is enclosed in this sheath of proteins forming a series of projections 
that are well positioned to interact with each of the spoke heads and regulate the 
wave propagation [14]. Each of the outer doublets is connected to adjacent pairs of 
doublets by nexin links, presenting elastic properties allowing to resist the free slid-
ing of the microtubules; nexin is a dynein regulatory protein [15]. The peripheral 
doublets are strung with two rows of dynein arms along the entire length of micro-
tubules. These dynein arms consist of macromolecular ATPase complex [16, 17] and 
represent the basic motor actuating the whole axoneme; they extend from an outer 
doublet toward an adjacent doublet [18]. Both the spokes and the dynein complex 
contain different calcium-binding proteins so as for flagella to be able to respond 
to regulation by free calcium concentration through altering their beating pattern 
[19, 20]. As briefly described above, axonemes are complex structures composed 
of at least 500 different protein components [21]. 

The bending process in an axoneme is caused by sliding between two adjacent 
doublets of outer microtubules that slide relatively to each other due to the motive 
force, generated by molecular dynein motor activity [16]. Due to enzymatic hydro-
lysis of ATP by the latter, which induces force generation of the power stroke of 
individual dynein molecules, the dynein arms interact with tubulin of the B tubule 
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from the adjacent doublet, causing a process of active sliding in a cooperative way 
[22]. Several local bending processes occur because this sliding activity is present in 
only some segments of the axoneme at a given time, while other segments remain 
inactive [4]. Wave propagation from head to tip provokes the translation of the 
whole spermatozoon in the opposite (forward) direction. 

2.2 Spermatogenesis in fish 

For obtainment of full efficiency of motility, all the elements of the flagellum 
must have been, during spermatogenesis, correctly assembled mostly as an elon-
gated structure called axoneme playing the role of propelling engine, surrounded 
by the plasma membrane, and this device must be provided in energy in terms of 
ATP [8], the fuel common to many cell types that is mostly generated by mitochon-
drial respiration in case of fish sperm as detailed in paragraph 4. 

Spermatogenesis is an important phase in case of fish spermatozoa because it is 
the ATP store that constitutes the main source of energy that will sustain the short 
but highly energy-demanding motility period [8]. 

A detailed description of fish spermatogenesis is well documented in many 
species. Briefly, spermatogenesis is a developmental process during which a small 
number of diploid stem cells (spermatogonia) produce a large number of highly dif-
ferentiated spermatozoa carrying a haploid, recombined genome, and a structurally 
complete flagellum. Survival and development of those germ cells depend on their 
close contact with specific cells called Sertoli cells. Apart from their phagocytic role, 
the Sertoli cells change the growth factor expression, and subsequently, modulate 
germ cell proliferation/differentiation via complex mechanisms involving, in fish, 
both pituitary gonadotropins LH and FSH that stimulate gonadal sex steroid hor-
mone production directly by the activation of another cell type called Leydig cells. 

Fishes represent the largest and most diverse group of vertebrates. However, 
our knowledge on spermatogenesis in this group is limited to a few species used in 
basic research and/or in aquaculture biotechnologies such as guppy, catfish, cod, 
eel, medaka, salmon, tilapia, trout, and zebrafish. In an amniote vertebrates (fishes 
and amphibians), one observes a cystic type of spermatogenesis, which presents 
two main differences compared to higher vertebrates [23]. First, within the sper-
matogenic tubules, cytoplasmic extensions of Sertoli cells form cysts that envelope 
a single, clonally and hence synchronously developing group of germ cells deriving 
from a single spermatogonium. Second, the cyst-forming Sertoli cells retain their 
capacity to proliferate also in the adult fish. Sertoli cells are surrounding and nurs-
ing one synchronously developing germ cell clone. Different clones being in differ-
ent stages of development generate a tubular compartment containing differently 
sized groups of germ cells in different stages of spermatogenesis. 

So as for the distribution of spermatogonia in the germinal compartment, one 
can observe either a first type of restricted spermatogonial distribution, which 
is found in the higher teleost groups, such as in the order Atheriniformes, 
Cyprinodontiformes, and Beloniformes, where the distal regions of the germinal 
compartment are occupied by Sertoli cells surrounding early, undifferentiated 
spermatogonia. While the cells divide and enter in meiosis and the cysts migrate 
toward the region of the spermatic ducts located centrally in the testis, this is where 
spermiation occurs, i.e. the cysts open to release spermatozoa. 

In a second type, where an unrestricted spermatogonial distribution that is 
considered a more primitive pattern found in less evolved taxonomic groups, such 
as in the order Cypriniformes, Characiformes, and Salmoniformes, occurs, sper-
matogonia are spread along the germinal compartment throughout the testis. The 
cysts do not migrate during their development. In addition, intermediate forms also 
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exist between restricted and unrestricted spermatogonial distribution, such as in 
Perciformes, tilapia, Pleuronectiformes, or Gadiformes. 

Therefore, the development of spermatogenic cells strictly depends on their 
interaction with the somatic elements of the testis, among which Sertoli cells play a 
crucial role. During fish spermatogenesis, Sertoli cells are formed by mitosis just in 
time and in exactly the number required. This tailored Sertoli cell proliferation was 
first described in the guppy [24]. So far, we observe that spermatogenesis is a highly 
organized and coordinated process, in which diploid spermatogonia proliferate and 
differentiate to form spermatozoa in their final morphology. The duration of this 
process is usually shorter in fish than in mammals. In principle, this process can be 
divided, from a morpho-functional point of view, in three different phases: (i) the 
mitotic or spermatogonial phase with the different generations of spermatogonia, 
(ii) the meiotic phase with the primary and secondary spermatocytes, and (iii) 
the spermiogenic phase with the haploid spermatids emerging from meiosis and 
differentiating, without further proliferation, into flagellated spermatozoa. 

Analysis of the role of hormones reveals a complex process. Three steps at which 
reproductive hormones play a critical regulatory role are (i) the balance between self-
renewal and differentiation of spermatogonial stem cells, (ii) the transition from type 
A spermatogonia to rapidly proliferating type B spermatogonia, and (iii) the entry into 
meiosis. During later developmental stages, on the other hand, the endocrine system 
seems to ensure a permissive rather than stimulatory role, enabling Sertoli cells and 
possibly other somatic cells to generate a microenvironment that germ cells require to 
proceed through meiosis and spermiogenesis [25]. In case of fish, three types of sper-
miogenesis have been described, based on the orientation of the flagellum relatively to 
the nucleus and on whether or not a nuclear rotation occurs. 

2.3 Flagellum genesis 

The main organelle in the flagellum, the axoneme, is resulting from the progres-
sive assembly of groups of elements synthesized in the cell body and then trans-
ported to the flagellar compartment and delivered to the flagellar tip to elongate it 
thanks to the motility of specific transporters called intra-flagellar transport (IFT) 
along the internal side of the flagellar membrane [21]. The trafficking is ensured 
by two important molecular motors, belonging to the dynein group (retrograde, 
meaning from tip to base of the flagellum) and to the kinesin group (anterograde, 
meaning from the cell body to the flagellum tip) [26]. 

3. Successive steps leading to fish sperm motility 

3.1 The maturation step 

Maturation is the step following the end of spermatogenesis and that provides to 
the spermatozoon its ability to respond to motility-activating factors [27]. Signals 
for maturation are quite various among fish species. Sperm maturation is also 
regulated by the endocrine system. 

Examples of sperm maturation have been studied in details in different fish 
species: salmonids, cyprinids, and sturgeons. In salmonids, the group of Morisawa, 
in Japan, demonstrated, in particular in case of salmon, that maturation is mainly 
under control of cAMP and pH of the water where fish are transiting during migra-
tion [28]. In carp, results from Redondo et al. [29] indicate that an ionic equilibra-
tion across the sperm membrane is the main factor responsible for maturation. In 
case of sturgeon species, it was shown that spermatozoa are not able to become 
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activated at simple contact with external water [30]; sperm cells need a transient 
contact with urine, the latter getting mixed with milt prior to ejaculation [31] which 
is enough to render spermatozoa fully motile. 

3.2 The activation step per se 

This is a very brief event lasting a fraction of a second [32, 33]. Among several 
kinds of activating signals, one can mention (1) osmolarity, the most common, (2) 
specific ions such as K+ in a few species (salmonids and sturgeons as examples), and 
(3) other signaling molecules such as CO2 in few cases [34]. The osmolarity signal 
depends on the external medium where fish delivers its sperm: marine fish sper-
matozoa activate when coming in contact with sea water, a salty solution of high 
osmolarity, while freshwater fish species shed their sperm in a very low-osmolarity 
medium. In both cases, the spermatozoa sustain a large stress that consists in a 
jump from seminal fluid ranging an osmolarity 300 mOsmol/kg to either sea water 
(around 1100 mOsmol/kg) or freshwater (maximum 50 mOsmol/kg).The environ-
mental osmotic pressure appears consistently to be the main factor involved in fish 
motility activation among species [35, 36]. In a few fish species, osmolarity is acting 
in synergy with another factor such as specific ions [35]. In some marine species 
such as herring, activation of spermatozoa requires egg-derived substances. Two 
types of sperm-activating factors have been identified in Pacific herring, Clupea 
pallasii, eggs: a water-soluble protein released into the surrounding water [37] and 
a water-insoluble sperm motility-initiating factor localized in the vicinity of the 
micropylar opening of eggs [38]. 

3.3 The perception of the signal by the sperm membrane 

Freshwater fish sperm cells when released into the surrounding water can 
increase their cytoplasmic volume in response to osmotic stress. In case of carp 
spermatozoa, the cell volume increases several times as a result of the influx of water 
[39]. Results of Cabrita et al. [40] show that small change of cell volume occurs in 
response to hypo-osmotic shock. The comparative study of Bondarenko et al. [41] 
puts forward a large species specificity regarding the osmotic reaction (swelling) 
among freshwater species and demonstrates that there is no change of trout sperm 
volume measured during the motility period. Altogether, the volume change, if any, 
represents a long-term osmotic reaction rather than the immediate signal for motility 
activation given its time delay (several tens of seconds) relative to the briefness of 
motility appearance (less than a second according to Prokopchuk et al. [33]. 

A series of experiments by Takei et al. [42] aims to better explore the respec-
tive roles of K+ ions and osmolarity; this paper proposes a mechanism involving 
aquaporins and volume changes as a response to osmolarity stress. However, the 
volume changes measured by the authors are of low amplitude: the engendered 
volume difference is so low that it cannot be responsible of a physiological role in 
motility control. Furthermore, the time scale and the volume change measurements 
obtained at 5 min after motility activation correspond to time scales that are not fit 
with the previously published results of Prokopchuk et al. [33] showing that the 
motility response occurs about 100 ms after reception of the activation signal of fish 
spermatozoa. In addition, previous results by Bondarenko et al. [41] demonstrate 
that no significant volume change follows the motility activation of trout spermato-
zoa, a situation that contrasts with that of carp. 

In many marine teleost species, hypertonicity induces the motility of sperma-
tozoa. Nevertheless, an increase in external osmolality is sometimes not the only 
condition for motility activation of marine fish spermatozoa: in case of herring, this 
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activation also needs the contact of sperm with egg-derived substances, facilitating 
fertilization [37, 38, 43, 44]. Sperm-activating factors are two types of in the Pacific 
herring, Clupea pallasii: a water-soluble herring egg protein [37, 43, 44] and water-
insoluble initiating factor, from the vicinity of the micropylar opening of the egg 
[38]. In another group of marine fish species collectively named flatfishes, the main 
signal perceived by the sperm membrane is the CO2 concentration [34] that is high 
in the genital tract but very low in sea water. The intracellular equilibrium between 
CO2 and bicarbonate constitutes the second step in the control of intracellular ionic 
concentration that leads to regulation of flagellar motility [33]. 

3.4 The transduction of the signal across the membrane and the cytoplasm 

In fish spermatozoa, external signals triggering sperm motility activation are acting 
at the level of spermatozoon plasma membrane, hyperpolarization/depolarization of 
membrane, and ion channels or aquaporins activity, but this topic is still challenging 
because of the scarcity of experimental results in this area. As mentioned above, it is 
clear that water transport itself is not a main process involved in fish sperm motility 
activation. Nevertheless, in the presence of aquaporins in the head and flagella plasma 
membrane of the seawater fish, gilthead sea bream (Sparus aurata) spermatozoa and 
their involvement in cAMP-mediated phosphorylation of axonemal proteins were 
established [45, 46]. In this species, the water efflux via aquaporins would determine a 
reduction in the cell volume, which would raise the intracellular concentration of ions. 
This would lead to the activation of adenylyl cyclase and motility initiation by cyclic 
AMP-dependent protein phosphorylation and dephosphorylation [46]. Such cascade 
of events remains hypothetical because of the timing of such process compared to the 
extreme briefness (less than 0.1 s) of the reaction of the axoneme activation [33]. 

The presence of different ion channels was described in sperm plasma mem-
brane [34]. Cytosolic pH could be considered as another participant of signaling 
pathways, as it is known to be one of the parameters influencing sperm motility 
[47, 48]. Environmental conditions that inhibit spermatozoa motility can decrease 
the intracellular pH, resulting in a more acidic cytoplasm in nonmotile sperma-
tozoa than in motile spermatozoa [49]. The decrease of internal pH in sperm 
would directly affect flagellar movement through inhibition of dynein activity. 
The involvement of the Na+/H+ exchangers in sperm motility activation process 
was reported for Cyprinus carpio [50] and was proposed for Brycon henni [51]. The 
former authors suggest that the regulation of the exchangers depends on osmolal-
ity conditions [52]. According to Krasznai et al. [53], an opening and closing of 
K+ channels in the plasma membrane of the spermatozoon under hypo-osmosis-
induced initiation of sperm motility is resulting in a remarkable local hyperpolar-
ization or depolarization of the spermatozoon plasma membrane. Such transient 
depolarization may open Ca2+ channels, resulting in an influx of Ca2+ and activation 
of the flagellar motility of carp sperm. 

The involvement of K+ and Ca2+ transport through ion channels at the plasma 
membrane of spermatozoa in the triggering of the motility initiation has also been 
shown for rainbow trout (Salmo gairdneri) spermatozoa [54]. As for Na+ channels, 
Tanimoto and Morisawa [54] supposed that Na+ channels do not play an important 
role in sperm motility in rainbow trout, although they did not exclude its possible 
involvement in sperm motility control, for example, through Na+-H+ exchange. 

Altogether, the precise mechanisms of regulation of ion channel activity and 
their participation in the hyperpolarization of the spermatozoon membrane, which 
is associated with the activation of sperm motility [35, 53], remain poorly under-
stood. What are the next-step processes occurring at the level of membrane leading 
the subsequent activation of the axoneme? 
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3.5 Transduction and reception of the signal at the axoneme level 

Among other processes, an increase of intracellular concentration of ions could lead 
to the activation of adenylyl cyclase, which in turn would determine the motility initia-
tion by a cAMP-dependent protein phosphorylation and dephosphorylation mechanism 
[46]. It is known that, in mammals, protein tyrosine phosphorylation of several proteins 
is upregulated by reactive oxygen species (ROS). ROS (especially H2O2) may enhance 
tyrosine phosphorylation through the selective suppression of tyrosine phosphatase 
activity [55] or activation of adenylyl cyclase, thus producing a higher cAMP level and 
leading to the subsequent activation of the serine/threonine kinase A [56]. 

Cyclic AMP is an important factor in the activation process of fish spermatozoa. 
The link between cAMP concentration increase and motility initiation at the axo-
neme level was mainly investigated in Salmonidae. It involves a complex series of 
phosphorylation and dephosphorylation events. This includes the cAMP-dependent 
phosphorylation of the 15 kDa movement-initiating phosphoprotein [57, 58] of 
a PKA [59] and of the 22 kDa dynein light chain [60]. Protein phosphorylation is 
also regulated by proteasomes [60, 61]. The precise dependence between protein 
phosphorylation and microtubule sliding and movement initiation is still under 
investigation. A Ca2+-mediated and/or cAMP-dependent phosphorylation signaling 
mechanism through the radial spoke/central pair system of the axoneme has been 
proposed [62, 63]. 

The potential role of reactive oxygen species (ROS) generated at the contact 
of sperm with aerobic condition such as the external medium at ejaculation and 
the molecular mechanisms by which these reactive metabolites exert their biologi-
cal activity has been put forward by Baker and Aitken [64]. A gas, NO, was also 
observed to enhance motility of fathead minnow spermatozoa [65]. Nevertheless, 
the mechanism by which NO affects sperm motility is probably unrelated to osmo-
lality, because of its very low active concentration range. 

3.6 The motility period 

During the period after spermatozoa comes in contact with an activating 
medium, the ion concentrations inside the sperm cell are rebalanced, and osmotic 
pressure affecting the sperm membrane becomes harmful for sperm integrity, 
limiting the period of motility to a short interval [32]. These phenomena are much 
faster and more obvious in freshwater species, in which sperm motility usually does 
not last for more than 0.5–2 min [32]. 

Video 1 can be viewed at https://vimeo.com/310085381. 
Brook trout (Salvelinus fontinalis) spermatozoa recorded while swimming in a 

swimming medium composed of low osmolarity (10 mM Tris at pH 8.0 + 10 mM 
CaCl2). Remark the briefness of motility (around 30 s duration at 10°C) (courtesy 
of Dr. Galina Prokopchuk). 

In case of sperm collection for artificial reproduction or in vitro studies, particu-
lar care should be taken to avoid precocious activation of motility: one should avoid 
any contact of sperm cells with external water [66] or urine during stripping 
[67, 68]. Any assessment of motility parameters should be started as soon as pos-
sible after sperm activation, bearing in mind that the earliest period of motility 
(the most efficient one) should be characterized. Fish spermatozoa are usually 
characterized by a very high initial velocity (up to 200 μm s−1) due to the high 
flagellar beat frequency (up to 100 Hz; [32]); this “most active” period lasts only a 
few seconds immediately after contact with the activating medium. 

Values of all motility parameters decrease rapidly immediately after initiation of 
fish sperm flagella movement [36, 69], which is why any motility parameter must 
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refer to a precise time point after activation for intra- or interspecies comparisons 
[36, 69, 70]. Generally, the duration of motility is a trade-off between the level of 
energy stocks possessed by a cell and the process of osmotic damage experienced 
by this cell. The latter is more critical in freshwater fish species, and the former is 
important for marine fish [36]. At a precise time point, most spermatozoa have very 
similar characteristics [69, 70]. 

Video 2 can be viewed at: https://vimeo.com/310086859. 
Carp (Cyprinus carpio) spermatozoa recorded while swimming in two different 

media successively; the first part of the record shows the carp sperm population acti-
vated in a swimming solution composed of 45 mM NaCl +5 mM KCl + Tris at pH 8.0, 
while the second part shows spermatozoon activation in a low-osmolarity medium 
(distilled water + Tris at pH 8.0). Remark the curling of the flagellar tip which limits 
the duration of motility at low osmolarity (courtesy of Dr. Volodymyr Bondarenko). 

4. Energetic of sperm motility 

Storage of energy mostly results from mitochondrial respiration that generates 
ATP. Energy metabolism also involves other compounds such as creatine phosphate 
that contributes to the maintenance of the intracellular energy level in connection 
with ATP. 

4.1 Mitochondrial respiration 

In many fish species, measurement of respiratory activity presents difficulties 
because of the low oxygen consumption of spermatozoa, in contrast to model spe-
cies such as sea urchin [71]; in addition, the low respiratory activity remains almost 
unchanged when fish spermatozoa are transferred into motility-activating solutions 
[72], while it is about 50-fold increased when sea urchin sperm is transferred into 
sea water [71]. Efficient respiration needs to be coupled in mitochondria to ATP 
production via the ATP synthase [73]. For estimation of the full respiratory capac-
ity of mitochondria, it is useful to apply diffusible “uncouplers” such as CCCP or 
FCCP (carbonylcyanide-4-trifluromethoxy-phenylhydrazone): these compounds 
are diffusible through the membranes and allow full rate of electron transfer in the 
electron chain of mitochondria without restriction due to its control by ATP syn-
thase. The effects of respiratory inhibitors such as oligomycin [73] or KCN and their 
relationship with ATP stores of fish sperm were studied in details by Dreanno et al. 
[74]. Mitochondrial inhibitors have little effect in case of trout [75–78] or turbot 
[79] spermatozoa. Respiration rate in quiescent fish spermatozoa (before motility 
activation) needs to be only minimal but enough to maintain this ATP level prior to 
ejaculation. Such low but substantial respiration is enough for basal metabolism to 
maintain ionic exchanges and balances across the plasma membrane [8, 76, 79]. 

4.2 Generation and storage of ATP 

Generation of ATP by mitochondria occurs by electron transfer along the 
mitochondrial respiratory chain that generates a proton gradient across the inner 
mitochondrial membrane. Dissipation of the proton gradient occurs by passage of 
H+ through a specific ATP synthase localized at the inner part of the mitochondrial 
membrane [8, 73]. ATP thus accumulated is transported out of the mitochondrion 
by a translocase (ATP-ADP exchanger) toward the flagellar compartment; then, 
ATP molecules diffuse along the axoneme possibly assisted by a carrier device called 
energy shuttle as explained in Section 4.4. 
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The energy stored in fish sperm prior to and used during the motility period was 
evaluated in several fish species [80–82]. This was described in turbot, for example 
[79, 83, 84], sea bass [85] perch [86], bluegill [87, 88], trout [71, 89, 90], carp 
[39, 91], sturgeon [92, 93], and catfish [94]. Values for spermatozoa of other fish spe-
cies can also be found in Cosson [8, 32, 95], Dzyuba et al. [30], and Ingermann [96]. 

4.3 Consumption of ATP during the motility period 

ATP is the only high-energy compound that is hydrolyzed by the motor protein 
of the axoneme called dynein ATPase [16, 17, 97]. Dyneins are macromolecular 
assemblies of more than 1 MDa molecular weight linearly bound to each micro-
tubule doublet of the axoneme and which function is mechanochemical. Its role 
it to collect the chemical energy generated by hydrolysis of an ATP molecule so 
as to induce a trans-conformation that constitutes the elementary step of move-
ment generation. Rows of dyneins positioned along each microtubule amplify in 
a cooperative way this elementary movement so as to provoke the sliding between 
adjacent microtubules of the axoneme. Differential sliding generates bending, and 
the bending waves that propagate along the flagellum (usually from the head to the 
tip of the axoneme) result in a translational movement of the whole sperm cell [21]. 

In case of fish spermatozoa, dynein molecules have an intense activity: this fast 
activity results in a beat frequency (up to 80–100 Hz) much higher than in species 
other than fish. As a result, ATP is hydrolyzed at high speed, and the ATP store is 
rapidly decreasing, becoming partly exhausted at the end of the motility period [32]. 

4.4 Other energetic molecules assisting ATP maintenance 

Following its synthesis by mitochondria, ATP should be transported and 
distributed all along the flagellum so as to supply chemical energy to sustain the 
mechanical energy generated by the dynein motors that are distributed all around 
the flagellar axoneme. Theoretical considerations lead to postulate the presence 
of a distribution system that ensures a constant ATP concentration at any point 
along the axoneme [98, 99]. Such shuttle system involves an additional high-energy 
compound and assistance of enzymatic system that was shown to be present in fish 
sperm cells [90] and is detailed below. 

Even though the ATP molecule is the most common high-energy compound 
used as a fuel for many cell functions, including motility [8], several other high-
energy molecules are present in living cells such as creatine phosphate or arginine 
phosphate. In fish, creatine phosphate (CrP) is the main high-energy compound 
that was characterized in spermatozoa of several fish species as a complement of 
ATP [74, 79, 85]. In the last decades, many studies have demonstrated the decrease 
of the ATP concentration inside the fish sperm cells during the motility period 
[39, 67, 74, 76, 79, 85, 90, 91, 93, 100]. A more restricted number of studies have inves-
tigated the concentration of ATP related compound such as ADP, AMP, CrP, and 
others [74, 79, 85, 100]. All these compounds are part of an intracellular network 
under control of different enzymes that are able to transfer high-energy phosphate 
bonds from one to another (see Figure XX in Chapter 1 of Cosson [21]), for exam-
ple, the equilibrium ATP< = >ADP + Pi is catalyzed by enzymes called ATPases. 
In another example, ADP + CrP < = >ATP + Cr is controlled by enzymes called 
creatine kinases. One creatine kinase is mitochondrial, while a second one is in the 
flagellum and distributed all along the axoneme (Figure 1). The mitochondrial 
creatine kinase delivers CrP that diffuses along the flagellum, both creatine kinases 
being present in trout sperm cells. The rate of diffusion of CrP molecules is higher 
than that of ATP [99]. Such an arrangement of catalytic activities and substrates 
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Figure 2. 
Evolution of the flagellar shape of fish spermatozoa during the motility period. From left to right, successive 
positions of a turbot (Scophthalmus maximus) spermatozoon video recorded at different time points post-
activation: (a) right after transfer in sea water, (b) 2 min later, (c) more than 3 min later, (d) after full stop. 
Dark field microscopy with stroboscopic illumination (150 Hz); 100× objective lens [32]. 

constitutes an intracellular network ensuring the correct production and distribu-
tion of energy in fish sperm cells (Figure 1) and is called the “ATP shuttle” [99]. 

A local axonemal paralysis appears in sperm flagella of many species during 
the motility period: this is an indication that the renewal of ATP is not fully effi-
cient, and the production of ATP from CrP in this distal portion of the flagellum 
is too slow, while the proximal portion, that is close to the mitochondrion, can use 
directly the ATP still produced by the latter. Stiffening of the distal flagellar tip was 
observed in vivo (but not in reactivated sperm) in two sea urchin species [101] but 
also in trout sperm (Cosson, unpublished) after application of thiourea, an inhibi-
tor of respiratory phosphorylation (Figure 2). 

5. Control of fish sperm physiology by other factors 

Changes in the environment of fish spermatozoa impose other chemicals as well 
as physical constrains: temperature is controlling sperm physiology at many levels 
such as membrane permeation, enzymatic activities, or energetic metabolism [102]. 
Fish species are exposed to a large variety of temperature conditions, especially 
during their reproduction period; thus, an optimal choice of temperature is a key 
parameter for controlling the best conditions for best adapted sperm physiology. 

Viscosity of the swimming medium is also an important factor influencing the 
physiology of fish spermatozoa. According to physical laws, especially microfluid-
ics, progression of the sperm cell occurs because of the friction of the flagellum 
against the external milieu, water being a quite viscous fluid. Higher viscosity is 
encountered by fish spermatozoa when getting close to the fluids surrounding the 
egg, which modifies and thus controls the swimming physiology of the sperm cells 
[21, 103] including female cryptic choice of sperm cells by the egg [104]. 

Among other factors that play a signaling role for fish physiology are some 
molecules that control the sperm/egg interplay at fertilization; these molecules are 
commonly called chemoattractants and are able to finely tune the motility function 
of fish spermatozoa so as to optimally guide sperm cells to egg which ultimately 
results in an increase of fertility success [21]. In case of fish, the spermatozoon must 
localize the entrance point at the surface of the egg so as to penetrate and deliver 
the male genome [105]. Ultimately, the male genome will combine with that of the 
female so as to constitute the zygote. 
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6. An update of modern technologies allowing fish sperm quality 
assessment 

6.1 CASA systems 

Evaluation of fish sperm swimming performances needs at first good quality 
video records so as to measure the distance covered by each sperm head for a time 
period corresponding, for example, to the time separating two successive video 
frames, such as 20 ms for the European video standard (Figure 3). 

Several works in the last decade have reported the use of CASA systems to assess 
sperm motility in fish [106]. Based on the integration by the computer of successive 
positions of the moving head of spermatozoa in consecutive frames of video records 
to calculate the trajectories and their characteristics, CASA describes different 
parameters of sperm swimming linked to velocity, for example, VCL or instant speed 
(frame to frame displacement) along the real track, VAP or velocity along a smoothed 
track, VSL or progressive velocity following the straight line from the origin to the 
end of the track during the corresponding period of time and other parameters linked 
to the wobble of sperm head such as Mean angular displacement (MAD), amplitude 
of lateral head displacement (ALH) and beat cross frequency (BCF) and linearity. 
Lastly, the ratio between average path and straight-line path is used to describe the 
straightness of the trajectories (reviewed in Rurangwa et al. [107]). 

The CASA system recently developed by Wilson-Leedy and Ingermann [108] as 
a plug-in to image J software freely available from NIH site (http://rsb.info.nih.gov/ 
ij/plugins/casa.html) has been tested in different species including zebrafish [109]. 
More recently, it was improved and adapted to trout sperm motility by Purchase 
and Earle [110]. 

One important aspect for motility estimation of sperm quality by CASA is that 
the practical conditions employed to perform such tests are in several respects not 
reflecting the natural situation. Many broadcast spawners like salmon or trout 

Figure 3. 
Video image of swimming sturgeon spermatozoa. Dark-field video microscopy with stroboscopic illumination. 
Flashes are every 10 ms. At bottom right is the indication from the stop-watch giving the time (in milliseconds) 
spent since motility activation. 
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reproduce in highly turbulent water, which certainly influences the sperm/egg 
meeting chances and thus the fertilization success. Effect of such turbulent water 
shear at some optimal values was studied using biophysical methods by Crimaldi 
and Browning [111], and it was shown experimentally to increase the proportion of 
fertilized eggs in sea urchin [112]. 

Also, for practical reasons, CASA records are obtained in conditions where 
spermatozoa swim in the vicinity of glass surfaces: such situation was shown in 
literature to affect motility parameters [113, 114]. An important consequence of this 
is that the motility parameters mostly refer to a situation where sperm cells swim 
in a planar manner; it is well known since early studies [115] that when sperma-
tozoa swim freely far from any surface, they adopt a helical trajectory. The latter 
was shown to decrease up to 10-fold the efficient gross velocity but surprisingly to 
increase around 6-fold the fertilization kinetics [116]. All these findings emphasize 
several limits of the application of these CASA systems when used to predict quality 
of sperm regarding the fertilization rate. 

The comparative values of sperm velocity among fish species, including salmo-
nid, can be found in Cosson [32] with respect to motility duration and ATP stores 
prior to activation. 

6.2 Evaluation of flagella performances 

Behavior of the flagellum determines the motility guideline of the spermato-
zoon, so the description of intrinsic flagellar wave properties is considered as one 
of the most informative methods for assessing and controlling sperm motility. In 
order to observe the detailed pattern of live flagella or of their major components, 
it was proposed to use phase contrast or dark field optical microscopy with high 
magnification (40×−100×) objective lenses, which, if applied with oil immer-
sion, result in a bright image of the very small diameter object that constitutes a 
flagellum. To achieve complementary assessment, additional methods, such as 
stroboscopic illumination or high-speed video techniques, allow to record sperm 
during its motion and specially to obtain flagellar images of high quality and 
resolution. Multiflash stroboscopic illumination thus allows visualization on each 
frame of well-defined successive positions of a same moving spermatozoon at 
time intervals ranging in milliseconds. Alternatively, high-speed video recording 
provides higher spatial and temporal resolutions (up to several 1000 images/s). 
Serial frames individually selected from such video records allow to follow suc-
cessive positions (every millisecond or less) of flagellum waves covering one or 
several full beat cycles [32]. 

Video 3 can be viewed at https://vimeo.com/309942086. 
Legend of the video: a sturgeon spermatozoon was recorded by phase-contrast 

video microscopy according to conditions similar to those described in Figure 4 
(courtesy of Dr. Bondarenko Volodymyr). Spermatozoa of Siberian sturgeon 
(Acipenser baerii) were activated by dilution in pond water and recorded 10 s after 
activation. The length of flagella is about 50 μm long. Image rate is 100-fold slower 
than real. Remark that some spermatozoa show abnormal shape. 

Evaluation of sperm flagellum performances on a large variety of fish species 
leads to a series of predictions briefly summarized below (see Figure 5): 

• The swimming velocity is linearly proportional to the flagellar beat frequency. 

• The smaller the flagellum length, the lower the swimming velocity. 

• The number of waves along the flagellum varies linearly with the flagellum length. 
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• The power output of the flagellum varies in proportion with the flagellar beat 
frequency. 

• The flagellar length has no significant influence on the swimming velocity. 

• The swimming efficiency increases in proportion with the swimming speed. 

• The wave amplitude and the swimming velocity are linearly related. 

• The swimming velocity is lowly dependent of the medium viscosity, but the 
latter greatly affects the wave shape. 

• Waves of helical shape generate rotation of the sperm cell at a frequency that 
is in proportion with the flagellar beat frequency but less efficient than planar 
waves. 

While the whole cell is moving from left to right, the flagellum wave progresses 
from right to left. The wavelength is defined as the distance “L” between two 
inflection points. The half wave amplitude is represented as “A” and the bend angle 
of each wave as “a”. The number of waves generated every second is called the beat 
frequency. Such parameters are quantified and used to characterize fish sperm cells 
exposed to various swimming situations affecting their physiology. 

Two other examples of high-speed video records of fish spermatozoa are 
presented below. 

Figure 4. 
Successive positions of a sturgeon sperm flagellum recorded by high-speed video microscopy. Initial record was 
at 5000 images/s with a 100× phase-contrast lens and an Olympus high-speed video camera. In this panel from 
left to right, successive images collected every millisecond are presented so as to show the wave propagation of 
three successive waves and the minor progression of the head tip (white straight lines) during this short time 
period. 

Figure 5. 
Flagellar parameters of a swimming fish spermatozoon. The sperm cell, such as that recorded according 
to Figure 3, is represented in two successive positions (1–2) separated by a short time period (0.5 ms, for 
example). 
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Video 4 can be viewed at https://vimeo.com/310100596. 
Pangasius (Pangasianodon hypophthalmus) spermatozoa recorded by high-speed 

video combined with dark-field microscopy and was visualized 10-fold slower 
than normal. Sperm movement was recorded at 13 s post-activation in a 10% 
sea water solution. Length of flagellum is about 50 μm (courtesy of Dr. Galina 
Prokopchuk). 

Video 5 can be viewed at https://vimeo.com/310102833. 
Tilapia (Sarotherodon melanotheron heudelotii) spermatozoon recorded by 

high-speed video microscopy and visualized 20-fold slower. Sperm movement was 
recorded at 18 s post-activation in 50% sea water containing bovine serum albumin 
(BSA at 0.5%) to prevent sticking to the glass slide. Notice the short sperm flagel-
lum in this species and the swollen midpiece, mostly composed of mitochondria 
(courtesy of Dr. Galina Prokopchuk). 

6.3 Biochemical methods 

6.3.1 Respiration, oxidative stress, free radicals, and DNA damage 

Fish spermatozoa present a low respiratory rate that makes this evaluation 
quite delicate because of the sensibility of detection methods. Respiratory activ-
ity commonly uses oxygen electrodes that measure the oxygen concentration of a 
small volume of sperm suspension. These media are either preventing or activating 
motility and can be complemented by different effectors (substrates, uncouplers, 
or inhibitors) of respiration. In general, mitochondrial inhibitors have little effect 
on the motility of fish spermatozoa. Sperm oxygen consumption rate published in 
literature was presented in a comparative way for about 10 different fish species 
by Ingermann [96] and shows that values present a large variability from 1.4 to 70 
nmoles O2/min/109 spermatozoa depending on species. 

The contact of fish sperm with the external milieu occurring at ejaculation 
leads to exposure of sperm cells to high concentration of oxygen, provoking 
different kinds of stress [117]. Among other chemicals responsible of stress, 
reactive oxygen species are highly aggressive [118, 119]. The oxidative stress 
can be evaluated by several methods. Results of these studies show that several 
protections against the oxidative stress are present in fish sperm cells and in the 
seminal fluid [31, 120]. 

Also, the presence of free radicals leads to DNA damage during stressing situa-
tions such as those due to application of cryo-techniques that influence the quality 
of the progeny [121]. Recent studies on genes and protein expression of fish sperm 
cells show that both are controlled by various factors of the external milieu such as 
salinity or timing during the reproductive season [122, 123]. Among other factors, 
the level of phosphorylation of specific proteins constitutes important signaling 
factors controlling function efficiency of fish spermatozoa [124, 125]. Proteomics 
represent a promising approach to study specific physiological situations encoun-
tered by fish spermatozoa [126]. 

6.3.2 Evaluation of energetic compounds concentration 

ATP content of sperm cells can be evaluated by several methods, including mea-
surement in a single spermatozoon cell as recently shown by Chen et al. [127]. The 
most popular method for evaluation of the ATP content classically uses a coupling 
with the light-emitting system composed of luciferin and luciferase. A full evalu-
ation of the storage of energy in fish sperm cells needs the determination not only 
of the internal content of ATP but also that of other energetic compounds that are 

25 

https://vimeo.com/310102833
https://vimeo.com/310100596
http://dx.doi.org/10.5772/intechopen.85139


  
 

 
   

  
 

 

  
 

  

 
 

  
  

 
 
 

 

 
  

 

Biological Research in Aquatic Science 

able to exchange high-energy phosphate bonds able to be transferred to ADP and 
allow to reconstitute the intracellular ATP store. Such evaluation was established in 
case of sturgeon sperm [100, 128] by the use of liquid chromatography combined to 
HPRS or in case of turbot or sea bass sperm where the adenine nucleotides’ ener-
getic balance was determined by H+-NMR and 31P-NMR analysis, [74, 79] as well as 
in trout by 31P-NMR [89, 90]. All these results clearly point out to the fact that ATP 
level can be rescued by the CrP generated by the mitochondrial metabolism. This 
means that other phosphagen compounds are as important as ATP in the energy 
balance of fish sperm cells [129]. 

7. Conclusion 

Fish sperm physiology is under control of various parameters of the external 
milieu: the latter is subjected to changes due to the different environmental 
conditions that sperm cells have to deal with such as (1) the ionic concentra-
tion of internal as well as external fluids, (2) the pH, (3) the osmolarity, (4) 
the temperature, and (5) specific molecules acting as signals such as chemoat-
tractants that control the sperm-egg interaction at fertilization [21]. In fish 
spermatozoa, the interplay between the different actors results in a complex 
signaling network that exquisitely optimizes the various functions of fish 
spermatozoa, especially that of motility, in a large variety of situations. A 
better understanding of this complex network is important so as to decrease 
the effects of possible damage (osmotic, oxidative, etc.) when fish sperm cells 
are exposed to drastic conditions such as those imposed during application of 
cryopreservation methods. 
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Chapter 3

Climate Change and Monitoring of
Temperate Lakes
Arne N. Linløkken

Abstract

Provided the predicted 2°C temperature increase during this century, lake
ecology will go through dramatic changes, and this must be addressed in fish
management in purpose of exploitation as well as in species preservation. In tem-
perate lakes with fish communities dominated by cold-water and cool water fish, 
temperature increase will affect the species dominance. Extended growth season
will benefit recruitment of less cool adapted species, total fish density may increase
and growth will decrease of some species. Lakes dominated by salmonid fish may
become dominated by cyprinids and percids. Primary production will increase due
to extended growth season and increased precipitation. This can reduce the oxygen
level in the deep layer of lakes when the organic matter decomposes, whereas the
upper layer is too warm for cold-water species. In addition, increased density of
small plankton feeding fish will reduce the algae feeding zooplankton. Lakes should 
be monitored by means of modern and sophisticated methods, monitoring lakes
from satellites and in situ loggers, and pelagic fish may be counted by echosound-
ing. To counteract increasing density of plankton feeding fish, fish biomass removal 
is a possible measure, though the effect is limited in time.

Keywords: pelagic zone, plankton, plankton feeders, predation, echo sounding,
electronic loggers, remote sensing

1. Introduction

Research on biological resources of any kind may be divided in two catego-
ries: research on economical important species to attain optimal exploitation
strategy and research to reveal ecological roles of species, commonly in a con-
servation perspective. The first point is obviously linked to the second, whereas
the second point’s connection to economy may be unclear and absent, at least
apparently. Aquatic organisms of economic importance are mostly found in
marine environments [1], while the economical value of freshwater fisheries
in most cases is small [2], due to small water bodies and consequently small
amounts of potential yield, though there are exceptions, like in the big lakes in
North America [3]. It is also still important for hunting and gathering people
in some parts of the world [4]. Freshwater bodies are nevertheless important to
human society for many purposes, for drinking water, irrigation, and bathing
and as landscape elements [5]. The water quality is therefore important in several
perspectives, and guidelines for monitoring are recommended by the European
Commission [6], among others.
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Water quality monitoring is concerned about water chemistry, physics, and 
biology. Certain elements are more important and are easy to monitor regularly, 
like phosphorus, nitrogen, acidity, clarity (Secchi depth, color, and turbidity), 
algae, and chlorophyll [6]. Optical instruments to analyze algae and chlorophyll 
concentrations are available, and a great benefit with the electronic measure devices 
is the possibility to install loggers for continuing monitoring [7]. Some biological 
elements are more laborious and expensive, like algae taxonomy, macro vegetation, 
zooplankton taxonomy, and fish abundance and ecology. 

Lake ecology is affected by natural elements like local geology, climate, lake size, 
and bathygraphy [8], and a predicted climate change with a temperature increase 
of 2°C [9] during this century will provide serious consequences. In addition, 
human activity by the lake and in its catchment, even on remote places, affects 
the water quality. The organisms comprising a community may be more or less 
exclusive or rare, and some may be vulnerable or even threatened [10]. Ideally, 
there should be conducted genetic surveys on every species, but it would probably 
be a vast of resources. Nevertheless, species or populations that are considered as 
somehow vulnerable or unique should be analyzed by means of microsatellites or 
single-nucleotide polymorphism to describe the at-present state as a reference for 
future surveys [11–15]. Tissue samples should be preserved to be available for future 
analysis methods. The references are also useful for monitoring effective population 
size [13–15] and potential changes of allele frequencies, by random or as effects of 
natural selection. 

2. Lakes as ecological indicators 

Freshwater of lakes, rivers, and groundwater is important for all terrestrial life. 
There is scarcity of water in parts of the world [16], whereas in the temperate zone, 
it is usually available, though scarcity may occur in periods of the year. Water bodies 
are important sources of drinking water, and the quality is monitored for chemi-
cal and biological elements. Especially toxicants and pathogens are important, as 
they are mostly invisible by the eye. Other changes may be visual, like increased 
abundance of algae, planktonic, or on the bottom substrate or in fish nets. This may 
indicate eutrophication and could be serious. It indicates high levels of phosphorus, 
commonly the minimum factor in freshwater [8], though nitrogen also influences 
the primary production in lakes [17]. Increased phosphorus concentration may be 
added along lake shores or in the tributaries. Sources can be traced, and this could 
be a broken sewage pipe and runoff from a droppings pit or from fertilized fields 
resulting in an acutely polluted tributary. Algae bloom is a problem in hypertrophic 
lakes, and one characteristic trait is the cyanobacteria, among which, some may 
produce toxicants when occurring in high density [18, 19]. This has led to death 
of pasture cattle after drinking the water [20]. Even if such extremes are avoided, 
high algae production gain more biomass than the grazing chain from zooplankton 
to fish which may be consumed and decompose, and algae biomass is handled by 
the detritus chain in deepwater layer where oxygen deficit may occur [8]. Oxygen 
concentration at different depths is an important factor and is easy to measure 
with modern equipment. Oxygenated water precipitates iron (III) phosphorus 
and enriches the sediments, whereas oxygen deficit reduces the iron, and iron (II) 
phosphorus is soluble and is brought back into the water column during the spring 
mixing [8]. Phosphorus and chlorophyll a are therefore normally included in lake 
monitoring programs, and the chlorophyll a concentration is a good indicator of a 
lake’s “health” condition [21]. Oxygen is very serious and may in worst case become 
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chronic, and the lake sediments must be covered or replaced with other kinds of 
substrate, gravels and sand with low phosphorus content [22]. 

The lake characteristics and the fish community are mutually dependent of 
each other, but the fish community also depends on accessibility for freshwater 
species. Freshwater organisms immigrated after the glaciations, and the migra-
tions were hampered or stopped by the topography. Mountains and waterfalls 
make up effective obstacles to fish distribution, and the distribution of species was 
determined by the time of immigration and the time of land uplift that created the 
obstacles. The distance from the glacial refuges and the topography decided the 
possibility for the entrance. Some fish communities therefore have few species, 
unaffected of the lake environment. This is clearly demonstrated in Norway, where 
the river systems in the western part of the country, that is, west of the mountain 
range, almost exclusively harbor fish of anadromous origin, which means no 
cyprinids, percids, or pike (Esox lucius) [23]. Cyprinid species normally dominate 
in eutrophic lakes, when present [24–26], and if not, a lake can be eutrophic but 
with a simpler community. It makes a difference whether the dominating pelagic 
fish species are cyprinids, coregonids, or Arctic charr (Salvelinus alpinus) [27]. 
They can all feed on zoo-plankton, but with different efficiency, due to different 
body size, population density and not least, different density of the gillrakers that 
filter food items from the water. The dense gill rakers of most of the cyprinids 
filter small zooplankton species that slip through the gill rakers of coregonids, 
not to mention those of Arctic charr and brown trout (Salmo trutta) [28]. This 
again affects the zooplankton grazing capacity, as the most important herbivorous 
species are large and more catchable than the smaller species, and algae blooms 
become more probable [29, 30]. 

Lakes may serve perfectly as indicators of environmental health condition of 
its surroundings and its catchment, and lakes are easily observable. Watercolor, 
clarity, and vegetation development can alarm the public in a lake’s vicinity if 
dramatic changes occur. Bathing, fishing, or just observations from the shore may 
give a clue. 

3. Forming of lakes and their ecosystems 

The occurrence of a lake demands a substrate tight enough to hold water, some 
kind of damming, natural or manmade (eventually built by beavers), and a water 
supply that exceeds evaporation. Tectonic processes, land uplift, landslides, vol-
canoes, and quaternary processes can create holes capable of holding water when 
filled [8]. On the Northern Hemisphere, the glaciers, until 10,000–12,000 years 
ago, caused land excavations that became lakes and moraines that could dam 
the water. 

In glaciated areas, when the ice thawed, and a completely barren land appeared, 
the primary succession started, affected by the local geology, and minerals bound in 
rocks and stones were released by physical and chemical weathering. Algae, lichens, 
mosses, and plants started assimilating CO2 and, according to their needs, phos-
phorus, nitrogen, and other minerals [8]. Primary production was not hampered by 
organic bound nutrition and could flourish from the beginning. Grazers appeared 
and nutrition became in part bound in biota. Lakes got their sediments, slowly but 
steadily increasing, littoral macro vegetation developed, and animals, crustaceans, 
insects, mollusks, and others, appeared. Fish were more limited by waterways than 
most other aquatic organisms, like insects and small invertebrates that can be car-
ried by other organisms or even by wind. In elevated areas, fish were not necessarily 
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a result of the natural process but in many cases brought there by humans [31–33]. 
This was probably the first significant impact man had on lakes. Stools from sparse 
populations of Stone Age humans had probably a nonsignificant effect on lake pro-
ductivity. Introduction of fish, which are mostly second (or higher)-order consum-
ers, adds a predation pressure on organisms of several phyla, classes, and orders, 
among which, arthropods (especially crustacean and insects), annelids, mollusks, 
vertebrates, and, among those, other fishes, are important. If one fish species or five 
or more fish species are present, they structure the community through predation, 
depending on the species assemblage and the physical and chemical prerequisites of 
the lake. When the EU Water Directive demands lakes to be restored/maintained in 
“good status” [34], this is not unambiguous as it depends on the original state, that 
is, what species, nutrition load, acidity, and content of dissolved particles are and 
were present. 

Monitoring lakes should always be done by comparing the present state with an 
assumed original state, although a new state is not necessary disastrous. There are 
many examples of successful introductions of fish species, from a human point of 
view. What the original state was can to some extent be illuminated by means of sedi-
ment analysis, as organisms with scales, like planktonic crustaceans, are preserved 
[35, 36]. The state should be stable, if not in a mal state, and spring and autumn cir-
culation turning the water column to supply the deep water with oxygen should take 
place regularly. That will keep the lake sound, so the detritus is treated effectively with 
oxygen present, and fish dying off under the ice is avoided, as well as bad smell from 
methane and hydrogen sulfide. Fishing and bathing are of interest for public, and this 
public use of environmental resources makes people conscious about their state. 

4. Monitoring of lake ecology 

When monitoring fish communities, observations and measurements are 
conducted with a certain precision, and most importantly, the methods are 
described thoroughly enough to be repeated by others. Monitoring the lake ecology, 
one way or the other, may be regarded as testing a very wide/imprecise hypothesis: 
Is something changing? A more precise hypothesis can be formulated later, if the 
monitoring reveals that something in fact is changing. One species may become 
more abundant, whereas others become sparse, and an explanation can hopefully 
be found among the factors or variables that were monitored. At present, the 
temperature is a hot candidate. Others are nutrition load, acidity, new (alien) spe-
cies, and eventually new parasites [37, 38]. The latter may become very harmful to 
indigenous species and populations [39]. 

Important variables may be logged electronically and even be transferred 
wireless to data archives, and for the large-scale overview, remote sensing by means 
of satellite images is probably the optimal method [42]. The horizontal overview 
given by satellite images is superior to the traditional spot sampling. Images taken 
from planes may surpass the satellite images when it comes to sharpness and details 
but hardly when it comes to frequency and regularity. Satellite instruments record 
reflectance of electromagnetic waves of different wavelengths, primarily within the 
visual specter, blue, green and red color, but also infrared, and longer wave lengths. 
Reflectance of long waved radiation can be used to calculate temperature and 
humidity at the earth surface, terrestrial as well as aquatic [43]. Satellite surveil-
lance can easily be done weekly, provided if the sky is not cloudy and the images are 
available on the Internet, many of them for free. By monitoring surface color, the 
concentration of chlorophyll a, suspended matter and Secchi depth can be esti-
mated. If worrying values are observed, water samples may be taken to laboratory. 
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What topics, methods and experimental design should be recommended? 
During the last two to three decades, efforts are spent to reveal and predict effects of 
climate change, i.e., increase temperature and changed runoff patterns. Temperature 
trends alarmed scientists in the 1990s, and lake ecology was predicted to change if 

Figure 1. 
Density of pelagic fish with body length ≥ approximately 5 cm recorded by means of a SIMRAD EY M 
echo sounder during 1986–2011 and by means of a SIMRAD EK 15 echo sounder in 2018 in Lake Osensjøen, 
Southeast Norway. Line shows moving average; vertical lines show 95% confidence intervals. For method 
description see Linløkken and Sandlund [40]. 

Figure 2. 
Length distribution of pelagic fish in four selected years (of Figure 1) based on echo target strength distribution 
from echo sounding in Lake Osensjøen, transformed to approximate fish lengths by the target strength—Fish 
length algorithm presented by Lindem and Sandlund [41]. 

43 

http://dx.doi.org/10.5772/intechopen.84393


 

 
 
 
 

 

 
  

   
 

   
  

  
 

 

  
 

  

 
 

  
  

 
 

 
  

 
 

 
 

 

 

 
 

  
   

 
 

 

Biological Research in Aquatic Science 

this tendency continued [44]. Time series of temperature, combined with existing 
knowledge about temperature effects on fish ecology, affecting recruitment suc-
cess and growth [45–48], differing between species, will benefit some species and 
opposite to others. The algae community reflects the lake’s nutrition load but is also 
affected by the grazing zooplankton, which is affected by the zooplankton feeding 
fish [27]. Coregonids are important plankton feeders in cool and cold-water lakes, 
whereas cyprinids compete more efficiently as temperature and nutrition load 
increase and oxygen concentration decreases, and this is the most frequent in shal-
low lakes [8]. How can this be monitored and what changes can be observed so far? 

In the regulated and oligotrophic Lake Osensjøen in Southeast Norway, pelagic 
fish density, mainly whitefish and vendace, has been monitored by means of echo 
sounding since the 1980s, and during the first decade of this century, a pronounced 
density increase was observed, and a study was published in 2015 [40]. Year-class 
strength of both species was positively correlated with summer temperature, 
especially for vendace, as whitefish recruitment was also affected by the regulated 
water level (due to spawning sites at relatively shallow water). The vendace popula-
tion increased, whereas whitefish in the pelagic zone decreased. A follow-up survey 
in 2018 confirmed high density of pelagic fish, and there was more than a sixfold 
increase since the 1980s and 1990s (Figure 1), and simultaneously, the proportion 
of fish >30 cm decreased, and the proportion of fish <20 cm increased (Figure 2). 
This has probably had an effect on the zooplankton community, of which samples 
are collected, but so far not analyzed. As the density increase was due to increased 
density of vendace, the growth rate of vendace has decreased [40]. 

5. Monitoring of lakes using satellites 

Eutrophication and temperature increase may be expected to cause cyprinid 
dominance and amplify the effects of eutrophication through more intensive graz-
ing on zooplankton. Temperature increase also affects recruitment and growth of 
percids positively [46, 48–50], among which perch and pikeperch are piscivorous 
and may play an important role in regulation of roach (Rutilus rutilus) and other 
cyprinids [51]. Exploitation with gill net fishing should be performed with great 
care to retain a sufficient number of large predatory specimens. What sufficient 
means should be a subject of research, which should otherwise concentrate on 
the description of species biomass of aquatic biotopes, with special attention on 
functional groups; who is eating who or what? Can it be stated an optimal balance 
between biomasses of consumers of first and second/third order, like between 
omnivorous/benhivorous/planktivorous cyprinids and species of higher trophic 
levels, like perch, pikeperch (Sander lucioperca) and pike and eventually the 
piscivorous cyprinid, the asp (Aspius aspius)? If not, serious measures may become 
necessary, like removal of fish biomass, which is shown to have a positive effect on 
zooplankton abundance, though not long lasting [52–54]. Stocking top predators, 
affecting the zooplanktivorous fish, may also have a positive effect on herbivorous 
zooplankton abundance [51, 55]. 

To get an overview, lakes and river systems should be monitored by means of 
satellite images. These are available from several sources, and many are for free [43]. 
The resolution of the images varies, and whereas some satellites, like the Sentinel 3 
A and B satellites, have rather low resolution with 300 × 300 m pixels in the visual 
wave specter, the two twin satellites pass every second day, that is, together they 
collect daily images of every spot of the inhabited world [56]. The Landsat 7 and 
8 satellites depict an area every eighth day [43], and the Sentinel 2 A and B satel-
lites do it every fifth day [57]. These pairs of satellites have pixels of 30 × 30 m and 
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10 × 10 m, respectively, and the images are useful to characterize lakes with 5–10 km2 

surface area. The images consist of different color bands, and these bands, and com-
binations of them, may be used to develop algorithms for environmental factors like 
chlorophyll a [43], if combined with in situ measurements. The distribution of colors 
nevertheless may give a clue of horizontal variation of, for example, chlorophyll. 

In the southernmost East Norway, lakes of the Halden river system exhibits pro-
nounced variation of trophic state. A satellite image of August 13, 2018, from Landsat 
8, with manipulated pseudo colors showing the relationship between the reflectance 
of the green (reflected by chlorophyll) and the red (absorbed by chlorophyll) color 
bands, shows colors from blue to green, yellow, and orange/red (Figure 3). 
In the Lake Bjørklangen and Lake Hemnessjøen, the chlorophyll a concentration has 
through the years frequently been measured to 10–15 μg/l; in Lake Rødenessjøen 
it has been measured to 5–10 μg/l [58], whereas in the “blue” Lakes Setten and 
Rømsjøen [59], the chlorophyll a concentration is <5 μg/l. It must be added that 
the pixel values are also influenced by turbidity, that is, suspended solids, like in 

Figure 3. 
Seven lakes in southernmost East Norway (Lat/Lon: 59°20′32″–59°56′60″, 11°02′ 13″–11°48′ 22″) showing 
horizontal variation of the ratio (pixel values of the green color band)/(pixel values of the red color band), 
based on a Landsat 8 satellite image, roughly indicating the distribution of chlorophyll [60]. 
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the inlet of Lake Øyern and in the neighboring Glomma river system, which is not 
corrected for in this presentation. 

In situ sampling, varying in space (horizontal) and time (seasonal), should 
be combined with satellite image analysis, to estimate reliable algorithms for the 
relationships between the chlorophyll a concentration, clarity and turbidity, and 
reflectance values (corrected pixel values) of different color bands of the satellite 
images. When this is established, satellite images can be used for regularly moni-
toring, daily in large lakes (>50 km2) and weekly in smaller lakes, though it will 
depend on the weather, that is, the cloudiness, which must be minor and surely not 
cover the lake. This can reveal point sources of pollution, and in situ sampling may 
be conducted during few days. 

Fish monitoring is commonly done by gill net fishing or trawling, laborious 
and costly, and therefore is not conducted too often. As the pelagic fish stock is of 
special interest in eutrophication, hydro acoustic equipment is recommendable, 
and that can be done regularly, like every or every third or fifth year. The time of 
year and time of day affect the results, due to the spatial distribution of the fish, 
which must be in the pelagic zone and not too close to the surface to be recorded. 
An echo sounder counts the single fish, integrates schools to numbers of fish, and 
estimates density and target strength distribution which can be transformed to fish 
size distribution. This method can easily record increased density and changed size 
distribution, which is a probable result of climate change and is possibly the case in 
the Lake Osensjøen (Figures 1 and 2). 

6. Conclusion 

Lakes play important roles as ecological elements in nature and comprise 
important resources for human societies. They are also important as indicators of 
the ecological state of their catchment and are relatively easy to observe and moni-
tor, by in situ sampling, by electronic logging, and by means of remote sensing from 
satellites. Thorough studies should be conducted to describe the at-present state of 
lakes, which is now largely taken care of through the EU Water Frame Directive, 
and it should be linked to monitoring routines by electronic logging devices and to 
remote sensing by means of satellite images. Algorithms relating reflectance to situ 
measurements should be worked out on a broad scale. 
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Chapter 4

Migration, Dispersal, and Gene
Flow of Harvested Aquatic Species
in the Canadian Arctic
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Marianne Marcoux, Cory J.D. Matthews, Zoya A. Martin 
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Abstract

Migration occurs when key aspects of the life cycle such as growth, reproduc-
tion, or maintenance cannot all be completed in one location. The Arctic habitats
are variable and Arctic species are often migratory.  The predictable nature of
migrations in both space and time allow Arctic people to harvest fishes and marine
mammals. We describe migratory/dispersal behavior in four types of taxa from the
Canadian Arctic: anadromous and freshwater fishes, marine fishes, marine inver-
tebrates, and marine mammals.  Patterns of migration are remarkably different
between these groups, in particular between distances migrated, seasonal timing of
migrations, and the degree of reproductive isolation. Migratory anadromous and 
freshwater fishes become adapted to specific locations resulting in complex life his-
tories and intra- and inter-population variation. Marine mammals not only migrate
longer distances but also appear to have distinct demographic populations over large
scales. Marine fishes tend to be panmictic, probably due to the absence of barriers
that would restrict gene flow. Migratory patterns also reflect feeding or rearing 
areas and/or winter refugia. Migratory patterns of harvested aquatic organisms in
the Canadian north are extremely variable and have shaped the north in terms of
harvest, communities, and culture.

Keywords: migration, genetics, harvest, ecology, Arctic, fish, marine mammal, 
invertebrate, distribution

1. Introduction

To grow, reproduce, and survive, organisms must find environments where
they can successfully complete all aspects of their life cycle. In most taxa, the life
cycle needs (e.g., foraging and reproduction) cannot be met in a single habitat. 
In such cases, the fitness of individuals benefits from movement to an alternate
habitat [1]. If reproductive, rearing, foraging, or refugial environments are not all 
sympatric, then migrations are required [2]. As a result, many animals have evolved 
life history strategies that include coordinated movement from one habitat to
another during specific life stages. This synchronous, directed movement of part or

 
 

 
 

  
 
 

 
 

  
    

 
 

  
  

  
 

 

 
 

 



 
 

 
 

  
 
 

 
 

  
    

 
 

  
  

  
 

 

 
 

 

Chapter 4 

Migration, Dispersal, and Gene 
Flow of Harvested Aquatic Species 
in the Canadian Arctic 
Ross F. Tallman, Steven H. Ferguson, Les N. Harris, 
Kevin J. Hedges, Kimberly L. Howland, Nigel E. Hussey, 
Marianne Marcoux, Cory J.D. Matthews, Zoya A. Martin 
and Jean-Sebastien Moore 

Abstract 

Migration occurs when key aspects of the life cycle such as growth, reproduc-
tion, or maintenance cannot all be completed in one location. The Arctic habitats 
are variable and Arctic species are often migratory.  The predictable nature of 
migrations in both space and time allow Arctic people to harvest fishes and marine 
mammals. We describe migratory/dispersal behavior in four types of taxa from the 
Canadian Arctic: anadromous and freshwater fishes, marine fishes, marine inver-
tebrates, and marine mammals.  Patterns of migration are remarkably different 
between these groups, in particular between distances migrated, seasonal timing of 
migrations, and the degree of reproductive isolation. Migratory anadromous and 
freshwater fishes become adapted to specific locations resulting in complex life his-
tories and intra- and inter-population variation. Marine mammals not only migrate 
longer distances but also appear to have distinct demographic populations over large 
scales. Marine fishes tend to be panmictic, probably due to the absence of barriers 
that would restrict gene flow. Migratory patterns also reflect feeding or rearing 
areas and/or winter refugia. Migratory patterns of harvested aquatic organisms in 
the Canadian north are extremely variable and have shaped the north in terms of 
harvest, communities, and culture. 

Keywords: migration, genetics, harvest, ecology, Arctic, fish, marine mammal, 
invertebrate, distribution 

1. Introduction 

To grow, reproduce, and survive, organisms must find environments where 
they can successfully complete all aspects of their life cycle. In most taxa, the life 
cycle needs (e.g., foraging and reproduction) cannot be met in a single habitat. 
In such cases, the fitness of individuals benefits from movement to an alternate 
habitat [1]. If reproductive, rearing, foraging, or refugial environments are not all 
sympatric, then migrations are required [2]. As a result, many animals have evolved 
life history strategies that include coordinated movement from one habitat to 
another during specific life stages. This synchronous, directed movement of part or 

55 



 
 

   

 
 

 
 

 
 

   
 

 

 
 
 

 

 

Biological Research in Aquatic Science 

all of a population between discrete habitats is called “migration.” In the Canadian 
Arctic, habitats can be relatively barren but some regions have great productivity 
(Figure 1). The “patchiness” of the Canadian Arctic encourages the evolution of 
migrations and the majority of endemic species are migratory to some degree. 

Where resources are patchy in space and time, such as the Arctic, species must 
evolve migratory life histories for survival [3]. The evolution of migration can be 
interpreted in terms of a balance between benefits gained from migration and 
costs of migration [4]. Migration confers an advantage for finding the most suit-
able spawning habitat, more productive feeding areas, and/or finding refuge from 
inclement conditions [5, 6]. On the other hand, migration is costly in terms of 
mortality to both juveniles and adults and the energy used to migrate [7]. For the 
Arctic charr migrating downstream to the ocean, the cost occurs before the benefit 
of a richer food source. Phenotypes that can reduce the cost of migration will be 
favored [7]. For example, species have evolved adaptations in their morphology to 
facilitate more efficient swimming as well as osmoregulatory adaptations for mov-
ing between fresh and saltwater. 

Among both plants and animals, dispersal usually takes place at the time of 
reproduction. Dispersal is defined as the movement of individual organisms from 
their birthplace to other locations for breeding [8]. Arctic aquatic organisms must 

Figure 1. 
Definitions of the Arctic region (source AMAP [122]). Comparisons between different definitions of the Arctic 
region are shown. The AMAP area is considered the most encompassing biologically for aquatic systems. 
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also be exceptional colonizers, and dispersal plays a critical role in the expansion of 
species in a post-glacial environment. 

Until the last 100 years, the survival of humans in the Arctic was entirely 
dependent on the fauna of the region as evidenced by the strong hunting cultures 
that persist to this day. Understanding the movement patterns of aquatic species 
allowed exploitation of migratory species by the aboriginal societies. Migrations 
consistently brought the desired species in concentrations to particular locations. 
Currently, a variety of aquatic species from invertebrates to marine mammals 
are utilized by the Inuit and other Arctic people for subsistence and commercial 
purposes. 

The Arctic represents a relatively untouched region for fishery exploitation, 
given its remote and logistically challenging location and inaccessibility due to land-
fast ice [9]. The region is therefore considered promising for fishery development, 
especially with receding ice cover as a result of global climate change [9]. Given 
this potential, there are mounting concerns over fishery development related to the 
glaring lack of basic biological data for the majority of species and populations and 
our understanding of the ecosystem as a whole [9, 10]. 

2. What are the harvested species in the Canadian Arctic? 

The Canadian Arctic is challenging to define and there are many possibilities. 
For this chapter, we use the definition provided by Arctic monitoring and assess-
ment program (AMAP) (see Figure 1). The AMAP definition is a composite that 
reflects biological, geographical, and political definitions of the Arctic. The place 
names mentioned in the text are in Figure 2. 

The list of harvested aquatic species in the Canadian Arctic is long and diverse 
and would require an exhaustive review to cover them all and we will only discuss 
a few key ones in this chapter. Freshwater fishes such as lake trout (Salvelinus 
namaycush), lake whitefish (Coregonus clupeaformis), and landlocked forms of Arctic 
charr (S. alpinus) are extremely important and are harvested throughout Arctic 
Canada by indigenous people of the region. The freshwater fishery in sub-Arctic 
Great Slave Lake, comprised of lake whitefish, lake trout, and inconnu (Stenodus 
leucichthys), is the largest commercial freshwater fishery north of 60 N latitude. At 
a community level, anadromous fishes comprise a large portion of the subsistence 
harvest across the Canadian Arctic. In Nunavut, anadromous Arctic charr are 
harvested commercially by most communities. Anadromous (those that migrate 
between fresh water where they spawn and/or overwinter to marine habitats where 
they feed) coregonines such as broad whitefish (C. nasus), inconnu, lake whitefish, 
least, and Arctic cisco (C. sardinella and C. autumnalis) are harvested during their 
fall spawning migrations along western Arctic coastal rivers and especially in the 
Mackenzie River where a fishery estimated at 150,000 kg/year is taken for subsis-
tence purposes [11]. Northern anadromous Dolly Varden Char (Salvelinus malma) 
are mainly subsistence fished in the Beaufort Sea coastal waters [12] and along the 
Mackenzie River system on their return migration from the coast (e.g., Aklavik and 
Fort MacPherson). Anadromous Arctic charr are harvested throughout the territory 
of Nunavut in all coastal communities as well as in the communities of Paulatuk, 
Ulukhaktok, and Sachs Harbour in the Northwest Territories. 

Marine fishes are harvested when available by many communities in the North. 
There are large industrial fisheries for northern shrimp (Pandalus montagui and 
Pandalus borealis) in Davis Strait and Hudson Strait, and for Greenland halibut 
(Reinhardtius hippoglossoides) in Baffin Bay and Davis Strait and in Cumberland 
Sound, Nunavut. The shrimp fishery harvests up to 35,000 metric tonnes annually. 
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Figure 2. 
Map of Canada with northern place names relevant to the text. Communities are marked by a black dot. The 
Mackenzie River system is in blue. 

Greenland halibut are widespread, live deep (200–2000 m) and are long-lived 
[13–19]. The Baffin Bay fishery is now the largest groundfish fishery on the east 
coast of Canada. The total harvest regularly exceeds 10,000 metric tonnes. The 
Cumberland Sound fishery is a community-based winter fishery (500 metric tonnes 
quota) executed by setting longlines from the flow edge of the winter ice pack or 
through holes cut in the landfast ice. Commercial fisheries on this species operate at 
Baffin Bay and Davis Strait [20, 21]. 

Marine mammals are an important harvested resource for coastal communi-
ties in the Arctic not only for subsistence purposes but also for commercial sale of 
Narwhal (Monodon monoceros) tusks and other derived products. Ringed seal (Pusa 
hispida), narwhal, beluga whale (Delphinapterus leucas), bowhead whale (Balaena 
mysticetus), and walrus (Odobenus rosmarus) are all important species that are 
harvested throughout Arctic Canada. 

3. Why is understanding migration so important for harvesting and 
management? 

Migratory pathways of Arctic animals bring them into vulnerable situations 
pathways bring them into vulnerable situations in time and space where humans 
can access them in a predictable manner. Because of this, the management is 
generally tied to the migration patterns and is frequently done on a community by 
community basis. As well, most harvesters are aboriginal and harvests are for both 
economic gain and food security. The exception is the offshore marine fisheries 
which are comparable to other large industrial fisheries around the world. 

As well, migrating exposes the animals to an accumulation of stressors such 
as shipping, pollution, and blocked migration routes (e.g., streams drying up due 
to global warming) which all can dramatically reduce their fitness. Additionally, 

58 



 

  
   

 
 

 

 
 

 
 

  
  

 
 

 
 

 
 
 

 
 

 
  

   
  

 

 
 

Migration, Dispersal, and Gene Flow of Harvested Aquatic Species in the Canadian Arctic 
DOI: http://dx.doi.org/10.5772/intechopen.85902 

climate change is anticipated to affect the Canadian Arctic most severely causing 
a major change, principally an increase in extent and duration of the open-water 
season. The region has been heavily characterized by the presence of long seasonal 
ice cover and multiyear sea ice. In the future, the ice-free season will be much longer 
and areas of multiyear ice will diminish. The change will not only affect migration 
but may also allow the movement of non-Arctic species into the region, which 
may be competitors, predators, or forage items. Therefore, to manage fisheries, a 
thorough understanding of migration patterns of the harvested species is required. 
Migration patterns of harvested Canadian Arctic species have been under study 
for the last 20 years and considerable progress has been made in the last 5 years. 
Although remarkable strides have been made in the understanding of migration, 
there is still much to understand. 

4. Migratory patterns 

4.1 Freshwater and anadromous species 

4.1.1 Coregonines 

4.1.1.1 Inconnu (Stenodus leucichthys) 

Inconnu have a partially circumpolar distribution. They mainly inhabit riv-
ers flowing into the Arctic Ocean. They range from the Anderson River, NWT 
at latitude 128 W westward to 35 E on the edge of Finland. They are harvested 
throughout their range for subsistence and commercial purposes. Howland et al. 
[22–24] undertook a radio-telemetry, otolith microchemistry, and long-term 
seasonal gillnetting study which, along with a synthesis of existing historical 
data, revealed that both freshwater (those defined as only using riverine habitats 
and never migrating to the ocean) and anadromous Inconnu (Stenodus leucich-
thys) in the Mackenzie River, NT system are migratory. However, their feeding/ 
overwintering habitats and the timing and distance of their spawning migrations 
differ substantially between life history types (Figure 3). Two factors, seasonal 
temperatures and distance of the migration, probably played a role in the tim-
ing of migration as the freshwater population migrated and spawned later by 
2–2.5 months and 3 weeks, respectively, than did the anadromous population. 
There is little mixing between the anadromous forms in the lower Mackenzie River 
and freshwater Inconnu in the Great Slave Lake area. Tagging studies, however, 
have provided evidence for long distance movement in this species (~1800 km) 
suggesting the potential movement and mixing between the two forms [25]. Some 
fish seem to use only the upper river for their life cycle suggesting that a third 
riverine form occurs. In the lower Mackenzie River, Inconnu travel more broadly 
using coastal and the Mackenzie Delta for nourishment and as a winter refugium, 
whereas Inconnu in the Great Slave Lake area eat and survive the winter in the 
lake and migrate less distance to spawn. These results were reflected in differences 
in mitochondrial (Howland DFO unpublished) and microsatellite (Weins DFO 
unpublished) DNA analysis. 

4.1.1.2 Broad whitefish (Coregonus nasus) 

Broad whitefish have a partially circumpolar distribution. They mainly inhabit 
rivers flowing into the Arctic Ocean. They range from latitude 105 W westward to 
50 E. They are harvested throughout their range for subsistence and commercial 
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Figure 3. 
The lower Mackenzie River showing spawning, overwintering, and feeding areas used by migratory Coregonids. 
The pale yellow or cream colored area is the suspected feeding area. The off-white area in the Mackenzie Delta 
is a proposed over-wintering area. The red shows the migration to spawning grounds. Blue is the water. 

purposes in the lower Mackenzie River system of Canada’s NWT. Broad whitefish 
exhibit three presumed life history strategies including anadromous, riverine, and 
lacustrine (complete their life cycles entirely within a lake) forms [26, 27]. One 
anadromous population of Broad whitefish is known to spawn in the Arctic Red 
River at Weldon Creek, about 160 miles upriver from the mouth [28]. The minimum 
total distance that Arctic Red River anadromous Broad whitefish migrate from their 
over-wintering grounds to spawning beds is 350–450 km. First-time spawners, 
arriving from rearing grounds on the Tuktoyaktuk Peninsula, migrate considerably 
farther [29] (Figure 3). Spawning locations for anadromous fishes have also been 
suggested in the Peel River and the mainstem Mackenzie River near the town of 
Fort Good Hope [29, 30]. Recently, Harris et al. [25] examined migratory strategies 
in this species using otolith microchemistry and documented at riverine form that 
undertakes migrations solely within the Peel River in the region. 

A lacustrine form of Broad whitefish occurs in Travaillant Lake, a deep lake 
about 31km2 in surface area [31]. Broad whitefish use the lake for rearing and 
overwintering. Reproduction occurs in two locations, in the outlet of Travaillant 
Lake above Andre Lake to the south and in a major inlet to Travaillant Lake, directly 
to the north [31, 32]. The migration distance to spawning grounds is short, only 
5–12 km. 

4.1.1.3 Arctic cisco (C. autumnalis) and least cisco (C. sardinella) 

Least and Arctic cisco have a partially circumpolar distribution. They mainly 
inhabit rivers flowing into the Arctic Ocean. Least cisco range from latitude 100 W 
westward to 50 E. They are harvested throughout their range for subsistence 
purposes, but to our knowledge, they have not been fished commercially. Arctic 
cisco range from latitude 105 W westward to 40 E. They are harvested throughout 
their range for subsistence purposes and historically supported a large commercial 
fishery in Alaska [33, 34]. These species follow similar life styles with eggs hatching 
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in spring and young-of-the-year are carried downstream with increased water flow 
from spring melt to coastal, brackish environments [33]. Least cisco distribute 
themselves in coastal brackish and fresh waters to feed in the summer months, but 
unlike Arctic cisco they do not migrate 400 km that separates Colville River, Alaska, 
and the Mackenzie Delta [33]. Young-of-the-year Least cisco and eastward Arctic 
cisco over-winter within areas of the Mackenzie Delta where there is a stable layer 
of freshwater under the sea ice [35]. Migration to natal streams occurs with the 
onset of sexual maturity. The age of sexual maturity in Siberian populations varies 
between 5 and 10 years but there are no studies in Canadian waters [35]. In contrast 
to Least cisco, Arctic cisco are distributed more widely within the coastal marine 
environment as a result of their ability to tolerate and acclimate to higher salinity 
[36]. A strong eastern wind facilitates the migration of Arctic cisco young-of-the-
year to Alaska from the Mackenzie River system by wind-driven coastal currents 
that force the movement of warm, less saline water to Alaska [34]. Young-of-the-
year that reach Alaskan waters reside in the area to forage and utilize the Colville 
River to over-winter. Upon reaching sexual maturity, Arctic cisco return to natal 
tributaries within the Mackenzie River system to spawn [37] (Figure 3). 

Arctic cisco are thought to only spawn within four tributaries (Peel River, Arctic 
Red River, Liard River, and Great Bear River) in North America, which are part of 
the greater Mackenzie River system [38, 39]. There is strong evidence indicating that 
Arctic cisco have relatively long oceanic migrations of approximately 600–700 km, 
whereas Least cisco have shorter oceanic migrations of approximately 200–300 km 
[35, 40]. Presently, both species co-occur in the Arctic Red River, but little scientific 
research has been undertaken to understand their life history strategies. 

4.1.1.4 Lake whitefish (C. clupeaformis) 

Lake whitefish are located throughout most of Canada and Alaska. They are har-
vested throughout their range for subsistence and commercial purposes and form 
the largest freshwater fishery north of the 60 N in Great Slave Lake. Lake whitefish 
are considered relatively sedentary with migrations occurring within lakes over 
relatively short distances between feeding and spawning areas. Surprisingly, there is 
little information on the migration of Lake whitefish in Arctic or sub-Arctic regions. 
However, this little information shows a marked departure from the patterns in the 
southern part of their range. Lake whitefish in the Mackenzie River are considered 
unusual because they migrate along the river to coastal areas. Lake whitefish from 
the Mackenzie River estuary are believed to overwinter there and in the river’s delta 
[41], and to spawn in various tributaries of the Mackenzie, such as the Rat, Peel, 
and Arctic Red rivers [42]. Lange and Tallman [43] noted that the number of ripe 
lake whitefish increased within the Arctic Red River in the months of September 
and October. Limited radio-tracking information suggest that they migrate similar 
distances to broad whitefish [35] (Figure 3). 

4.1.2 Salmonines (Salvelinus spp.) 

4.1.2.1 Dolly varden (Salvelinus malma) 

The northern form of Dolly varden (S.m. lordi) is found in northwestern North 
America and northeastern Eurasia. In North America, populations range from 
Bristol Bay along the north slope of Alaska and the Yukon Territory, and east to the 
Mackenzie River [44]. Approximately 5–10% of the global population exists within 
Canadian waters. Population sizes are largely unknown. 
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Anadromous Dolly varden char (Salvelinus malma) are mainly fished for 
subsistence using gillnets in Beaufort Sea coastal waters of both Canada (Northwest 
Territories and Yukon) and Alaska [12]. They are also harvested in Inuvialuit and 
Gwich’in communities along the Mackenzie River system (e.g., Aklavik and Fort 
McPherson) on the return migration to headwater spawning/overwintering areas. 
Dolly varden have variable migration strategies [45–49]. For example, anadromous 
individuals may migrate to sea or part of the same population will stay in fresh 
water throughout its life; this behavior appears to be facultative and may be linked 
to early growth history [49] with residents being genetically indistinguishable from 
their anadromous counterparts [45]. There are also genetically distinct isolated 
freshwater populations above waterfalls in several river systems [50, 51]. Residents 
do not migrate to the sea, but remain in fresh water year-round. The majority of 
these are small males that adopt a ‘sneak spawn’ strategy (taking on a freshwater 
“resident” lifestyle) in order to fertilize eggs of depositing anadromous females 
[39]. While rare, a few cases of female residents have been documented in Canadian 
Arctic systems [46]. Residents are characterized by their small size, dark color, 
visible parr marks, and early maturation. Spawning of Dolly varden in Canadian 
rivers occurs from early September to late October just before freeze-up, with fry 
emerging from the gravel in May and June [39]. Anadromous juveniles remain in 
fresh water from 1 to 5 years before beginning annual migrations to feed in produc-
tive marine waters of the Beaufort Sea [49, 52, 53]. Downstream migration to the 
sea begins during spring freshet, which is typically in early to mid-June and may 
be linked with ice conditions in the Beaufort Sea [39, 47]. Upstream migration can 
begin as early as July and last until mid to October in some systems [43, 49]. Dolly 
varden of all life history stages show high fidelity to spawning/overwintering areas 
as evidenced by their distinct genetic structuring by river systems as well as tag 
return information [45, 51, 52, 54, 55]. Mature spawning adults tend to return to 
natal streams first, while smolts are usually the last fish to return [56]. Dolly varden 
are iteroparous, with populations/individuals typically migrating and spawning 
either annually or biennially [57, 58]; however, some populations are known to skip 
both migration and spawning in some years [54]. 

Gallagher et al. [59] used otolith strontium and multi-year mark-recapture 
information to characterize associations between migration patterns and spawn-
ing frequencies in an anadromous Dolly varden. They observed that fish either 
migrated annually after smoltification or periodically skipped an annual ocean 
migration to remain in fresh water and spawn. Annually migrating fish had lower 
longevity (≤9 years vs. ≤13 years). They also observed that some fish returned from 
the sea considerably earlier than the majority of other current-year migrants. 

Based on recent studies involving the use of satellite tagging, migration in the 
marine environment can involve movements well offshore at least in the region of 
the Mackenzie estuary (Gallagher and Howland, unpublished) as well as off the 
coast of Alaska [48]. In general, Dolly varden have been noted to migrate longer 
distances than Arctic charr, for example, DeCicco [55, 60] recorded a migration 
from Alaska to Russia. 

4.1.2.2 Arctic charr (S. alpinus) 

Arctic charr (Salvelinus alpinus) have an unbroken circumpolar distribution. 
They are found in north flowing streams, rivers, and lakes around the Arctic Ocean. 
Arctic charr are important as an iconic symbol of the North, important for food 
security of aboriginal people, and form the basis for valued commercial fisheries. 
Most stocks are prosecuted using gillnets or weirs. Arctic charr have been recently 
studied for both dispersal patterns and for migrations. Dispersal can influence the 
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process of local adaptation, when the dispersers successfully breed (i.e., gene flow 
occurs) in the non-natal habitat [61]. Fiords might be an important influence on 
gene flow and also may be a major barrier across Cumberland Sound, NU [62]. 
Arctic charr showed isolation by distance and it is thought that dispersal in Arctic 
charr follows a stepping stone pattern [62]. Anadromous Arctic charr display a 
complex migratory behavior throughout a large portion of their range. Breeding 
and nonbreeding individuals have very different movements, and for genetic 
analysis, it is important to distinguish them. As well, individuals do not necessarily 
reproduce every year, but to survive the winter, they must return to fresh water. 
Moore et al. [61] used a genetic assignment approach to study dispersal of charr 
from Cumberland Sound on Baffin Island, Canada. Dispersal estimates ranged from 
15.8 to 25.5%, which is higher than recorded for other salmonids. Those returning to 
fresh water solely for overwintering and not spawning purposes were more likely to 
use non-natal habitats than breeding individuals, thus resulting in estimates of dis-
persal that overestimate the potential for gene flow among populations. Moore et al. 
[61] also parameterized a population genetic model showing that gene flow is prob-
ably sufficiently low to allow for local adaptation among populations. It is hypoth-
esized that that Arctic charr home to their natal river to spawn, but may overwinter 
in rivers with the shortest migratory route to minimize the costs of migration in 
nonbreeding years [63]. Several studies in the Canadian Arctic have also suggested 
that dispersal is often asymmetrical among discrete stocks [61, 64] and that gene 
flow often conforms to a stepping-stone-pattern [55, 57]. These results underscore 
the importance of understanding patterns of dispersal for appropriately evaluating 
potential consequences for local adaptation and management. 

In general, Arctic charr are not suspected to migrate long distances while summer 
foraging in the marine environment and that they tend to remain close to the shore 
[65–68]. More recently, Moore et al. [69] used an array of fixed acoustic receivers 
(N = 42) to track the summer marine movements of 121 anadromous Arctic charr 
equipped with acoustic transmitters at three locations in the Cambridge Bay region, 
where the largest commercial fishery for this species exists. They found that the sea-
sonal time of movement between salt and fresh water depended on the river of origin 
rather than size or sex. The sexes differed in the distance they moved with the males 
moving further from where they were tagged. The fish remained in brackish estuarine 
environments for the most part and curiously travelled mainly westward from their 
river of origin. They appeared to be moving to the water in Wellington Bay that was 
the warmest and freshest. The pattern of movement was to rest in the estuaries of 
rivers and then move rapidly through the more marine areas. Charr preferred near-
shore habitats based on the increased numbers of detections on receivers located less 
than 1.5 km from the coast. Finally, they noted an implication for fishery management 
because they observed evidence of extensive stock mixing throughout the summer, 
including at known fishing locations and periods (Figure 4). Mixed-stock migrations 
in marine habits appear to be a common phenomenon in this species [64, 70]. 

4.1.2.3 Lake trout (S. namaycush) 

Lake trout are widespread in North America from the Arctic coast and near 
islands to the northern United States. They are harvested for subsistence, and sport 
throughout the north and commercially in Great Slave Lake. 

Lake trout migrations are mainly limited to within lakes although since they 
inhabit some lakes such as Great Bear Lake that are freshwater oceans, these 
migrations may cover quite a distance (e.g., upwards of 60 km). Recently, Swanson 
et al. [71] noted that Lake trout could undertake limited migrations to the sea to 
take advantage of the lipid reaching prey sources present in marine habitats. Using 
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Figure 4. 
General patterns of movements of Arctic charr tagged in the Cambridge Bay area, Nunavut, at three tagging 
locations in 2013 and 2014 and detected in summer 2014. Black arrows indicate movement from tagging 
location for fish tagged in 2014 or from fresh water for returning migrants tagged in 2013. The thickness of the 
arrows is proportional to the number of individuals observed performing a specific movement pattern (also 
indicated by numbers). From Howland et al. [12]. 

a genetic assignment-based approach combined with otolith microchemistry [72] 
also documented anadromous migrations in Lake trout and also noted substantial 
inter-lake movements in this species in the Husky Lake drainage basin, Northwest 
Territories, where freshwater resident, semi-anadromous, and brackish-water resi-
dent lake trout life history types are documented. Kissinger et al. [73] documented 
that anadromous migrations in this species can sometimes be unexpectedly longer 
than previously assumed. 

4.2 Marine fish 

4.2.1 Greenland halibut (Reinhardtius hippoglossoides) 

Greenland halibut has a circumpolar distribution in the Northern Hemisphere 
in the North Atlantic, North Pacific, and Arctic oceans. It is an important com-
mercial species supporting fisheries in these zones. Floy tagging between 1994 
and 2000 indicated that Greenland halibut located in the northern winter fishing 
grounds were resident, while fish tagged near the mouth of Cumberland Sound 
were migratory to offshore waters of Baffin Bay and Davis Strait [19]. Western 
Greenland fiords have similar inshore populations of Greenland halibut that are 
sink populations with origins offshore but settling into the inshore [20]. It is likely 
that the same circumstance exists in Cumberland Sound. The existing inshore allo-
cation or total allowable catch (TAC) of Greenland halibut was assigned to a new 
management area that encompasses northern Cumberland Sound. Subsequently, 
the question arose whether the inshore stock in Cumberland Sound was distinct 
from the offshore. Through acoustic telemetry monitoring of fishes at depths 
between 400 and 1200 m, combined with environmental and fishery data, Hussey 
et al. [13] examined the movement patterns of Greenland halibut in Cumberland 
Sound, Nunavut. They noted biotic and abiotic factors that were driving fish 
movements. Greenland halibut undertook clear seasonal movements between 
the southern and northern regions of the sound driven by temperature, dissolved 
oxygen, and sea ice cover, with most tagged fish using the entire sound over the 
course of the year. 
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Barkley et al. [74] used acoustic transmitters to track Greenland halibut in Scott 
Inlet, coastal Baffin Island, Canada, over a 1-year period. Their aim was to determine 
if fish could be vulnerable to both the inshore and offshore fisheries in the area. 

Barkley et al. [74] described a dual pattern of movement in Greenland halibut. 
Most fish moved between the inshore in the summer and offshore during the winter 
months. A few fish moved offshore with the others but returned inshore during the 
main winter months. Greenland halibut seemed to avoid ice-cover in the inshore 
and likely moved offshore as the sea-ice formed in November. 

It was thought that Greenland halibut remained within the coastal environ-
ment of Baffin Bay during the year. The recent data show that this is not the case in 
all areas. In the coastal regions such as Scott Inlet, inshore-offshore connectivity 
occurs. This implies that many of the Halibut are from a single population and 
vulnerable to harvest in both the inshore and the offshore fisheries. To avoid over-
harvesting, fishery management must take this into account. 

Further studies have noted that adult Greenland halibut may make longer migra-
tions over wide areas for the purposes of spawning and growth (A. Fisk, University 
of Windsor, pers. comm.) 

4.3 Marine invertebrates 

4.3.1 Zooplankton 

Northern shrimp are distributed patchily throughout the circumpolar region. 
In Canadian waters, they form important fisheries in Davis and Hudson straits 
and in Cumberland Sound. Webster et al. [75] noted that macrozooplankton (e.g., 
krill, amphipods, and jellyfish) and nekton (e.g., decapod shrimp, squid, and fish) 
are integral parts of pelagic ecosystems, but knowledge of their vertical distribu-
tions and migrations during winter at high latitudes is lacking. Webster et al. [75] 
quantified macrozooplankton and nekton distributions during the polar night in 
a partially ice-covered high Arctic fjord. Most nekton occurred under the 100 m 
thermocline both during the day and night. The nekton biomass was dominated by 
a varied fish community (10 species present) with shrimp and squid being the other 
main components. Large Calanus spp. copepods and gelatinous zooplankton of the 
macroplankton occurred all along the water column. In contrast to the nekton, the 
majority were above the thermocline day and night. Biomass could be predicted 
with a general additive model with depth, time, and moonlight. The model pre-
dicted that biomass increased with depth for both macrozooplankton (over the 
top 100 m) and nekton, but revealed no patterns in biomass over time. 

4.3.2 Northern and striped shrimp (Pandalus borealis and P. montagui) 

While the extent of large scale adult pandalid migration remains unknown due 
to difficulties associated with tagging and tracking of such small organisms, it is 
known that pelagic larvae settle in shallow waters where they reside until reaching 
approximately 2 years of age [76]. At that time, juvenile males migrate to deeper 
waters where they spend a short period of time (~1 year) before transitioning into 
females. Following metamorphosis, ovigerous females return to shallow waters 
where larvae are released. The pelagic life stage can last up to 3 months [77] and is 
highly influenced by oceanographic currents while settlement patterns are heavily 
influenced by the release location as well as the vertical migration behavior [78]. 
However, discrepancies still exist in our understanding of life-stage specific habitat 
preferences between northern and striped shrimp but there is a general agreement 
that Pandalus montagui are found in shallower (200–500 m) and cooler (−1 to 2°C) 
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waters throughout their development [79]. Nonetheless, both species have been 
shown to perform diel vertical migrations to facilitate the feeding on zooplankton 
organisms during the night time [76, 80]. 

4.4 Marine mammals 

4.4.1 Pinnipeds 

4.4.1.1 Ringed seal (Phoca hispida) 

Ringed seals are distributed throughout the Arctic Ocean. Ringed seals have a 
circumpolar distribution from approximately 35°N to the North Pole, occurring in 
all seas of the Arctic Ocean. They are hunted for food by indigenous peoples of the 
Canadian north and are critical to food security. 

Ringed seals travel great distances during their life. Harwood et al. [81] deployed 
satellite-linked time-depth recorders on 17 Ringed seals in early summer in 
1999, 2000, and 2010, near the Inuvialuit community of Ulukhaktok, Northwest 
Territories, Canada. During the open water period, mature and immature Ringed 
seals moved large distances (mean distance travelled = 5844 km; range of distance 
travelled = 1232–9473 km). Ringed Seals maintain big home ranges averaging 
122,854 km2 for immature, 76,658 and 21,649 km2 for mature females and males, 
respectively, while mature seals spent the bulk of their time in a foraging/resident 
mode (69.5%) but also spent a lot of time moving (22.8%). Ringed seals spent three-
quarters of their time in either Prince Albert Sound or eastern Amundsen Gulf. At 
some point, most Ringed seals did move outside the area into Prince of Wales Strait, 
Viscount Melville Sound, Minto Inlet, and western Amundsen Gulf. Immatures 
spent more time moving (36.8%) and less time foraging (51.4%) than adults. Most 
Ringed seals wintered in either Prince Albert Sound or Amundsen Gulf. 

4.4.1.2 Walrus (Odobenus rosmarus) 

Atlantic Walruses range across the Canadian Arctic, to Greenland, Svalbard, and 
the western part of Arctic Russia. They are occasionally harvested by Inuit for food 
and the tusks. 

Two subspecies of Walrus occur in the Canadian Arctic: the Atlantic Walrus 
(Odobenus rosmarus rosmarus) and the Pacific Walrus (O. r. divergens), although 
the latter ranges into Canadian waters from Alaska only occasionally. The Atlantic 
Walrus is widely distributed throughout the eastern Canadian Arctic, where the 
high Arctic population occupies the waterways of the central Archipelago and 
northern Baffin Bay as far east as Greenland, and the central/low Arctic population 
occurs in northern Hudson Bay, Foxe Basin, Hudson Strait, and Davis Strait. The 
degree to which these populations undertake seasonal movements or migrations 
is not well understood, although studies in recent years have indicated both local-
ized movements and large-scale migrations in response to seasonal variation in ice 
conditions [82, 83]. 

Walrus require large areas of open water overlying shallow (<80 m) bivalve beds, 
their preferred prey, with nearby ice or land for hauling out [84]. In areas where 
polynyas and dynamic leads in pack ice persist throughout winter, Walrus occur 
year-round and undertake only localized movements between wintering areas and 
onshore haul-out sites during summer. Walrus occur year-round in Foxe Basin, 
northern Hudson Bay, and western Hudson Strait [85, 86]. Although Walrus move 
seasonally within Foxe Basin, there is no evidence of concerted movements between 
Foxe Basin and Hudson Strait [87]. There is similarly no evidence of seasonal 
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movements into or out of southeastern Hudson Bay, where Walrus move from the 
floe edge in winter to terrestrial haul-out sites in summer [88]. There is, however, 
evidence of seasonal movements between Hudson Bay and Hudson Strait, with 
general westward movement in summer, and return movements north and eastward 
in fall [89]. 

Historically, Walrus were known to migrate northward along West Greenland 
in spring and to return southward along the east coast of Baffin Island in fall 
(Freuchen 1921 and Vibe 1950, as cited in [89]). Although no longer observed on 
that scale, recent studies have confirmed seasonal Walrus migrations between 
Greenland and Canada. 50 Walruses from the high Arctic population, instrumented 
with satellite transmitters, departed their feeding banks along the Greenland coast 
in June–July at the onset of ice melt, swimming west into the Canadian Arctic 
Archipelago [83]. Tags on three of the animals transmitted long enough to docu-
ment their return migration from Ellesmere Island to their original tagging loca-
tions off the Greenland coast in October [83]. Similarly, Dietz et al. [82] showed 
that eight of 23 Walruses from the central/low Arctic population satellite tagged 
at their winter grounds off central West Greenland migrated to southeast Baffin 
Island during April–May. Individual Walruses took on average 7 days to make the 
crossing, and generally followed a similar 400-km long migration path over the 
shallowest and narrowest part of Davis Strait [82]. As with Walrus migrations 
further north, the westward spring migration coincided with the seasonal retreat 
of the pack ice edge. Satellite transmissions did not last long enough to document a 
return migration, although an animal flipper-tagged off southeast Baffin Island and 
subsequently shot 2 years later off West Greenland provides evidence of such [82]. 
Telemetry results are also supported by genetics analysis that showed no differences 
between Walruses from West Greenland and southeast Baffin Island [90]. The 
seasonal movement of this species between Greenland and Canada is relevant to 
Walrus hunt management in both countries. 

4.4.2 Cetaceans 

4.4.2.1 Beluga (Delphinapterus leucas) 

Beluga whale are distributed through out the Arctic Ocean and are one of two 
species adapted to living with pack ice. They are hunted for food by Inuit in Canada. 
Most Arctic populations are healthy but the population in Cumberland Sound is of 
concern. 

Belugas take part in a yearly cycle of migration from their summering grounds to 
their wintering grounds. Belugas tend to frequent river estuaries and coastal water 
during the summer. Belugas spend the winter next to the ice edge, and in an area 
of open water [91]. Then, Beluga migrate back to their summering grounds. The 
migrations vary widely in the distance travelled but the same seasonal pattern is 
found in all the Arctic Beluga populations. 

Beluga of the Cumberland Sound population stay within the Cumberland Sound 
area all year round. Their summer distribution is restricted fjords and more than 
half the population can be found in August in a small area of less than 150 km2 [92]. 
They migrate from fjords to the open water at the mouth of Cumberland Sound in 
the winter [93], a migration that is only a couple hundred kilometers. 

The Eastern Beaufort Sea (EBS) beluga population has a much larger summer 
range with the core area covering more than 50,000 km2 [94]. Sexual segregation 
has been reported during the summer. Males tended to have a large home range than 
females [94] and they also selected areas with higher ice concentrations during July-
August [95]. Females preferred areas close to the shore (<200 km) [95]. Belugas of 
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the EBS population tended to leave their summering ground in September [94] for 
their fall migration westward to the Bering Sea [96]. This migration was more than 
3000 km long [96]. 

There are two main recognized beluga populations in Hudson Bay: the Western 
Hudson Bay (WHB) and the Eastern Hudson Bay (EHB) [97]. Belugas in Hudson 
Bay spent their summer in the estuaries and river mouths. Belugas of the WHB 
population started their migration around mid-October [98]. EHB belugas 
migrated in groups of related individuals and their migration route seemed to be 
learned and shared by related individuals [99]. As they migrated in the spring and 
fall along Hudson Strait [100], both WHB and EHB belugas were susceptible to 
harvest by coastal aboriginal communities along their migration route [101]. 

4.4.2.2 Narwhal (Monodon monoceros) 

Narwhal are found in Canadian, Greenlandic, and Russian Arctic waters. They 
are the other species adapted to exist under ice packs. They are hunted for food and 
their tusks by the Canadian Inuit. A tusk can be worth up to $10,000CAN. 

There are five main Narwhal populations in the world: the Northern Hudson 
Bay, the Baffin Bay, the East Greenland, the Northeast Greenland, and the Svalbard-
Russia populations. The Baffin Bay population is the largest with more than 150,000 
individuals. Narwhals summer in known aggregations in bays and fjords in the high 
Arctic [102]. Although the location and occurrence of these summer aggregations 
are predictable, a proportion of narwhals seem to mix between summer aggrega-
tions [103]. 

Information about Narwhal migration comes from satellite telemetry and 
local knowledge. Narwhals started their fall migration before the ice started to 
form. During this critical period, they were susceptible to being trapped in ice if 
sudden changes in weather and wind conditions precipitated the formation of ice 
[104]. Narwhals from the Baffin Bay population overwintered in Baffin Bay and 
Davis Strait, in extreme ice coverage [105]. The total length of the migration route 
of Narwhal from summering to wintering ground could be more than 1000 km. 
Narwhals from the Northern Hudson Bay population undertook a migration of sim-
ilar length between Repulse Bay, in the North West part of Hudson Bay in Canada, 
to the Labrador Sea [106]. Spring migrations back to the summering ground were 
often lead by groups of males [107]. Limited information from satellite telemetry 
suggests that some Narwhal returned back to the same summering ground [108]. 
However, satellite telemetry data also showed that Narwhal can change between 
summering ground [103]. 

4.4.2.3 Bowhead (Balaena mysticetus) 

Bowhead whale live entirely in the Arctic and Sub-Arctic waters of the northern 
hemisphere. They complete their entire life cycle in the north. Hunting for bow-
head whales commercially nearly extirpated populations but now is banned. Inuit 
in Nunavut are allocated up to three whales annually for subsistence harvest by 
communities. Hunts occur in different communities each time. Hunt planning and 
permits take several years and the hunt is closely monitored. 

There are four bowhead whale populations around the circumpolar Arctic and 
the two largest spend the majority of their time in Canada—the Bering-Chukchi-
Beaufort (BCB) Sea and Eastern Canada-West Greenland (ECWG) populations. 
Both populations migrate great distances, as would be expected for large-bodied 
marine mammals [109] and can cross paths within the Canadian Archipelago [95]. 
The main location of seasonally rich food supplies occurs in the polar summer and 
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is spatially and temporally separated from environments used for mating, calving, 
and lactation [110]. There is an increased understanding of Bowhead migratory 
behavior because of the use of new satellite telemetry techniques to track marine 
mammal migration [111, 112]. In some cases, these migrations follow predictable 
routes but age, sex, and reproductive spatial segregation occurs [113]. 

The BCB population travels more directly from their winter range because the 
greater amount of clear water and a small amount of pack ice allow easier move-
ments [114]. After the winter, the spring migration is to the north and east into the 
Beaufort Sea [115]. During summer, they live principally in the Canadian part of 
the Beaufort in the Amundsen Gulf and Viscount-Melville areas [116]. Finally, the 
fall migration takes the bowheads through the Alaskan Beaufort and Chukchi Seas, 
and then through the Bering Strait into the Bering Sea. Within Canadian waters, 
the total range of the Bering-Chukchi-Beaufort Sea population is approximately 
207,000 km2. 

In contrast, the ECWG population circumnavigates Baffin Island with the extent 
of occurrence of roughly 1 million km2 [58]. Wintering occurs in areas with uncon-
solidated pack ice, particularly in Hudson Strait and along the southeastern Baffin 
Bay coastline. A segment of the ECWG Bowhead whale population moves east to 
the West Greenland coast (Disko Bay) in late winter-early spring, likely mature 
adults involved in mating. Another segment of the population consisting mostly 
of females with calves and juveniles moves west and north into Foxe Basin [117]. 
In summer, the Greenland portion travels north and west into western Baffin Bay, 
whereas the portion in Foxe Basin travels through Fury and Hecla Strait into the 
Canadian High Arctic, particularly Gulf of Boothia and Prince Regent Inlet, where 
they are met by the Greenland portion of the population [118]. The fall migration 
occurs over 2–3 months starting in late August/September with whales either mov-
ing back through Fury and Hecla Strait into northern Hudson Bay or along the east 
coast of Baffin Island to winter areas in the south [119]. Peak feeding is thought to 
occur during the fall migration and areas such as Isabella Bay along the east coast of 
Baffin Island are considered key foraging habitat [120]. Bowhead whales appear to 
follow the waxing and waning of seasonal sea ice presumably because these areas 
provide access to food and shelter/protection from killer whale predation [111]. 
Large adults are likely able to defend against killer whales with access to coastlines 
and shallow water and therefore use open water areas along the Greenland and 
Baffin Island coastlines during summer and autumn [121]. Whales that are smaller 
and more at risk of killer whale predation stay. 

5. Conclusions 

The Canadian Arctic is a region of great ecological variability. The species 
that have evolved in this area make use of the variable opportunities presented by 
undertaking extensive migrations. These migratory activities have consequences to 
the population structure and to the availability of the biota to humans. For example, 
anadromous fishes perform precise long distance migrations for the purposes of 
reproduction travelling from marine feeding areas to freshwater spawning areas. 
They subsequently have a complex population structure with many unique popu-
lations or stocks. Inter-population genetic variability is high. It is likely that the 
genetic adaptability of the salmonidae is why they dominate in northern zones. 
Their travels also make them most available to human predators and the acces-
sibility to harvest is frequently the reason for the location of communities in the 
Canadian Arctic. Accordingly, resource management must be stock-by-stock on 
relatively small geographical scales. In contrast, the main harvested marine fish 
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species, Greenland halibut, appears to have little population structuring over vast 
areas. The migrations do not segregate them into distinct stocks. Probably, the use 
of planktonic larvae is related to this and that the profundal zones where they live 
as adults are not especially variable. Finally, marine mammals show a population 
structure but not to the same level as fishes. Their migratory abilities are the most 
pronounced but the segregation between them is more likely a result of learning 
than instinct. 

Migratory patterns are highly variable among harvested aquatic organisms in the 
Arctic but the understanding of the patterns of migration is critical for successful 
harvesting and management. The patterns of migration in freshwater and anadro-
mous fishes have often determined the location of indigenous communities, which 
may have started as simple fishing camps. It is likely that the patterns of migration 
in marine mammals also have had a large influence on northern development in 
Canada. Knowledge of the precise time and location of migrations was essential 
for survival in a harsh and unforgiving region. In contrast, the migrations and 
segregation of offshore marine resources are relatively imprecise. Development of 
fisheries has come with the induction of “western technologies” of large industrial 
scale ships and nets. The knowledge of migratory patterns is relevant to designating 
management zones but not to survival. The migratory patterns of aquatic organ-
isms have shaped northern culture, communities, and the way of life for aboriginal 
populations. 
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Chapter 5

Importance of Plankton to Fish
Community
Hamdy Abo-Taleb

Abstract

Zooplankton is the source of life for most of aquatic organisms especially in their
larval stages. Its importance come from that most fishes depend on it as a source
of life after absorbance of the yolk sac. Moreover, the greatest aquatic creatures
like many species of whales are filter feeders where the planktonic organisms form
the main bulk of their food. The importance of zooplankton as a main source of
nutrition of marine fish larvae has been long professed. Many scientists attributed 
the ability of a fish population to outdistance through the larval period without vast
mortality as one of the primary factors determining the size of the resulting year
class and hypothesized that competition for food during the larval time might be a
major factor affecting survival and subsequent year class strength.

Keywords: ecology, fish larvae, fisheries, phytoplankton, zooplankton,
competition

1. Introduction

The food spectra of the fish family Myctophidae are well-known to be wide, 
including practically all zooplankton groups, and composed mainly of copepods, 
euphausiids, and hyperiids, while chaetognaths and decapods are of least impor-
tance [1].

Podrazhanskaya [2] studied the feeding habit of the family Myctophidae by
investigating a total of 344 stomachs eviscerated from 11 fish species that have been
collected from the Northwest Atlantic Ocean; the data revealed that the zooplank-
ton species that occur inside the stomachs of this family with significant biomass
were Calanus finmarchicus, Parathemisto norvegica, followed by Parathemisto 
compressa, then Metridia lucens, and some species of the genera Pleuromamma
and Conchoecia. The species Calanus hyperboreus and Metridia longa (arcto-boreal 
forms) occurred fairly frequently. Copepods consisted the main food item in the
stomachs of Benthosema glaciale, Electrona risso, Hygophum benoiti, Lobianchia 
dolfeni, and Protomyctophum arcticum, while Diaphus rafinesque, Myctophum puncta-
tum, Notoscopelus bolini, and N. elongatus fed primarily on euphausiids; on the other
hand, the dominant food in the stomach content of Ceratoscopelus maderensis was 
the planktonic hyperiids.

It was noticed that the stomachs of Benthosema glaciale contained some forami-
niferans and algae in addition to the main bulk (copepods), while the predator zoo-
plankton Sagitta spp. were recorded in the stomachs of Electrona risso. Tomopteris
(pelagic polychaetes) was found in the stomachs of N. elongatus [2].
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Boudreau and Dickies [3] established an energy transmit model between 
contiguous groups in the trophic chain such as zooplankton and fishes based on the 
following facts: 

a.Specific predator biomass is a dependent variable to size. 

b.The product of growth efficiency and mortality of the predator imposed on the 
prey is size vassal. 

c. For all neighboring trophic groups, the ratio of the predator to the prey size is 
constant. 

Sprules and Goyke [4] mentioned that Salvelinus namaycush (lake trout or large 
salmon) nourishes on Alosa pseudoharengus (smaller alewives) and cisco that utilize a 
tiny-sized zooplankton as a food. So it is sensible to use the size spectrum of Lake Ontario 
to prophesy the annual lake production of trout from zooplankton biomass data. 

Many researchers suggest that increase in quantity of zooplankton would result 
in an increase in the quantity of fishes (homeostasis) [5]. 

The difference in zooplankton production in estuarine, coastal, and oceanic realms 
has been correlated to the fishery potential of the concerned area. Zooplankton is 
the main link in the energy transmission at secondary level, they plays a consider-
able role in the production potency of any aquatic ecosystem. In sum, estimation of 
zooplankton standing crop gives an index to determine the extent of the sea fertility. 
To a confirmed extent, the fishery failure and success—specially the pelagic ones—are 
dependent on the plankton availability. High fish stocks are found in regions of high 
plankton biomass that in turn are the enrichment regions. In the Indian Ocean and 
other oceans, there are some reports confirming the direct relation between zooplank-
ton and pelagic fishery production [6–8]; major part of the pelagic fishery is shared by 
shoaling fishes like sardines, mackerel, etc., which are essentially plankton feeders. 

Evaluation of fishery potential is based on the hypothesis that about 10% is the eco-
logical efficiency to transfer from trophic level to the next one. In the ocean food web, 
around 10% of zooplankton production (secondary production) will be obtainable to 
fish (tertiary level). Predominantly the validity of such assumption was questioned. 
Chapman [9] proposed that the value of ecological efficiency is 25%. Around 7.47 is the 
factor that was used to elevate the value of the carbon to get the fish wet weight [10]. 

Plankton community can determine or control the fish population; it can 
assist us in determining (1) seasons and regions of spawning, (2) adult spawners’ 
biomass, (3) adult annual variation (biomass), (4) adult migrations, (5) growth 
performance and survival rates of larval stages, (6) relation of environmental con-
ditions to abundance and distribution of the mature (adult) and immature (larvae) 
forms, (7) zooplankton and fish larva trophic relations, and (8) interactions among 
species throughout larval stage that might thereafter influence stock size. 

2. Fish and plankton relationship 

What are the reasons that make several fish species superabundant in the sea or 
why are many types of fish so abundant and successful in the ocean to the degree 
of attracting human by their abundance? The aquatic biologists can answer this 
by their broad studies on the ocean environment with assertiveness on the vital 
plankton role. Plankton has an essential role in the fluctuations happening in the 
naturalistic survival rates of fish juvenile and larvae and the consequent effects on 
the adult fish stock. In another mean, tiny organisms control the development of 
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the future fish stock. As larvae grow, many become less dependent on plankton, 
thereby reducing mortality rates with age [11]. 

Fish growth and mortality can vary significantly under normal conditions. The 
laying of expansive number of eggs from which just a few can survive and grow 
up to become adults is a typical r-strategy. The larva success will be decided by its 
surrounding environmental conditions and plankton abundance and not by the 
quantity of parent stock. At many lower survival levels, there is a density reliance 
where the amount of the available food to each individual plays a fundamental role 
in determining how many will survive additionally, the production of live food 
is related to fish nourishment type and it is also a densityindependent operation. 
Ordinarily spawning sites and seasons were determined by checking the gonad 
status of fishes held at different times and areas all year round. In any case, later 
information on component of ichthyoplankton dependent on the real spawned eggs 
and larvae gathered have supplied us with a full picture of the spawning seasons 
and sites. Additionally this information has given us the knowledge of fecundity per 
unit weight and the female’s proportion in the fish stock [11]. 

The following points are worthy of consideration and are consistent with 
Balachandran and Peter [11]: 

• Oceans’ fertility is measured by plankton biomass which is considered an index 
on it. It supplies us with an estimation of the total organic production and 
helps us to chart out the sites of fishery potential. 

• The production of fish can change as a result of the productivity changes with 
which the plankton is converted into the tertiary production (fishes) rather 
than the total primary production changes. 

• In oceans, plankton are the essential source of food; the inconstancy in their 
composition (their diversity) influences the fishes’ food habits. 

• Plankton community structure indicated the central role of such organisms as 
a vital factor in the fishes spawning. 

• A fishery survives and becomes wealthy when a mix of favorable conditions 
prevails that causes the food to be supplied in adequate amounts and decreased 
prey density. 

• One of the main factors determining the size of the resulting fish stock year 
class is its capability to exceed the larval stage without massive mortality. 

• Predation of zooplankton on fish larval stages influences the following year 
class quality/fisheries. 

• It is important to determine the starved larva percentage which can be used as 
a signal of eventual year class strength. 

• Plankton bioindicator concept means using of certain species of plankton as 
indicators on the fishery status. Nowadays it is extremely needed as well as very 
applicable. 

3. Fishery management 

Plankton play an essential role in management of fisheries that can be as per the 
following: 
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A. Size of the spawning stock can be directly gauged from the survey data of the egg and 
larvae, and when matched to statistics of particular fisheries, catch can be used to 
determine when the overexploitation level is being near. 

B. The traditional method of assessing stock sizes for commercial fisheries was found 
unsuitable where fisheries nowadays have been unauthorized because of stock depletion. 

C. Plankton studies help us to comprehend the natural aquatic ecosystem with a view to 
answer the prediction question: what amount of fish can be gotten from the ocean? 

D. Studies on plankton allow us to grasp the impact of catching large amounts of fishes from 
the same natural environment. 

4. Larval abundance and plankton 

There is a correlation between abundance of fish and the plankton abundance. 
Fishery wealth is commonly depending on the wealth of plankton. The mechanism 
of depensatory can be obviously noted when a great number of larvae contest so 
vigorously for a limited food amount that the survivors may turn out to be a more 
fewer than if less larvae compete initially. The greater the competitors, the fewer 
the survivors and vice versa [11]. Often predation by planktivorous fish on plankton 
community may affect the size structure of an aquatic food web [12]. Abundance 
of planktivorous fish promotes growth of smaller zooplankton and phytoplankters, 
while larger zooplankton flourished with fewer fishes. 

Peter [13] studied the volume of the plankton samples and their relationship to 
the respective numbers of fish larvae and eggs in the Bay of Bengal and the Arabian 
Sea. The author found inconsistent relationship. Furthermore an inverse relationship 
was recorded in some cases. These can be attributed to the samplers used, avoid-
ance of net by larvae, and the nature of sampling (vertical hauls were made instead 
of oblique hauls). On the other hand, Devi [14] noticed no relationship between 
the plankton volume and the larva numbers. Identical records were noted by many 
authors such as [15–18], while George [19] has mentioned that there was a positive 
correlation in southwest coast of India at the coastal waters. Studies on zooplankton 
showed a very general relationship between zooplankton and fish larval abundance. 

The importance of zooplankton as a principal source of food of marine fish 
larvae has been long recognized. At the beginning of the nineteenth century, Hjort 
[20] imputes the fish population ability to exceed the larval time without massive 
mortality as one of the essential factors determining the future size of the output 
year class. Saville [21] assumed that the food competition during the period of 
the larva might be the main factor influencing survival rate and the subsequent 
strength of year class. 

According to Holt and Beverton [22] and Ricker [23], the stock/recruitment 
relationships proved that the larvae survival can be density-dependent especially 
at high stock densities because recruitment does not accelerate at levels of high 
stock. Factors of density dependence may run at either the inter- or intraspecies 
level through the larval stages. Relatively 2 days after hatching or after yolk reserves 
exhaustion, the fish larvae become ready to feed as soon as possible. 

Hunter [24] mentioned that there are many reasons that can cause larval mortality; 
the main reason is the larval starvation after absorption of their yolk sac. There are 
several measurements to detect the larva starvation which include morphology of 
the larva, morphometric measurements, histological investigations, and chemical 
analysis. 

Larval feeding is effected by several factors including the extent of availability 
of suitable and sufficient food at a suitable concentration. 
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5. Fish larvae and plankton 

5.1 Predation relationship 

Looking at plankton, not as a food for the fish larvae, but as a predators show 
another aspect of those organisms. The analyzed collections of plankton so far 
confirmed the existence of carnivorous predator species such as chaetognaths, 
chondrophores, ctenophores, medusae, and siphonophores sometimes in a 
great number. Chordates, copepods, decapod larvae, euphausiids, heteropods, 
pteropods, and polychaetes existed in high abundance in some of the investigated 
collections. 

The environmental factors more or less controlled the abundance of the previ-
ously mentioned species. Considerably a great number of different fish larvae in 
various digestion stages were noticed in the guts of these predator plankton groups. 

Comparing with relatively sluggish yolk-sac-bearing larvae, the previous 
predators preferred the active swimmer fish larvae. As ctenophores drifted at the 
sea surface or subsurface, their predatory behavior is restricted to this zone, while 
others like siphonophores are the most active predators as they could swim quickly 
through the water column. The predatory efficiency of an organism is strongly cor-
related with its size, while the vulnerability of the prey (any species) is associated 
with its abundance and size. Around 108 predator plankton species were recorded 
by Alvarino [25]; she recorded their maximum abundance in hauls where there are 
no anchovy larvae; in those with aggregations of larvae, she found domination of 
copepods and/or euphausiids, and larvae were missed in hauls which are predomi-
nated by pelagic protochordates. 

Predominantly the zooplankters’ predatory pressure is being weaker, when 
there is a high density of copepods which could appear by the analysis of gut 
content of these zooplankter species. There are several recorded cases of heavy 
predation on fish larvae by different plankton groups such as chaetognaths and 
ostracods which were recorded by Lebour [26] and Nellen [27] or by medusa like 
Cyanea and Aurelia [28], and the common predation by copepods [29] was also 
reported. Predation activity can be annually varying and consequently affecting 
the subsequent year’s class strength. 

Hunter [24] mentioned that in a recent academic conference related with the 
mortality of fish larvae, it was summarized that “starvation and predation are the 
main reasons of larval mortality, and to some extent these two may interact.” It is 
a very well-known fact that larval mortality as a result of predation is decreased 
when potential predators are lesser in number, and mortality caused by starvation 
is decreased when fish larvae are found in waters with a suitable food supply. A 
fisheries enhanced and survives when an appropriate group of factors as above are 
dominates “e.g. food abundance, predators decreasing, ...etc” as in the previous 
noted case “water of anchovy”. 

Predators eat a huge number of fish larvae which may explain the great larval 
mortality. Juveniles formed larger prey items than the eggs but less in numbers. 
Eating fish larvae for large numbers of plankton leads to faster growth and vice 
versa. Feeding is necessary for survival of larvae, while it is necessary to increase 
the growth rates of juveniles, all related with the availability of plankton. 

For the planktonologist, the most essential aspect of fish and larvae growth is 
not only the abundance or availability of any prey or food items but also the pres-
ence of the right food type [30], as the growth performance is correlated to the 
nature and type of food [31]. Leong and O’Counell [32] observed rate of feeding 
alteration by anchovies by changing the method of prey catching from filter to 
raptorial nutrition. 
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5.2 Plankton as indicators of fishery 

Plankto-trophic larva is a stage characterized by majority of fishes, their exis-
tence indicating the presence of the adult stages which shape the fishery. They 
also act as bioindicators, whose larval life is prolonged as flat fishes. Nair [33] and 
Nair and Subrahmanyam [34] linked the fluctuations in the oil sardines with the 
existence and flourishing of a diatom Fragilaria oceanica. Selvakumar [35] found 
a relation between mackerel fisheries’ wealth and blooming of cladocerans Evadne 
and Penilia. Sakthivel [36] has commended on the pivotal role played by pteropods 
as bioindicators and as food for tuna and herring. Alvarino [25] related occurrence 
of Sagitta decipiens along with anchovy larvae. 

5.3 Food chain relations 

Determining the primary production as well as the quantitative transfer among 
trophic levels, the assumed production of fish in an area, both in the early stage 
“zooplankton-eater larvae” and later predators, also can be evaluated with a great 
importance. As indicated by Gulland [37], contrasted with the all-out yearly 
primary production in the seas of about 20 × 109 tons of synthesized carbon, the 
fish catch amounting to 5 × 106 tons of carbon (100 × 106 tons/year of fish) dem-
onstrates a distinction of 4000 multiply. This is on the grounds that the fish being 
fished are different stages expelled from the primary production experiencing 
about 90% decrease at various trophic levels. 

A report on the data of the world oceans’ primary production was recorded by 
Koblentz-Mishke et al. [38]; the authors observed that the primary production over vast 
regions of seas was notably low, while productivities were higher, i.e., 2–3 times more, in 
the closeness of land masses. Platt and Subba Rao’s [39] introduced synopsis shows that 
the total primary production in the world seas is around 31 × 109 tons of carbon every 
year. This information clearly warrants a crisp taking a gander at past estimates. 

5.4 Trophic levels 

It is enjoyable to memo that certain species get transferred from one level to 
another as they grow. We can classify the trophic levels into the following classes as 
agreed with Petipa et al. [40]: 

1. The trophic levels started with autotrophs and saprophages that lie at the first 
trophic level. 

2. The second trophic level includes herbivorous organisms such as copepod 
nauplii, many copepodite stages, Oikopleura spp., and the larvae of many 
polychaetes and benthic molluscs. 

3. At the third level there are the omnivorous fauna which include the prema-
ture later-stages of some copepods such as Acartia spp., Oithona spp., and 
Centropages  spp. 

4. The fourth level contains the primary carnivores as many adult copepods like 
Oithona spp. 

5. The fifth level involves the secondary carnivores like chaetognaths. 

6. The sixth level comprises the tertiary carnivore as Pleurobrachia which nourish 
on all other zooplankton species. 
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On the other hand, Ryther [41] divided the trophic levels into three food chains 
that depend on the different communities which can be described as follows: 
(1) oceanic level, (2) continental shelf level, and (3) upwelled community level. 

1. Oceanic level: Ryther propose that the communities that were known as 
oceanic have long food chains as an uninterrupted flux of biomass from phy-
toplankton till fish, with low ecological efficiencies determined by the three 
or four carnivorous feeding levels. The primary production of the oceanic 
region mostly slows down annual average value of 50 g carbon/m2/year which 
required five trophic levels reaching to production of fish. 

2. The second type of food chain “continental shelf or coastal” is found in regions 
where about 100 g carbon/m2/year is the average annual primary production; 
it is composed of three trophic levels whether this is through the pelagic or 
benthic community. 

3. The third chain is upwelling zones with 300 g carbon/m2/year annual 
primary production which consists of one and a half trophic level whales 
feeding directly on euphausiids and adult anchovy feeding immediately on 
phytoplankton. 

A change in the pattern of feeding can reduce the overall efficiency of transfer 
of energy. The changes in the efficiency may be due to qualitative changes in the 
zooplankton consumed as in the case with herring feeding on large Calanus instead 
of small Temora and Pseudocalanus [42]. 

Plankton have direct and indirect impact on the fisheries’ healthiness as they 
are considered a direct food for some planktivorous fish [43, 44] or because phyto-
plankton and zooplankton development (plankton-rich water) leads to the flourish-
ment of the fouling community. 
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