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Glossary

Abiotic stress Any negative impact on a living organ-
ism caused by a nonliving factor in the environment
in which the organism is present.

Biological modeling In silico description of
a biological process to generate predictions for
experimental validation.

Conventional breeding Development of new plant
varieties by selection after natural reproduction.
Epigenetics The study of inherited changes in pheno-
type or gene expression caused by mechanisms

other than changes in the DNA sequence.

Genetic engineering Development of a new plant
variety through genetic modification by using
recombinant DNA technology.

Phenotype Observable trait or characteristic (i.e.,
appearance) of an organism in a specific
environment.

Phenome Collection of phenotypes of an organism in
all possible environments.

Phenotyping Process of studying the phenotype.

Plant productivity Ability of a plant to produce
a certain amount of biomass, either as green tissue
and/or as seeds (yield).

Quantitative trait locus (QTL) Stretches of DNA that
are closely linked to the genes that underlie the trait

in question.

Regulon biotechnology Genetic
targeting genes encoding proteins with regulatory

engineering by

function, often transcription factors.
Trait Characteristic of an object.

Definition of the Subject

World food and feed security is increasingly dependent
on continuous crop improvement and, in particular,
the development of crops with increased resistance to
abiotic stresses. This economical and social challenge
has attracted the global community of plant breeders
and scientists and many potential solutions have been
put forward. Our understanding of the response of
plants to abiotic stress has significantly improved over
the last year. However, abiotic stress tolerance is
a complex trait that can be affected by many external
factors. Abiotic stress tolerance involves many processes
that are not yet completely understood and several lim-
itations still need to be overcome. Recent advances in
many areas of plant research, including phenotyping,
make scientists optimistic that valuable solutions will
be found to allow deployment/commercialization of
plants better able to tolerate abiotic stresses.

Introduction

A growing world population with increased living stan-
dards combined with the urgent need for a more sustain-
able agriculture demands the development of crop
varieties which are able to cope with fluctuating and
adverse environmental conditions limiting plant growth
and productivity, referred to as abiotic stresses [1].
Further global warming is expected to aggravate
the negative impact of abiotic stresses. Low water avail-
ability (drought stress), high salinity (salt stress), and
high temperatures (heat stress) are considered to be
among the most threatening abiotic stresses, which
can compromise up to 80% of the attainable yield [2].
New technologies for plant improvement that aim to
overcome the negative impact of these stresses there-
fore need to be urgently identified and implemented.
Abiotic stresses and their effects on plant productivity
have attracted academic scientists as well as large and
small Ag biotech companies. This is reflected by
increasingly more publications
journals (including recent issues in plant physiology

in peer-reviewed

P. Christou et al. (eds.), Sustainable Food Production, DOI 10.1007/978-1-4614-5797-8,
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Abiotic stress-related publications of international patent applications by academia and agbiotech companies (provided
by Rolf Deblaere). BAY Bayer, MON Monsanto, SYT Syngenta, DD Dupont, DAS Dow AgroSciences

and functional plant biology dedicated to abiotic
stress), online centralization of relevant information
(www.plantstress.com;
numerous patent applications protecting potential
new solutions (Fig. 1).

Plants respond to abiotic stresses at different levels
in an avoidance-tolerance mode, which includes phys-
iological and molecular changes (Fig. 2). An impor-
tant interest of plant biologists aims not only to better
understand the adaptive response of plants to abiotic
stress, but also to exploit this knowledge for the
production of varieties that are better protected

www.yieldbooster.org) and

against the detrimental effects. Before the genomics
era, classical or conventional breeding of plants with
improved physiological characteristics was the only
way to improve crop productivity. In the last 20
years, mapping of quantitative trait loci (QTL),
genetic engineering, and their implementation in
marker-assistant (molecular) breeding have become
increasingly important [3-5]. Such genomics-based
approaches rely on the identification of genes (gene
discovery) that may be valuable candidates for
crop improvement and were empowered by the advent

of state-of-the-art molecular tools, such as DNA
sequencing and expression profiling [6].

In this entry, some of the recent genomics-based
advances in engineering stress-tolerant crops are sum-
marized, existing limitations associated with these
approaches are described, and some emerging trends
facilitating better evaluation of crop performance in the
greenhouse and in the field are outlined.

Abiotic Stress-Tolerant Crops

Plants protect themselves from the detrimental effects
of abiotic stresses by increasing the expression of
defense or stress tolerance genes. Plant varieties that
evolved to have constitutive or high(er) expressed levels
of such genes are better adapted to abiotic stress
conditions. Genes with potential value for genetic
engineering of stress tolerance have been ever more
discovered either indirectly by genetic dissection of
identified QTLs in stress-tolerant varieties, or directly
through their changed expression in plants exposed to
stress. Introduction of selected genes seems to be the
favored way to improve plants in the future [1]. Plant
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Signal transduction and response of plants to abiotic stress with the corresponding evaluation platforms

biotechnologists have been reporting genetically
engineered plants with increased stress tolerance for
almost 2 decades. Many genes have already been
directly employed to improve stress tolerance of higher
plants using a wide variety of approaches [7].

One attractive approach for engineering stress
been the
overexpression of stress genes from bacteria, yeast, or
model plant species, such as Arabidopsis thaliana
(Arabidopsis). Such a heterologous gene approach

tolerance in crops has constitutive

worked particularly well when the genes encode pro-
teins with single biological functions that are often
absent or only expressed at low levels in the target
plant. Such genes are often referred to as functional
genes and can encode molecular protectants, detoxi-
fying proteins, or ion transporters. A second group is
comprised of regulatory proteins with often multiple
biological functions, including enzymes involved in
(phospho)lipid signaling, protein kinases, protein
phosphatases, calcium/calmodulin-binding proteins,
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and various transcription factors (TFs) [8]. With the
emergence of large-scale genome sequencing in crops,
several crop orthologues of stress genes could be
identified and increasingly be used to engineer stress
tolerance in crops. Here some of the approaches for
engineering stress tolerance using genes involved in
different cellular processes or pathways are summa-
rized, including detoxification, protein stabilization,

osmoregulation, transport, lipid metabolism,
transcription and signaling, and posttranscriptional,
and (post-) translational regulation. However,

genetic engineering for stress tolerance in crops is
not limited to these gene classes as recently shown
for mustard annexin Bjl, a gene encoding a calcium-
dependent phospholipid and cytoskeleton binding
protein that is involved in golgi-mediated secretion,
which resulted in stress tolerance when expressed in
cotton [9].

Detoxifying Genes

Most, if not all, abiotic stresses induce the accumula-
tion of reactive oxygen species (ROS), which in turn
cause oxidative stress [10, 11]. ROS are extremely reac-
tive, and therefore can undergo uncontrollable and
damaging reactions with cellular components, includ-
ing DNA, lipids, and proteins. This can aggravate the
detrimental effects of the initial stress and can even lead
to cell death [12, 13]. To protect against oxidative
stress, plant cells possess an extensive ROS scavenging
network, which involves nonenzymatic antioxidants,
including vitamin C, vitamin E, glutathione, caroten-
oids, and flavonoids, as well as numerous enzymatic
mechanisms such as multiple superoxide dismutases
(SOD), catalases (CAT), ascorbate peroxidases (APX),
glutathione  peroxidases (GPX), glutathione-S-
transferases (GST), alternative oxidases,
peroxiredoxines [12]. It was hypothesized that allevia-
tion of oxidative damage by the use of ROS scavengers
would enhance plant resistance. This was confirmed by
a number of transgene transfers using this detoxifica-
tion strategy. Stress tolerance could be improved by
either direct scavenging of ROS or by enhanced
removal of oxidative damaged and hazardous compo-
nents accumulating in the cell. Since the accumulation
of ROS and derivatives thereof is a common theme
during most, if not all, stresses, the

and

abiotic

detoxification strategy enabled the generation of trans-
genic plants with simultaneous tolerance to multiple
stresses [14-22].

In crops, enhanced stress tolerance was achieved by
increasing the level of typical scavenging enzymes
such as GST, different SOD isoforms, APX, and CAT
[23-28]. Overexpression of a GST enzyme in rice
resulted in increased protection against salt, low
temperature, and oxidative stress [23]. SOD catalyzes
the dismutation of superoxide into oxygen and hydro-
gen peroxide (H,0,). Transgenic rice plants expressing
a manganese SOD from pea were more tolerant to
drought stress [26]. Similarly, transgenic oilseed plants
ectopically expressing a wheat manganese SOD
were tolerant to oxidative and heavy metal stress [15].
A copper/zinc SOD was shown to be effective to protect
rice plants against drought, salt, and oxidative stress
[28]. Excess H,0,, produced either as by-product
of superoxide detoxification by SOD or directly by
metabolic processes, can be removed by APX,
which catalyzes the reduction of H,O, to water. Cotton
plants with high levels of an APX isolated from
pea were tolerant to low temperature stress [24].
their
(i.e., removal of superoxide and H,0,), also the com-
bination of SOD and APX resulted in enhanced
stress tolerance [27]. As APX, also CAT protects plants
from toxic H,O, molecules. Hence, expression of a

Because  of complementary  functions

wheat CAT enzyme in rice protected these plants
against low temperature stress by reducing the levels
of H,0O, [25].

Engineering tolerance to oxidative stress is not lim-
ited to the use of the traditional ROS detoxifying
enzymes. Significant improvement of stress tolerance
in tobacco plants was achieved by overexpressing
a stress-responsive aldehyde dehydrogenase gene from
maize [29]. Recently, it was also shown that ectopic
expression of the cotton stress-responsive MT3a
gene in tobacco increased tolerance to salt, drought,
and low temperature [30]. MT3a belongs to the
metallothionein family that has numerous cellular
functions including the regulation of metal homeosta-
sis and oxidative stress. Another gene that can protect
plants from abiotic stress-induced ROS is the
mitochondrial alternative oxidase (AOX), the terminal
oxidase in the alternative respiratory pathway of
plants [31]. For example, tobacco AOXla is necessary
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for survival against oxidative stress when the

cytochrome pathway is dysfunctional [32].

Protein Stabilization by Molecular Chaperones

One major detrimental effect of abiotic stresses is that
they usually cause protein dysfunction through dena-
turation and aggregation of nonfunctional or aberrant
proteins. Maintaining proteins in their functional
conformation is therefore important for cell survival
under stress. This can be accomplished, for example,
through transcriptional induction of genes encoding
heat shock proteins (HSPs, [33]). HSPs control the
correct folding and conformation of both structural
(e.g., cell membrane) and functional (e.g., enzymes)
proteins. This important function has prompted
researches to create transgenic lines with increased
HSP levels. Studies on HSP proteins in plants have
mostly focused on heat stress [34—42]. Although most
of the evidence is limited to Arabidopsis, the protective
capacities of HSP proteins and their potential econom-
ical value for crop engineering for heat stress tolerance
was proven in tomato [42]. Recently, it was demon-
strated that constitutive expression of a cotton HSP,
GHSP26, enhanced drought tolerance in transgenic cot-
ton plants [43].

In addition to HSPs, also LEA-type proteins can
confer molecular protection of cellular components
during abiotic stress [44]. LEA-type proteins are
encoded by RD (responsive to dehydration), ERD
(early responsive to dehydration), KIN (cold induc-
ible), COR (cold regulated), and RAB (responsive to
abscisic acid) genes in different plant species [45, 46].
As HSPs are typically induced by high temperatures,
LEA proteins accumulate in response to dehydration
(drought, osmotic, and/or cold stress). The actual
functions of these proteins remain however largely
unknown. Their hydrophilic nature suggest that LEA
proteins act as water-binding proteins, but additional
functions, including ion sequestration and protein and
membrane stability, have also been proposed [47, 48].
Few examples for the use of LEA proteins to engineer
stress tolerance in crop exist. Increasing the levels of
endogenous LEA3 through genetic engineering of rice
made these plants more tolerant to drought stress [47].
Ectopic expression of barley HVA1 in oat resulted in
enhanced salt and osmotic stress tolerance [49].

Osmoregulation and Protection by Genes Involved in
Metabolite Biosynthesis

Plants respond to drought stress by producing organic
compounds to avoid water loss from cells (dehydration)
and damage to essential components (osmotic stress).
Therefore, one of the earliest approaches for genetic
engineering of stress tolerance in plants (reports dating
from the early 1990s) consists in enhanced synthesis of
such metabolites, called osmoprotectants [50, 51].
Osmoprotectants include sugars and sugar alcohols
(e.g., mannitol, trehalose, and galactinol), amines
(e.g., polyamines and glycine betaine), and amino
acids (e.g., proline) [52, 53]. These molecules normally
do not
therefore often referred to as compatible solutes.
Many plant species lack the ability to synthesize the
special osmoprotectants that naturally accumulate in
stress-tolerant species. Therefore, several transgenic
approaches to increase the synthesis of osmoprotectants
used bacterial biosynthetic genes, such as CodA and
BetA (glycine betaine), MtID (mannitol), and genes
from the ectoine or trehalose biosynthesis operon
[54-59]. Alternatively, key biosynthetic genes, includ-
ing betaine aldehyde dehydrogenase and choline
monooxygenase (glycine betaine biosynthesis), and

interfere with cellular functions and are

pyrroline carboxylate synthase (proline synthesis),
were isolated from specific plant species, such as
Vigna aconitifolia and Spinacia oleracea and used to
induce drought and salt tolerance in wheat and rice
respectively [60, 61]. Although the accumulation of
compatible solutes during stress is mainly important
for osmoregulation and for maintaining correct pro-
tein structures, this may also be important for reducing
or preventing the damaging effects of ROS [62, 63].

Transport Proteins

Ion transport proteins are involved in reestablishing
ionic homeostasis after salt stress either by increasing
ion storage in the vacuole, or by improving ion excre-
tion from the cells [64]. Different types of ion trans-
porters, depending on their localization and selectivity,
have been the target of genetic engineering. These
include
antiporters, vacuolar Ca®*/H" antiporter, and Mg**,
Na'/K*, and Ca*' transporters [43, 64]. Known salt
stress tolerance genes encoding ion transporters

both vacuolar and membrane Na'/H'
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isolated from crops include NHX1 (rice), KAT1 (rice),
and HKT1 (wheat) [65-67]. Plasma membrane cation/
proton antiporters cause alkalinization of the apoplast,
thereby changing the activity and conformation of
membrane proteins, which might serve as a signal to
mediate gene regulation and induce a general stress
response [68]. Besides using ion transporters to induce
tolerance to salt stress, tolerance to osmotic stresses was
engineered by increasing the levels of proteins involved
in water transport [69]. Tolerance to heavy metal stress
was achieved by constitutive expression of heavy metal
transport proteins, including wheat ALMT1 [70-72].

Lipid Metabolism

Adaptation of living cells to low temperatures involves
alterations in the membrane lipid composition, for exam-
ple, by decreasing membrane fluidity through fatty acid
unsaturation. It was demonstrated that increasing the
number of unsaturated fatty acids by genetic engineering
could improve stress tolerance in plants [73-77].
Overexpression of a spinach glycerol-3-phosphate
acyltransferase (GPAT) in rice increased tolerance to
low temperature whereas downregulation of a fatty
acid desaturase in rice increased tolerance to high tem-
peratures [73, 78]. Upon overexpression, tomato GPAT
also increased the tolerance of tomato plants to low
temperature stress [76].

Stress Sensing and Signal Transduction

The first and probably most important step in the
response of plants to abiotic stress is the sensing or
detection of the external stimuli by receptors, typically
located in the cellular membranes. The identification of
important stress receptors has been a difficult challenge
and until recently, there was no report on their use
in engineering stress tolerance. Overexpression of
Arabidopsis membrane-bound receptor-like protein
kinase 1 and a membrane located calcium/calmodulin-
binding receptor-like kinase from soybean in trans-
genic Arabidopsis resulted in enhanced plant tolerance
to drought and salt stress, respectively [79, 80]. In rice,
overexpression of SIK1 resulted in higher tolerance to
salt and drought stresses [81]. Other receptors operate
in the cytosol and react to internal stimuli that amplify
abiotic stress signals, such as calcium and ROS, as well
as various hormones and other small molecules. The

best-studied stress hormone is abscisic acid (ABA),
which is involved in stomatal closure and plays a crucial
role in tolerance against drought stress by preventing
transpiration and water loss from stomata [82]. ABA
also has an essential role in activating signal transduc-
tion pathways involved in tolerance to drought, cold,
and salt stress. Recently, an important ABA receptor
protein family has been identified [83, 84].

Stress receptors or sensors transduce external and
internal signals into an intracellular response, for
example, through phosphorylation and dephosphory-
lation cascades controlled by protein kinases and phos-
phatases. Genes encoding protein kinases were
successfully exploited to engineer stress-tolerant
crops. Modification of normal endogenous levels of
GSK1, SAPK4, CDPK7, CIPKO03, CIPK12,
CIPK15 in rice protected the plants against various
abiotic stresses, including drought, salt, and low
temperature stress [85-88]. Expression of tobacco
mitogen-activated protein kinase, NPKI1, in maize
resulted in drought and low temperature stress toler-
ance [89]. Constitutive overexpression of a stress-
inducible small GTP-binding protein PgRAB7 from
Pennisetum glaucum enhances abiotic stress tolerance

and

in transgenic tobacco [90].

Transcriptional Regulation

In the last decade, the most widely used and probably
most important strategy for engineering abiotic stress
tolerance in plants relied on the expression of genes
that are involved in signaling and regulatory pathways
[91, 92]. The use of TFs for tailoring stress tolerance is
often referred to as regulon biotechnology because it
affects the expression of many target genes in parallel
[93, 94]. One of the reasons for their popularity is that
TFs are believed to mediate durable tolerance to mul-
tiple stresses. Most TFs that control stress tolerance in
plants belong to (large) protein families based on the
presence of common DNA binding motifs and selec-
tivity toward certain cis-regulatory elements in the
promoters of target genes. These families include
APETALAZ2/ ethylene responsive element binding pro-
teins (AP2/EREBP) such as ethylene responsive factors
(ERF), the DREB/CBF (drought-responsive element
binding/cold-responsive element binding factor) pro-
teins, basic domain leucine-zipper (bZIP) proteins
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such as ABFs (abscisic acid (ABA)-responsive element
binding factor), basic helix-loop-helix proteins
(including MYC proteins), NAC (petunia NAM
Arabidopsis ATAF1/2, and CUC2-domain) proteins,
MYB-related proteins, as well as different families of
zinc-fingers domain-containing proteins, such as
WRKY binding factors, C;H- and C,H,-type TFs. In
recent years, many excellent reviews have been
published on the role and use of TFs for engineering
of stress tolerance in plants [48, 93-96].

Many AP2/EREBP-type TFs, the best studied being
DREB/CBF proteins, have been used to engineer stress-
tolerant crops. Transgenic rice plants with higher levels
of CBF1/DREB1B and CBF3/DREB1A were more resis-
tant to drought, salt, and low temperature stress [97].
A similar approach with CBF15 and CBF17 in oilseed
and NF-YB2 in maize resulted in increased tolerance
to low temperature and drought stress, respectively
[98, 99]. Potato plants with increased levels of endog-
enous EREBP1 were more tolerant to salt stress and low
temperatures [100]. Ectopic expression of the soybean
ERF3 gene in transgenic tobacco plants gave tolerance
to drought and salt stress [101]. Similarly, ectopic
expression of an Arabidopsis AP2/ERF TF, HARDY, in
rice also induced tolerance to drought and salt [102].
Expression of TERF1 in rice regulates expression of
stress-responsive genes and enhances tolerance to
drought and high salinity [103].

However, not only the AP2/EREBP-type TFs have
been exploited to engineer stress-tolerant crops. For
example, in rice, it was shown that constitutive expres-
sion of proteins from various other TF types, including
bZIP23, zinc-finger protein 245, TIFY11l, MYB3R-2,
IRO2, NAC6, SNACI, and PF1 TFs, could induce tol-
erance to drought, salt, low temperature, and nutrient
deficiency [104-111], and the rice dst mutant, DST
encoding a novel C,H,-type TF, showed increased tol-
erance to drought and salt [112]. In tomato, ectopic
expression of rice MYB4 and pepper PIFI induced low
temperature and drought stress tolerance, respectively
[113, 114]. Also in tomato, constitutive expression of
SIAREB, a bZIP TF with affinity for ABA-responsive
elements, increased tolerance to drought and salt stress
[115]. Ectopic expression of cotton ZFP1, encoding
a CCCH-type zinc-finger protein, and rice ZFP177,
an A20/AN1-type zinc finger, enhanced stress tolerance
in tobacco [116, 117].

Posttranscriptional and (Post-)Translational
Regulation

Posttranscriptional control of stress gene expression is
mediated by proteins that are involved in splicing,
export, and degradation of gene transcripts, which
contributes to correct function of the encoded proteins.
In the last years, it has become evident that nonprotein
coding RNA molecules, including microRNA and
other small RNA molecules, play a very important
role in posttranscriptional regulation of plant stress
responses [118]. miRNA-mediated posttranscriptional
control of antioxidant gene expression seems very
important in plants, as shown for APX during
programmed cell death and drought stress, and for
Cu/Zn SOD during tolerance against oxidative stress
[21, 119, 120]. ROS-induced stabilization of SOSI1
mRNA transcripts is essential for SOSI-dependent
salt tolerance [68].

Several genes that encode proteins involved in RNA
processing were discovered to be involved in stress
tolerance processes [121-125]. In addition, also pro-
teins that control translation (deoxyhypusine synthase,
DHS), posttranslational modification (peptide methi-
onine sulfoxide reductase, PMSR4), and protein
degradation (SDIRI1) are interesting candidates for
engineering stress tolerance in plants [126-128].
However, the above examples resulted only from
Arabidopsis research and much less information on
the importance of such processes is available for
crops. Recently, it was shown that transgenic rice plants
with increased levels of methione sulfoxide reductases,
MSRA and MSRB, are more tolerant to salt stress [129].
Two other approaches were reported to work in
both Arabidopsis and oilseeds. Wang and coworkers
(2005) reported that loss-of-function of farnesyl trans-
ferase (FTA and FTB) increased tolerance to drought
stress [130]. Similarly, reduction of poly-ADP-ribose
polymerase (PARP) activity improved drought toler-
ance by increasing energy use efficiency [131]. PARP is
involved in the modification of nuclear genes, such as
histones. Downregulation of PARP resulted in the
deregulation of the expression of genes in response to
stress [132]. Processes that control stress tolerance and
general fitness of plants in the field, such as energy use
efficiency, can even be controlled by an epigenetic com-
ponent [133]. By starting with an isogenic canola line,
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Hauben and coworkers could separate in subsequently
selfed generations “good” and “bad” performing
plants, which only differed in epigenetic parameters
but remained genetically identical.

All these examples show that the plant response to
abiotic stress is not only dependent on transcriptional
changes, but also on RNA processing, translation, post-
translational processes, and epigenetics, which are
nearly unexploited until today. The lack of understand-
ing these processes is a limiting factor in engineering
stress tolerance in crops.

Limitations of Genetic Engineering for Stress
Tolerance

Because conventional breeding is a very time-
consuming process, genetic engineering is now an
important technology for many commercial applica-
tions aiming at plant improvement [1]. Today this
mainly includes the production of plants with
engineered herbicide or insect tolerance. However, it
has been and still is extremely challenging to progress
engineered plants with reported abiotic stress toler-
ance from research to field applications for farmers
[134]. The main factors hampering the production of
commercial solutions for the abiotic stress-related
problems in agriculture are related to: (1) the availabil-
ity of sequence information and transformation
protocols, (2) the genetic diversity between model
species and crop, (3) the multigenic character of
stress tolerance, (4) the definition of stress tolerance
and (5) the methods for the evaluation of stress
tolerance [53, 135].

The first requirements for genetic engineering of
plants include the availability of sequence information
and transformation protocols. This important infor-
mation is still lacking for many agricultural crops. For
long time, this has limited (academic) research to
model plant species. Although the use of model species
such as Arabidopsis has proven its value, the genetic
diversity within higher plants is the main factor that
limits translatability of results obtained in model spe-
cies into commercial crops. Even in those cases where
the research is conducted in a more closely related
model crop, it remains to be a challenge to translate
the results into genetically diverse elite varieties used
for commercialization.

Another factor limiting translatability from model
species to crops is the complex, multigenic character of
stress tolerance mechanisms. Despite the use of single
genes for engineering stress tolerance, efficient and
sustainable stress tolerance requires the cooperative
action of many genes that are involved in various
cellular processes that are not completely understood.
Due to the initial success of transcriptomics, it has been
accepted for long time that responses to abiotic stresses
were almost exclusively regulated at the transcriptional
level by a small set of core transcription factors. How-
ever, it is now clear that many other regulatory pro-
cesses such as posttranscriptional control, translation,
posttranslational, and epigenetic effects play an impor-
tant role. In addition, some of these processes might
not always be evolutionarily conserved but rather
genetically diverse.

The early availability of the full genome sequence
and many molecular analysis tools has turned
Arabidopsis into the primary model species of choice
for academic research in general, and for studying the
response of plants to abiotic stresses in particular.
However, the methods for evaluation of stress tolerance
using Arabidopsis plants grown in a laboratory envi-
ronment and agricultural crops in the field can be quite
diverse. From an agronomic point of view, it is more
relevant to study the effects of abiotic stresses on plant
growth and yield over longer periods which cover the
life span of a crop under field conditions. Appropriate
field tests are therefore highly important because they
allow studying plants in their natural environment in
which they are exposed to combination of multiple
stresses or cycles of the same stress [136]. In contrast
to the field situation for crops, most studies on abiotic
stress in Arabidopsis focus on short-term and strong
stress treatments. Therefore,
tolerance is often focused on survival which is easier
to screen. In contrast, yield-related traits are more
difficult to measure but much more important for
crops. Abiotic stress tolerance of crops should
therefore be defined as the potential to produce
high yields when exposed to mild(er), multiple
stresses instead of the ability to survive a single,
lethal stress.

Another limiting factor for successful field applica-
tions of plants with engineered protection against stress
is the seemingly mutual exclusive characteristic of high

evaluation of stress
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yield under normal conditions and high stress toler-
ance. Most reported experiments focused either on
abiotic stress tolerance or on yield rather than includ-
ing detailed analysis of both traits. More in-depth
analysis of stress-tolerant plants under “normal” con-
ditions often revealed a negative effect on growth,
development, and yield traits. On the other hand,
engineered plant with improved growth features, for
example, by boosting a metabolic process, can be less
adapted to maintain growth under abiotic stress con-
ditions. Negative effects, often referred to as yield
penalty, can be (at least partially) circumvented by
temporally and spatially controlled expression of the
target gene [137]. However, the availability of suitable
promoters is still limited. Improved sequencing and
bioinformatic tools for identification and construction
of promoters allowing the expression of genes in
a spatially and temporally controlled manner can over-
come this bottleneck.

Phenotyping experiments with a set of genetically
defined plants are often difficult to repeat because
plants are largely influenced by the environment in
which they grow. In fact, growth and yield (i.e., perfor-
mance) of a plant under normal or stress conditions is
the output of all integrated physiological processes in
the plant. It is therefore not surprising that different
laboratories often obtain different results for plant
performance [138]. More effort is needed to describe
and standardize the design of the experiments, of
protocols for measuring traits, and of the growing
conditions. Different methods to evaluate stress toler-
ance in Arabidopsis and a conceptual framework for
phenotyping during breeding for drought tolerance
have already been proposed, including defining the
minimal information needed for carrying out
a drought stress experiment [139, 140]. Improved and
systematic phenotyping of plants will greatly contrib-
ute to overcome the limitations associated with the
methods to evaluate stress tolerance.

Systematic Phenotyping of Plants

In the last decades, it has become clear that there is
a substantial need for automation of research processes
[141]. Automation not only allows increasing through-
put, but also ameliorates standardization, reproduc-
ibility, and therefore the overall quality of an

experiment. Automation increases the research value
and also reduces “cost to practice” for companies
aiming to apply the research findings toward the devel-
opment of a superior and sustainable product. It can
therefore be assumed that automation will help to
improve the translation of research findings into
valuable products for the customer.

Plant research has already embraced the develop-
ment of high-throughput screening experiments that
were used for drug or herbicide discovery. Such exper-
iments focused on assessment of certain molecular
function. Next to these screens, also high-content
screening protocols were developed to asses such mol-
ecules in a biological assay. Although these technologies
have proven value for single trait discovery, the efficient
development of plants with complex, multifactorial
traits such as increased tolerance to abiotic stresses is
fully dependent on protocols and methods to automat-
ically phenotype at the plant level. The performance of
whole plants is assessed by studying their physiology or
phenotype in tissue culture, environmentally con-
trolled growth chambers, greenhouse, or the field. Var-
ious methods for automated phenotyping of plants or
plant parts in well-defined environments have been
published [141]. After the establishment of genomics,
transcriptomics, proteomics, and metabolomics in
plant sciences, which all greatly contributed to gene
or lead discovery in the field of abiotic stress, plant
phenomics needs to be developed and implemented
[142-144].

Plant phenomics is expected to enable the efficient
and reliable evaluation of a new trait solution and
thereby enhance breeding for stress-tolerant varieties.
Large, dedicated plant phenotyping centers such as the
ACPFG in Adelaide (Plant Accelator™; http://www.
plantaccelerator.org.au/), the CSIRO Plant Industry in
Canberra (High Resolution Plant Phenomics Centre;
http://www.plantphenomics.org.au/HRPPC), or the
Research Centre in Jiilich (Jalich Phenomics Centre;
http://www.fz-juelich.de/icg/icg-3/jppc/) have been
created. These research institutions can act as service
providers for academia and industry by centralizing
both high-tech infrastructure and highly skilled
researchers with different background, including
engineering, mathematics, computer science, and
plant physiology/biology. An important biological
question that probably can be answered by automated
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phenomics studies is which phenotypes or combina-
tion of multiple phenotypes need or do not need to be
collected in order to be able to correctly evaluate plant
performance in the environment of interest. Moreover,
parallel phenotyping of plants in one or multiple envi-
ronments allows detection of associations between
traits [145]. Identification of redundant information
from (highly) associated phenotypes will help to reduce
complexity and focus on essential phenotypes.
Well-described examples of automated platforms
from academia or private companies to study the phe-
notype of model plants or crops include phenopsis,
phenodyn, GROWSCREEN, TraitMill™, PlaRoM,
LemnaTec products. Phenopsis is
a phenotying platform for Arabidopsis that allows
measuring multiple parameters, including plant
growth, water use, and transpiration rates, which are
associated to plant performance under normal and
drought stress conditions [146]. Phenodyn was specif-
ically constructed to perform similar experiments
with monocots such as maize and rice [147].
GROWSCREEN is an automated method for growth
analysis of a limited set of small seedlings [148].
TraitMill™, one of the first automated phenotyping

and various

systems, was developed to study traits in rice [149].
LemnaTec offers commercialized phenotyping systems
for different purposes and has customers from both
academia and industry all over the world (http://www.
lemnatec.com). Although most phenotyping platforms
focus on the shoot of the plant, several systems for root
phenotyping were also developed [150, 151]. By using
large field scanners, it is even possible to use similar
approaches during field trials.

One common feature of all automated phenotyping
systems is the use of digital cameras for imaging.
The use of digital imaging has many advantages
over traditional plant phenotyping efforts. While tra-
ditional experiments were often dependent on subjec-
tive visual scoring of plant traits or on labor-intensive,
often destructive manual sampling, for example, for
fresh and dry weight measurements, automated
phenotyping by digital imaging is nondestructive, and
therefore allows following the development of a single
plant over time [152]. Another important advantage of
digital imaging is that the raw data (digital images) can
be easily stored and accessed later on for reanalysis,
providing there is a good database in place. Obviously,

adequate image analysis software is an essential feature
in the concept of automated phenotyping. Several
(semi-automated) image analysis tools are based on
the free-ware Image]J software, but other, more sophis-
ticated software, for 2D or 3D analysis, were designed
for measurement of leaf shape (LAMINA, [153]), root
growth (GROWSCREEN_ROOT, [154]; ROOTEDGE,
[155]; RHIZOSCAN, [156]; [157]; EZ-Rhizo, [158]);
and hypocotyl growth and shape (HYPOTrace, [159]).
The challenge is to find the most appropriate software
that can extract the information relevant for the bio-
logical questions driving the experiment. Depending
on the type of digital camera and the image analysis
software, different types of information that describe
the phenotype of the plant can be extracted: morpho-
logical or physiological and quantitative or qualitative.
For example, conventional imaging can be used to
measure color, shape, length, width, and size. Video
imaging or consecutive imaging of the same plant or
plant part over time even allows calculating plant
growth. Thermal imaging (infrared thermography) is
used to measure temperature and transpiration, while
fluorescence and reflectance imaging allows measuring
photosynthetic activity of a plant leaf or canopy. Leaf
density in the canopy can be analyzed using light
detection and ranging imaging that is based on laser
scanning. It is now also possible to use typical clinical
imaging applications, for example, magnetic resonance
imaging (MRI, alternatively called nuclear magnetic
resonance) for studying plant hydraulics (water or
sap flow) and carbon biomass production [160].
X-ray computed tomography and a combined analysis
using MRI and positron emission tomography
allow the nondestructive analysis of root growth in
soil environments [154]. All these types of image-
derived information can be relevant to study abiotic
stress tolerance mechanisms, but temperature and
photosynthetic activity of leaves are among the
most widely studied phenotypes in the response to
abiotic stresses.

Imaging is particularly useful for the rapid, early-
stage detection of abiotic stress in a plant because it
allows detecting changes in the plant performance
beyond the naked eye. It is therefore a unique way to
diagnose plants. Understanding how plants sense
stresses can be considered as a prerequisite for engi-
neering stress tolerance. It can be assumed that plants
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that have reduced stress-sensing capacities will con-
tinue to grow in mild stress conditions for longer
time and thereby produce higher yields. In contrast,
when subjected to severe or lethal stresses, the same
plants could have a disadvantage because the invest-
ment into energy-demanding processes such as growth
is high and tolerance mechanisms may be induced only
late. Therefore, when exposed to severe stress condi-
tions, plants ideally should be able to increase their
stress-sensing ability.

Future Directions

Increased protection of plants against abiotic stresses
involves a complex regulatory network controlling
morphological, physiological, biochemical, and molec-
ular changes. Understanding such changes has been of
key importance in breeding. Breeding crop varieties
with improved performance under suboptimal grow-
ing conditions is now one of the ambitious, but crucial
objectives in modern plant biotechnology. Despite the
great progress in the last decade, it is now apparent that
abiotic stress tolerance is a complex trait involving
genes with different biological functions. However,
the number of genes that were actually successfully
used to improve crop performance in the field is still
low. Although many types of genes or processes have
been the target of genetic engineering, certain areas are
still unexplored.
recently made in the field of miRNA regulation and
epigenetics [161]. Another unexplored field is that of
small peptides and their role during abiotic stress
signaling.

It is very unlikely that there will be one or a few
solutions for current agronomic challenges caused by
abiotic stresses, but rather specific solutions for specific
cases. Most of the current findings originate from work
in model plant species, but much more work is needed
to translate such basic research findings to crops.
Because of the complex nature of abiotic stress toler-
ance in plants, it appears that modifying one gene to
induce stress tolerance will be in many cases not suffi-
cient. Hence, the approach of using regulon biotech-
nology for crop improvement, modifying a functional
process or even multiple interconnected functional
processes instead of one single function, appears to be
the way forward. However, this approach is often

Interesting developments were

limited by the lack of knowledge on the network of
molecular mechanisms underpinning stress tolerance.
Conventional approaches were also hampered by
experimental limitations, which can now (partially)
be overcome by the advent of automated phenotyping
platforms for both model and crop species. Based on
the efforts made for phenotyping of Arabidopsis plants,
it can be anticipated that this small weed will remain
the primary model system of choice for academic/basic
research in near future. However, “omics” platforms
for crop species are becoming available and it will not
take too long before research in model crop species will
become intensified. Validation of results obtained in
Arabidopsis in (model) crops will increase the value of
the lead technologies and justify the large investments
for field trials.

After the development of high-throughput, auto-
mated platforms to study plant phenotypes in various
environments, it will be essential to combine the data
obtained from the various “omics” platforms to inten-
sify biological modeling. Modeling has proven to be
useful to study specific processes, such as root growth
and flowering. Efforts are now being made to model
abiotic stress tolerance in plants [162]. Improved
phenotyping technologies will not only allow better
experimental validation of predictions drawn from
such biological models, but also to improve existing
models by including knowledge on the impact of exter-
nal factors such as abiotic stresses. By including model-
ing in biological studies, our understanding of the
plants’ response to abiotic stress will reach a systems
biology level, a new quality in plant sciences, which will
accelerate the breeding process toward abiotic stress
tolerance in all our major crops.
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Glossary

Abiotic factor A nonliving component of the environ-
ment, such as soil, nutrients, light, fire, or moisture.

Adaptation (1) Any aspect of an organism or its parts
that is of value in allowing the organism to with-
stand the conditions of the environment. (2) The
evolutionary process by which a species’ genome
and phenotypic characteristics change over time in
response to changes in the environment.

Agroecology The science of applying ecological con-
cepts and principles to the design and management
of sustainable agroecosystems.

Agroecosystem An agricultural system understood as
an ecosystem.

Agroforestry The practice of including trees in crop-
or animal-production agroecosystems.

Allelopathy An interference interaction in which
a plant releases into the environment a compound
that inhibits or stimulates the growth or develop-
ment of other plants.

Beneficial insects — arthropods Beneficial insects are
predators, parasites, or competitors of insect pests,
helping to regulate pest populations without harm
to crops.

Biomass The mass of all the organic matter in a given
system at a given point in time.

Biotic factor An aspect of the environment related to
organisms or their interactions.

Competition An interaction in which two organisms
remove from the environment a limited resource
that both require, and both organisms are harmed
in the process. Competition can occur between
members of the same species and between members
of different species.

Consumer An organism that ingests other organisms
(or their parts or products) to obtain its food energy.

Decomposer A fungal or bacterial organism that
obtains its nutrients and food energy by breaking
down dead organic and fecal matter and absorbing
some of its nutrient content.

Disturbance An event or short-term process that
alters a community or ecosystem by changing the
relative population levels of at least some of
the component species.

Diversity (1) The number or variety of species in
a location, community, ecosystem, or agroecosystem.
(2) The degree of heterogeneity of the biotic compo-
nents of an ecosystem or agroecosystem (see ecologi-
cal diversity).

Domestication The process of altering, through
directed selection, the genetic makeup of a species
so as to increase the species’ usefulness to humans.

Dominant species The species with the greatest
impact on both the biotic and abiotic components
of its community.

Ecosystem A functional system of complementary
relations between living organisms and their envi-
ronment within a certain physical area.

Generalist A species that tolerates a broad range of
environmental conditions; a generalist has a broad
ecological niche.

Habitat The particular environment, characterized
by a specific set of environmental conditions, in
which a given species occurs.

Herbaceous Nonwoody.

Herbivore An animal that feeds exclusively or mainly
on plants. Herbivores convert plant biomass into
animal biomass.

Host An organism that provides food or shelter for
another organism.
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Intercropping Planting more than one crop in a field
using a regular pattern that interleaves each crop in
some pattern. A form of polyculture.

Integrated pest management Pest control using an
array of complementary approaches including
natural predators, parasites, pest-resistant varieties,
pesticides, and other biological and environmental
control practices.

Legume A plant in the Leguminosae (Fabaceae)
family. Most species in this family can fix nitrogen.

Microclimate The environmental conditions in the
immediate vicinity of an organism.

Multi-trophic relationships The organization of
feeding and energy-transfer relationships that
determine the path of energy flow through
a community or ecosystem that involves organisms
of different levels.

Mycorrhizae Symbiotic fungal connections with plant
roots through which a fungal organism provides
water and nutrients to a plant and the plant
provides sugars to the fungi.

Organic matter Material containing molecules
based on Carbon, usually referring to soil organic
matter.

Parasite An organism that uses another organism for
food and thus harms the other organism.

Parasitism An interaction in which one organism
feeds on another organism, harming (but generally
not killing) it.

Parasitoid A parasite that feeds on predators or other
parasites.

Patchiness A measurement of the diversity of succes-
sional stages present in a specific area.

Patchy landscape A landscape with a diversity of suc-
cessional stages or habitat types.

Phenotype The physical expression of the genotype;
an organism’s physical characteristics. Phenology is
the study of periodic plant and animal life-cycle
events and how these are influenced by seasonal
and interannual variations in climate.

Polyculture Cropping systems in which different crop
species are grown in mixtures in the same field at
the same time.

Predation An interaction in which one organism kills
and consumes another.

Predator An animal that consumes other animals to
satisfy its nutritive requirements.

Primary production The amount of light energy
converted into plant biomass in a system.

Productivity The ecological processes and structures
in an agroecosystem that enable production.

Seed bank The total seed presence in the soil.

Shifting agriculture Farming systems that alternate
periods of annual cropping with extended fallow
periods. “Slash and burn” systems of shifting culti-
vation use fire to clear fallow areas for cropping.

Species richness The number of different species in
a community or ecosystem.

Successional stages A condition characterized by
a particular community of a succession, which is
the process by which one community gives way to
another.

Definition of the Subject

Agroecology provides guidelines to develop diversified
agroecosystems that take advantage of the effects of
the integration of plant and animal biodiversity. From
a management perspective, the agroecological objective
is to provide balanced environments, sustained
yields, biologically mediated soil fertility, and natural
pest regulation through the design of diversified
agroecosystems and the use of low-input technologies.

Introduction

Constraints to agricultural production may be classi-
fied into four basic categories: abiotic, biotic, socioeco-
nomic, and those related to crop management. The
origin and importance of each constraint, their associ-
ated losses, and opportunities to alleviate them will
vary for the crop, the input and management levels
employed, and the environmental and socioeconomic
characteristics of the broader farming system in which
the crop is grown. Agronomists and plant protection-
ists usually address production constraints by focusing
on management and input issues to alleviate yield
losses caused by particular biotic factors (weed, pest,
or disease) that are frequently overestimated, and when
added up, exceed crops’ yield potential. Moreover,
plant breeders, especially with the recent addition of
bioengineering and biotechnological tools,
assumed that better varieties alone are able to alleviate
the impact of factors curtailing production. From an
appreciation of constraints and losses, solutions or

have
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opportunities have been proposed, prioritized, and
placed into an agenda for action involving technology
experimentation, training, socioeconomic and policy
support, among other types of intervention. However,
there is a need for broader more holistic integration
that would jointly assess four broad categories
of constraint: biotic, abiotic,
socioeconomic. In addition, it is important to focus
on how, or through which process constraints to pro-
duction are generated.

A concern with constraints studies that attempt to
average out problems and losses over farms, villages,
watersheds, or farming systems is the spatial variation
encountered in the types and severity of constraints, in
their associated losses, and achieved yields. Variation is
often substantial and at a small scale (e.g., parts of the
same small field and across field types on a farm). This is
especially evident for smallholder farming systems that
frequently exhibit historically variable and targeted
inputs (e.g., fertilizers) and management superimposed
on variability in biophysical factors such as soil types,
water availability, weed and pest distribution [1].

Agroecology provides the basic ecological princi-
ples needed for studying, designing, and managing

management, and

agroecosystems that are both productive and that are
culturally sensitive, socially just, and economically via-
ble. Instead of focusing on one particular component
of the agroecosystem, agroecology emphasizes the
interrelatedness of all of its components and the com-
plex dynamics of ecological processes including all
environmental and human elements. This approach is
based on enhancing the habitat both aboveground
and in the soil to produce strong and healthy plants
by promoting beneficial organisms while adversely
affecting crop pests (weeds, insects, diseases, and
nematodes). From a management perspective, the
agroecological objective is to provide balanced envi-
ronments, sustained yields, biologically mediated soil
fertility, and natural pest regulation through the design
of diversified agroecosystems and the use of low-input
technologies [2, 3].

Agroecologists recognize that intercropping, agrofor-
estry, and other diversification methods mimic natural
ecological processes, and that the sustainability of com-
plex agroecosystems lies in the ecological models they
follow. By designing farming systems that mimic nature,
optimal use can be made of sunlight, soil nutrients, and

Agroecological Basis for Managing Biotic Constraints.
Table 1 Ecological processes to optimize in
agroecosystems

e Strengthen natural pest-control system

e Decrease toxicity through elimination of
agrochemicals

e Optimize metabolic function (organic matter
decomposition and nutrient cycling)

e Balance regulatory systems (nutrient cycles, water
balance, energy flow, population regulation, etc.)

e Enhance conservation and regeneration of soil-water
resources and biodiversity

e Increase and sustain long-term productivity

rainfall [4]. The assumption is that by assembling
a functional biodiversity, it is possible to subsidize key
processes in the agroecosystem that impact on ecological
services, such as the activation of soil biology, the
recycling of nutrients, the enhancement of beneficial
arthropods and antagonists (Table 1) [5]. Altieri [6]
argues that there is evidence supporting that promo-
tion of biodiversity within agricultural systems is the
strategy of system
(1) higher diversity (genetic, taxonomic, structural,

cornerstone redesign, since:
and resource) within the cropping system leads to
higher diversity in associated biota, (2) increased bio-
diversity leads to more effective pest control and polli-
nation, and (3) increased biodiversity leads to tighter
nutrient cycling.

There is evidence that agroecological diversified
agrosystems improve their adaptive capacity and reduces
vulnerability to natural disasters, climate change impacts,
and new and emerging environmental and economic
system stresses and shocks. This ability of withstanding
the impact of factors that may reduce agroecosystem
sustainability (systems resilience) can be accomplished
through physical, biological, sociocultural, and political
means. Aspects such as habitat and crop diversification,
in situ conservation of local/indigenous seed and germ-
plasm diversity, maintenance of natural enemies’ species
diversity, increased carbon sequestration, improved water
capture and retention, etc., and diversification of farming
systems and local economies; technical, legal, and social
support networks for rural

small-scale farmers,
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communities, and indigenous people that reduce socio-
economic vulnerability and strengthen adaptive knowl-
edge processes, etc., can be listed as means to increase
sustainability. A study of 208 agroecologically based pro-
jects and/or initiatives throughout the developing world
documented clear increases in food production over
some 29 million hectares, with nearly 9 million house-
holds benefiting from increased food diversity and secu-
rity. Promoted sustainable agriculture practices led to
50-100% increases in per hectare food production
(about 1.71 t per year per household) in rain-fed areas
typical of small farmers living in marginal environments;
that is an area of about 3.58 million hectares, cultivated by
about 4.42 million farmers. Such yield enhancements are
a true breakthrough for achieving food security among
farmers isolated from mainstream agricultural institu-
tions [7].

Crop rotations, polyculture
intercropping, crop/livestock mixtures are some of
the strategies that have been recognized as useful to
restore agricultural diversity in both time and space.
These strategies exhibit ecological features that have
been recognized by different studies. For example,
crop rotations incorporate temporal diversity into

cover  Crops;

cropping systems, providing crop nutrients and
breaking the life cycles of several insect pests, dis-
eases, and weed life cycles [8]. Polycultures are complex
cropping systems in which more than two crop species
are planted within sufficient spatial proximity to result in
competition or complementation, thus enhancing yields
[9, 10]. Intercropping may include trees and animals
creating agroforestry systems or mixed crop/livestock
mixtures resulting in enhanced complementary relations
between components increasing multiple use of the
agroecosystem [11]. Moreover, animal integration in
agroecosystems aids in achieving high biomass output
and optimal recycling [12]. Cover crops based on the
use of pure or mixed stands of legumes or other annual
plant species under fruit trees improve soil fertility,
enhance biological control of pests, and modify the
orchard microclimate [13]. Altieri and Rosset [14]
argue that including these, strategies in farming pro-
vide for diversified forms of agroecosystems that share
the following features:

(a) Maintain vegetative cover as an effective soil and
water conserving measure

(b) Provide a regular supply of organic matter adding
manure, compost, and promotion of soil biotic
activity

(c) Enhance nutrient recycling mechanisms with live-
stock systems based on legumes, etc.

(d) Promote pest regulation enhancing the activity of
biological control agents achieved by introducing
and/or  conserving
antagonists

natural enemies and

Agroecosystems and Biological Constraints to
Production

Plant and animal domestication and technological inno-
vation processes, occurring at different rates depending
on ecological and social factors during the expansion
of agricultural land use, resulted in the development of
sophisticated agricultural systems, which included vari-
ous types of fallow-crop rotation farming, irrigation, land
terracing, soil amendment and fertilizing [15, 16]. In
these man-made systems tuned in novel ecosystems,
farming became increasingly dependent on labor and
capital (technological developments) as intensification
maintained or even increased outputs. The population
density of domestic animals and humans (slaves and
peasants) available to satisfy production needs, such as
planting, harvesting, and controlling weeds, became an
important factor limiting yields and an important
destination for agricultural products. Therefore food
and fiber demands were not only driven by the
nonagricultural fraction of the society, but were also
increasingly demanded as labor populations grew to
intensify land production. The social structural
changes together with modern technological develop-
ments, such as steam and internal combustion engines
that occurred since the beginning of industrialization
made possible the replacement of animal and human
labor by machinery and traditional by scientific agri-
culture. Mechanization of farming reduced the time
needed to perform activities and was the means for
augmenting the loads of energy inputs to the agricul-
tural system in a way that increased productivity as
never seen before. Postindustrial intensification that
occurred during the twentieth century in most of the
more developed countries, known as “The Green Rev-
olution,” became so efficient that the continuous
increase in demands for food and fiber by the world’s
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population could be satisfied despite that during the
century’s last decades agricultural land shrank [16].

Food supply and human population growth are
related, therefore farming intensification process can
be seen as following predator prey pattern of change
over time, in which population grows following the
increase in food supply, and food supply follows
labor/energy inputs to the agroecosystem. However,
studies on agricultural development have shown that
as society builds up its knowledge base through science
and other methods to produce technological innova-
tions, they may further increase yield through intensi-
fication of farming practices, even when food demands
were well below supply, so intensive farming can be
pushed just by technological developments [16]. Para-
doxically, once expansion of agriculture stops and tech-
nological developments give way to intensification of
production, technology innovation may at the same
time reestablish the expansion model for agricultural
production.

This traditional expansion—intensification model
has typified agricultural production systems for the
first 75 years of the last century. Gain of agricultural
land to the sea by means of polders and drainage
systems, the use of river damming to build irrigation
oasis into desert lands, transformation of tropical rain
forests into coffee, tea, sugar cane, and soybean areas,
wetland drainage to produce annual crops are all
examples on how technology expanded cropped
lands. Perhaps the most interesting example on how
technology may help in reestablishing the expansion
model is the development of improved cultivars by
means of plant breeding programs aimed at increasing
crop tolerance to stress factors such as high or low
temperatures, drought, pests, and disease and soil
salinity. Once these characteristics are bread into
crops, there is an expansion in the environmental
ranges in which the crops are planted. Shifting agri-
culture and expansion of agricultural frontiers
enabled the incorporation of highly fertile lands into
production. These activities molded self-designed
novel ecosystems [17, 18], the agroecosystems, which
compensated and many times overcompensated the yield
reductions due to soil erosion and increase in problems
related to biotic constraints to production (weeds, pests,
and diseases) that appeared in sites with longer agricul-
tural histories [19, 20]. When settlements became fixed

and expansion rate was reduced, intensification origi-
nally depended on the generation of spontaneous tech-
nological developments. Later, and especially in
modern farming, agricultural and agronomy schools
became nodal institutions integrating different and
somehow related disciplines to generate the technolog-
ical solutions to the continually emerging problems for
agricultural production. Technological approaches
tend to engineer and construct new systems, which
use practices, like soil plowing, to destroy the natural
vegetation and weeds creating the conditions for crop
establishment and growth.

As discussed before, these new systems induced
important modifications in the human social and eco-
nomical structures. Individual and collective reactions
to these changes repeatedly appeared in different sites
and historical times, sometimes sustained on religious
dogmas, others on philosophical views, as naturalism,
or on scientific disciplines, such as ecology, that became
important for modern societies. Integrated pest man-
(IPM) and agroecology originated as
a reaction challenging the modern industrial farming

agement

practices. It emerged as a scientific-based philosophical
view that questions the modern expansion—intensifica-
tion agricultural model and its associated dogma of
production at any cost. In the last decades, hundreds
of research projects and technological development
attempts, aimed at environmentally prone manage-
ment, have taken place delivering significant informa-
tion. However, the thrust is still highly technological,
and focus is on alleviation or suppression of limiting
factors or the symptoms disregarding malfunction of
the agroecosystem.

Biotic constraints to agricultural production are
broadly identified as weeds (plants), pests (animals),
and diseases (fungi and bacteria), and their related
biological interactions (namely, competition, herbiv-
ory, and predation and parasitism), which cause reduc-
tions in physical yields or yield quality. The prevalent
philosophy is that pests, nutrient deficiencies, or other
factors are the cause of low productivity, as opposed to
the view that pests or nutrients only become limiting if
conditions in the agroecosystem are not balanced [21].
This understanding of how production is sustained has
diverted agriculturists from realizing that limiting fac-
tors only represent symptoms of a more systemic dis-
ease inherent to unbalances within the agroecosystem
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and from an appreciation of the context and complex-
ity of agroecological processes thus underestimating
the root causes of agricultural limitations [6].

Pest, disease, and weed problems are strong site-
and time-specific imposing a biotic constraint on
a crop dimensions. The crop-loss impacts of one
organism growing in a location may be entirely dif-
ferent from the losses incurred by the same organism
on the same crop in other locales. Further, organism
population dynamics, migration, invasion, and dam-
age are driven by local conditions, such as tempera-
ture and rainfall, but also by the ecosystem and
community complexities. Recognition of the systemic
dimensions of biological constraints to production is
needed to understand how climate—soil interactions,
topography, natural, ecological, and land-use complex-
ity, agricultural history, and cropping practices
may determine their occurrence, importance, and
frequency [22].

Agroecosystems that have evolved in tropical and
subtropical climates have high levels of complexity,
including many organisms and multi-trophic interac-
tions. Those that have evolved under temperate or
Mediterranean climates may also show complexity,
but frequently are structurally simpler and may show
strong seasonal variation caused by changes in resource
availability during the cold/dry season that stops pri-
mary productivity. Topography may cause environ-
mental gradients or patchiness adding complexity at
regional and landscape scales. Agricultural land-use
history, however, at both regional and landscape scales
are important drivers of the agroecosystem complexity
and organization of the communities that occur in the
different crops. Agriculture in many regions of Europe,
Middle-East, Asia, Andean regions in South America,
and Central America has been practiced in the same
sites through millennia, while in others, covering large
extensions of Australia, South and North America,
expansion of agriculture has occurred within the last
centuries. During the last decades, land under agricul-
ture in some of these regions with relatively new
agroecosystems has shrunk, and
occurred in those areas that remained under cropping.
In other regions, such as those in the Mato Grosso,
Cerrado, and Chaco from Brasil, Paraguay, and Argentina,
natural systems have been turned into cropland
recently, and this transformation is still happening.

intensification

These differences in agricultural histories are related
to important differences in the organization of the
biotic interactions in the agroecosystem. Different
selection pressures occurring in agroecosystems select
for different adaptations, which include coevolution of
crops and organisms that challenge them as well as
cropping practices [23]. Therefore, arable land com-
plex communities have evolved in regions with long
agricultural histories. These communities have strong
interactions among organisms. Communities that were
assembled in apparently homogeneous agroecosystems
under long periods of monocultures can reach high
levels of complexity. For example, Javanese rice fields,
which are cropped as simple rice monocultures, can
support large numbers of arthropods summed by 765
species that are important for biocontrol [24].
Vegetationally simple cropping systems in the UK
have been shown to develop complex belowground
biodiversity that may include 100 species of bacteria,
350 species of protozoa, 140 species of nematodes, and
24 distinct types of arbuscular mycorrhizae [25].

Size and variability in the above- and belowground
community structures that functionally support the
agroecosytem is important to discuss biotic constraints
to production and the agroecological basis for manag-
ing them. The more complex and diverse ecosystems
may sustain greater productivity and stability in eco-
system functions since they are supported by more than
one species, and are then less vulnerable to changes in
the populations of a particular species due to environ-
mental stress or pest attack. However, complex biotic
systems may also deliver more organisms, which may
challenge the crop increasing the importance and sta-
bility of biotic constraints [26]. There are numerous
studies showing that increased plant diversity enhances
biological pest control [27, 28], but counter examples
also exist where pests or disease levels increase due to
the provision of highly palatable species or changes in
canopy microclimate [27-30].

Many of the species originated in regions with
long histories of agriculture, and even whole com-
munities have migrated into regions in which crops
and agroecosystems have recently expanded. In this
way, the flora and fauna of the new agricultural areas
of the world such as those in the Argentinean Pampas
are dominated by species from the Mediterranean-
European agricultural communities. In these new
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areas, arable land communities may show instability
due to the continuous introduction of new organisms
and species shifts [18, 31, 32]. Changes in trading
systems, land use, and cropping practices, experienced
by many regions with long agricultural history, are
enhancing instability of biotic communities caused
by addition of organisms (biotic invasions), extinctions,
and species shifts due to change in landscape [33]. The
impacts of biotic complexity have significance, especially
when cropping systems are simplified to monocultures,
as many organisms would impose biotic limitations to
production. Diverse cropping systems are typical of many
traditional agricultural systems found around the world,
particularly in risk-prone environments, but also with
long histories of agricultural production [6]. It is also
in these regions, primarily in the developing world,
where the greatest emphasis on improving diverse pro-
duction systems through intercropping and agrofor-
estry is found. It is clear that there are trade-offs with
more diverse agricultural systems, and that the kind
of diversity matters greatly, but the question is how
to design diverse systems that can meet multiple goals
in an acceptable way [22].

System Management

As discussed previously, cultural and technological
changes that took place during the second half of the
twentieth century impacted on land-use patterns and
agroecosystem design especially driven by the adoption
of industrialized production technologies and reliance
on increasing input loads of agrochemicals to alleviate
agricultural production constraints. Despite the suc-
cess in achieving significant increases in global food
and fiber yields and yield stability, paradoxically,
increasing environmental damage, loss of biodiversity,
and associated traditional knowledge were often expe-
rienced in the new agroecosystems. In high-external
input agriculture intensification of production due to
technological ~ development has increased by
augmenting input levels that resulted in increased (bio-
mass) production per unit of land and uniformity of
the produce. In many cases, this intensification led to
reductions in output stability and resource-use effi-
ciency, and has enhanced overexploitation of natural
resource base, and consequently reduced sustainability
of agroecosystems [34]. There are many examples of

reduction in sustainability by the elimination of growth
limitations and of yield reduction factors that induced
environmental homogenization and a decrease in
genetic variation. Noteworthy are the studies showing
that application of biocides to reduce biotic constraints
to production impact negatively on organisms that
are directly or indirectly beneficial for crop growth
[34, 35] and, due to their effects on natural enemies
of pests and diseases, further increase the need for
biocides control [1].

Agroecological bases for reducing biological con-
straints to crop production depends on the possibility
of managing diversity and disturbance at multiple spa-
tial and temporal scales to use biotic interactions to
provide desired agroecosystem service.

Arable Land Biotic Community Constraints

Small Scale Soil disturbance caused by plows and
other cultivating devices have been used for centuries
in different parts of the world to reduce weed compe-
tition as well as for reduction of some pests and dis-
eases. Particular traits are selected by cultural practices
in many organisms that survive and reproduce in ara-
ble lands and show functional patterns that can be
identified [36]. Selection pressures imposed by agricul-
tural practices may be sufficiently strong over extended
periods of time so that weed populations can evolve
into more competitive populations better adapted to
agricultural field conditions than populations from
nonagricultural areas [37] or populations from agri-
cultural areas submitted to other type of management.
In recent times, management approaches that include
reduced tillage have strong impacts on the soil biota of
plowed soils. It favors fungal food webs, increases
abundance and diversity of predators that can reduce
soils weed seed banks, and increases control of pests
and diseases. It also changes the environmental con-
ditions reducing germination of seed of many weeds
or changing ontogenic processes and phenology of
pests and diseases adapted to plowed-cultivated soil
conditions. These effects may alleviate biotic con-
straints especially caused by weeds; its effects are not
stable, and shifts in species happen after this practice is
adopted for some time. The design and management
of the agroecosystems complexity requires an under-
standing of general system behavior combined with
species- and site-specific knowledge.
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The performance of agroecological management
could be improved since crops were selected in the
ecological conditions likely to occur in the low-input
farming. Adaptation to these conditions in which
biotic interactions are expected to occur and charac-
teristics such as increased competitiveness to weeds,
disease, and pest resistance, enhanced ability to sup-
port Dbeneficial rhizosphere microorganisms, and
improved capacity to access soil nutrients could all
potentially benefit crop growth. Noteworthy is that
selecting for such traits and acquiring the necessary
knowledge to understand the structure of particular
agroecosystem structure dynamics can only be accom-
plished with long agricultural history to provide for
coevolution and the existence of relatively strong
interactions. In addition to this, if such a mix of
characteristics can be identified, selecting it would be
difficult and time consuming. Probably a more prac-
tical alternative to adaptation of a single crop to
a complex biotic system would be the use of mixtures
of cultivars within a field to improve crop production
and disease management [38, 39].

Cropping systems may include crop sequences to
favor beneficial biotic interactions, such as the use of
crops that enhance the populations of beneficial
rhizobacteria that reduce diseases and nematodes
[40], accompanied by soil cultivation, fallow, and res-
idue management practices aimed at maintaining soil
cover and organic matter as well as arbuscular
michorrhiza populations [41] and weed suppression
[42]. Competitive crops species or mixtures may be
used to reduce the impact of weeds on crop yields.
However, holistic management approaches aimed at
reducing weeds may integrate the use of other strategies
such as manipulating crop seeding density and spatial
arrangement, tillage, intercropping, use of allelopathic
residues and suppressive mulches, and targeted use of
biocontrol agents that reduce weed growth and fecun-
dity during the growth cycle may be integrated in
holistic weed management approaches. Also, various
soil management techniques aimed at reducing weed
seed survival such as reduced tillage, residue manage-
ment, and organic matter inputs can be used
and integrated with the use of weed-suppressive crop
rotations that may also impact on seed survival
due to enhanced seed predation or infection by
pathogens [39].

In agricultural systems, species are selected to
obtain yields but can also be used to manage diversity
aiming at encouraging beneficial interactions and min-
imizing undesired ones [43]. For intercropping sys-
tems, species are usually chosen considering species or
varieties that differ in rooting patterns, canopy types,
phenology, etc., to avoid or reduce negative interfer-
ence or that have positive interactions such as with the
introduction of a legume. Well-designed intercrops can
increase overall productivity [10, 44] and potentially
reduce risk to farmers. A regional-scale field experi-
ment with rice production in China shows how even
a small increase in diversity can have a large impact on
system function. In that
interplanting two varieties of rice, rather than planting
them in separate fields, led to a dramatic reduction in
pest problems and pesticide use [45].

experiment, simply

Large Scale As scale increases, so does the relative
importance of species richness because greater num-
bers of species are needed for the maintenance of eco-
system functions [26]. Loss of diversity in agricultural
landscapes has been linked to the disruption of ecolog-
ical functions such as pest management, pollination
services, resistance to plant invasion [46]. Spatial scale
is particularly important for both occurrence of pest-
related yield constraints to production and for man-
agement, because landscape features affect species
interactions, microclimates, and weather patterns [24,
46-48]. Landscape structure and dynamics can have
notable effects on pests by changing habitat patterns
and immigration rates [46, 49-53]. In many regions of
the world, agriculture shares space with other land uses
forming structural mosaic of habitats with insects and
other mobile organisms moving between them [33].
The development of multi-trophic arthropod commu-
nities depends on spatial processes (dispersal and for-
aging) that occur at larger scales than the farm, as well
as temporal processes such as overwintering and repro-
duction. Habitat fragmentation caused by farming can
disrupt both types of process and isolate small natural
enemy populations from one another, increasing local
extinctions [54].

Several biotic constraints to production could be
alleviated if biological control maintained following
several strategies that help to enhance indigenous
populations of beneficial insects by providing food
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resources (host prey, pollen and nectar, alternate prey)
and shelter for overwintering. Habitat management
involves vegetation diversification at multiple scales
[55]. Use of insectary plantings or leaving strips of
unharvested plants are examples of infield strategies,
whereas wildflower borders, grassy buffer strips, wind-
breaks, and hedgerows are examples of field margin
diversification techniques. Larger-scale distribution
and connectivity of landscape features such as hedge-
rows, habitat fragments, and riparian vegetation can
also impact levels of biological control as well as provide
biodiversity conservation benefits [56]. Interplanting
crops with flowering herbaceous plants is promoted
as a farmscaping technique since pollen and nectar
are essential to the fecundity and longevity of several
natural enemy species [57, 58]. Planting of multispecies
hedgerows along the edges of farm fields can provide
stable habitat and resources for beneficials while fields
are bare or crops are young. Biological control may
not be enhanced by hedgerows if the availability of
pollen and nectar is so high within the hedgerows so
that natural enemies do not disperse into adjacent
agricultural fields to feed on crop pests [59]; or if the
hedgerow attracts new pests, non-pest prey that natural
enemies prefer over the crop pest; or top predators
that prey on the natural enemies of interest [60—63].
Natural enemy dispersal ranges, which can vary
from a few meters to over a kilometer for some para-
sitoid species [64], will determine the effectiveness of
various habitat patterns at enhancing biological con-
trol. Blackberry and prune trees provide habitat for
alternative hosts of the parasitic wasp, Anagros epos,
which later preys upon the vineyard leathopper pest,
Erythroneura elegantula [65, 66], but connecting bor-
der plantings to infield floral corridors may encourage
greater natural enemy movement and biological con-
trol in vineyards [63]. Successful conservation biolog-
ical control relies upon matching vegetational scale and
pattern to the movement range of desired natural ene-
mies in relation to their primary food sources. This
requires an expansion beyond habitat management at
the field level to incorporate larger landscape patterns
and processes, a still relatively unexplored area. In
addition to the size and distance between habitat
patches, the “matrix” between patches is important
for insect movement [67]. Many species that live in
habitat patches also utilize resources outside the habitat

patch, which is a desirable attribute for biological con-
trol allowing for natural enemies to migrate into agri-
cultural fields. Structurally complex landscapes have
been found to lead to higher levels of parasitism and
lower crop damage [68, 69]; but this is not always the
case even within the same region if parasitism rates also
depend upon the presence of particular species or plant
communities [70, 71].

Various strategies for increasing vegetation diver-
sity within crop fields, including tolerating low levels of
weed intercropping,
exploited to reduce the density of herbivores attacking
crops. Crops within diverse assemblages can be “harder
to find and easier to lose” by herbivores, and better
protected by natural enemies [72]. Diversified vegeta-
tion in field margins and mosaic patches across land-
scapes can support natural enemies that move into
crop fields and provide biocontrol of pest herbivores
[71]. Vegetation diversity may also affect management
of phytopathogens.

Weed consumption by herbivores could be
increased by reducing chemical pesticides to control
agricultural pest and weeds, and then adopting resis-
tant or repellent crops to generalist consumers found in

infestation and have been

agroecosystems. This management practice has been
successful with some crop species toxic or deterrent to
insects, negatively impacting weeds mainly consumed
by herbivores [73]. This also is a good example on how
food webs may be reorganized in response to human
intervention. Native species of insects, rodents, birds,
and other organisms can consume large numbers of
weed seeds and promote reductions in requirements
for chemical control tactics [74]. Interspersed strips of
diverse, phenologically dissimilar crops may better
conserve populations of weed seed consumers than
crop monocultures [75]. Specialist pathogens have
been used to suppress several weed species in pasture
and rangelands, but in annual crops, the difficulty of
maintaining appropriate environmental conditions for
host infection and the need to achieve rapid weed
suppression in a narrow time window has impeded
the use of this approach [76].

Meadow strips enhanced pollinator diversity and
plant reproductive success in adjacent fields in Switzer-
land [77]. Similarly, in Costa Rica, proximity to for-
ested areas increased pollination and yield in coffee
orchards [78]. Weeds in crop fields supply food for
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many bird species [79], and hedgerows and other forms
of field margin vegetation supply both habitat and food
for wildlife species [80].

Timing and intensity of agricultural management
such as the way in which soil cropping or irrigating
activities are designed may alter habitat distribution
and connectivity across the landscape that are very
important for maintaining viable populations of dif-
ferent organisms [59, 61, 81]. For example, asynchro-
nous tillage is important for maintaining beetle
populations in arable cropland [82] as well as asyn-
chronous flooding is important for sustaining natural
enemy populations in rice fields [24]. Initial studies
also found that creating a mosaic of crop fields and
wetlands in different successional stages had great
promise as a strategy for improving waterfowl habitat
and sustaining crop production in a multiuse land-
scape [83]. Interestingly, maintaining rice fields
flooded through the winter for waterfowl foraging
habitat also provided beneficial agronomic impacts by
increasing decomposition of rice straw and reducing
grassy weed biomass [84]. Further, numerous studies
have shown the interactive effects of landscape com-
plexity and the impacts of agricultural management
practices, with more benign practices (such as organic
farming) having the greatest effects on increased bio-
diversity in simple landscapes [46, 85, 86].

Conclusions

Our understanding of biotic interactions taking place in
agroecosystems and how they relate to production con-
straints is growing rapidly, aided by agroecological
approaches and the integration of ecological methodolo-
gies and ecologists into agricultural research. Numerous
studies provide data allowing for the characterization of
agrosystems that reduce the importance of biological
constraints to production. They include great spatiotem-
poral diversity of crops, discontinuity in monoculture
(rotations, early varieties, etc.), a mosaic of small fields
to ensure the juxtaposition of cultivated and
noncultivated land, the presence of a dominant perennial
crop (especially orchards), crops grown with high sowing
density to limit weed populations, great genetic diversity
in the crops (varieties grown in mixed or alternate rows of
crops). Based on them, recommendations can be made
concerning the management of cultivated plants and the

choice of cropping techniques that consider the spatio-
temporal dimension of cropping lands, the composition
and abundance of the indigenous flora in and around the
fields, soil type, the nature of the environment, and the
type of farm.

Future Directions

It is clear that agroecosystems are self-designed, and
their outputs are controlled and depend on the biotic
interactions that evolve as they exist. If managing biotic
constraints for crop production is to be sustained on
agroecological bases, there is a need to understand how
agricultural communities are structured taking into
consideration the effects of diversity, species composi-
tion, and food web structure on ecosystem processes;
the impacts of timing, frequency, and intensity of dis-
turbance (at different complexity levels, i.e., whole
ecosystem, community, population); and the impor-
tance of multi-trophic interactions. All of these aspects
have to be observed and explicitly integrated at multi-
ple spatial and temporal scales. The potential for
a greater use of agroecological management approaches
is high. However, given the variability of biological
phenomena, the implementation of the agroecological
strategy requires a planned spatiotemporal farm man-
agement. However, owing to the nature of these self-
ecosystems,
unpredictability about responses to different management
interventions. Effective synthesis of complex and often
apparently contradictory information is still needed.
Field-based research that includes monitoring of species
performance, along with social learning mediated
by farmer-researcher collaborations may help in this task.

assembled there is some inherent
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Glossary

Carbon sequestration Transfer of atmospheric CO,
into long-lived reservoirs

Mean residence time The duration during which
CO,-C resides in a specific pool (pool)

Soil quality Capacity of a soil to perform ecosystem
services

Definition of the Subject

Atmospheric concentration of carbon dioxide (CO,)
can be stabilized, if not reduced, by reducing anthro-
pogenic emissions, sequestering emissions, or both.
Emission reduction implies identifying and using
no-carbon (C) or low-C energy sources such as
alternatives to fossil fuel including wind, solar, hydro,
geo-thermal, biofuels, etc. Reductions in gaseous emis-
sions can also be achieved by enhancing the energy use
efficiency. In agronomic systems, involving practices to
raise crops and livestock, enhancing energy efficiency
implies a range of practices which increase agricultural
productivity per unit input of energy-based resources
(i.e., fertilizers, pesticides, irrigation). Another strategy

is elimination or reduction in frequency and intensity
of tillage operations and converting plow-based
tillage to no-till farming or conservation agriculture.
Use of solar and wind energy for grain drying,
water pumping, and heating buildings can also reduce
emissions.

Agricultural soils and ecosystems can also be used
for sequestration of atmospheric CO, by enhancing
photosynthesis, increasing net primary productivity
(NPP), and converting some of the NPP into stable
biomass (forest products) and the soil C pool. The
biomass in forest, with a long mean residence time
(MRT), has two distinct but related components:
the above-ground biomass and the below-ground bio-
mass. The above-ground biomass can be alive or the
detritus material. The photosynthates transferred deep
into the subsoil through a tap root system have a long
MRT. Agroforestry systems, growing crops and raising
livestock in combination with perennials (tree species),
can enhance the ecosystem C pool by increasing both
biomass-C and soil-C components.

Sequestering C in soil entails increasing soil
organic C (SOC) pool and also the soil inorganic
C (SIC) pool. The SOC pool has three related compo-
nents: labile/active pool, intermediate pool, and the
passive/recalcitrant pool with MRT of < year,
<decades to a century, and several millennia, respec-
tively. The goal is to transfer the labile pool into
intermediate and preferably passive pools through
conversion to conversion tillage, use of manure/
compost and other biosolids (biochar), and complex
cropping/farming systems. Sequestration of SIC
occurs through formation of secondary carbonates.
In irrigated systems, however, leaching of bicarbon-
ates is also an important mechanism of SIC transfer
into the groundwater. Agronomic practices strongly
interact with strategies of reducing emissions and
sequestrating CO, in soils and biota. Therefore, the
strategy of agronomic management is to identify the
interactive agronomic practices which enhance ecosys-
tem (biotic and pedologic) C pools.

Introduction

Limiting global warming to 2°C necessitates identifica-
tion and adoption of diverse strategies which reduce
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the net anthropogenic emissions of greenhouse gases
(GHGs). Agriculture, hitherto a major source of GHGs,
is an important industry which can be made more
energy-efficient. Importance of improving agricultural
production, by as much as 70% between 2010 and
2050, cannot be overemphasized in view of the need
to reduce hunger, malnutrition, and poverty. Although
amajor challenge, making agriculture emission-neutral
is a prudent long-term strategy. It is in this context that
understanding of the agronomic interactions with CO,
sequestration in soil is important.

Agronomic systems are defined as site-specific
management of soils and crops on the basis of eco-
regional and physiographic characteristics, and in the
context of socioeconomic and policy environments.
These systems are strong determinants of agricultural
production, sustainable use of resources, and their
environmental impact. Pertinent examples of the envi-
ronmental impacts of agronomic systems include
accelerated soil erosion, nonpoint source pollution,
emission of GHGs, and alterations in ecosystem
and soil C pools. Most soils of agricultural ecosystems
(i.e., croplands, grazing lands) are depleted of their
SOC pool. In comparison with the natural/climax veg-
etation, the remaining SOC pool in agricultural soils
may be 20-50% of the antecedent pool under
undisturbed conditions [1]. The magnitude of loss is
large in soils characterized by high than low antecedent
pool, coarse than fine texture, in warm than cold cli-
mates, and in degraded/eroded than favorable quality.
Furthermore, the magnitude of loss is more from soils
managed by extractive farming than of intensive/sci-
ence-based agriculture. The historic loss is also equiv-
alent to the potential soil C sink capacity, a part of
through conversion to
a restorative land use and adoption of recommended
management practices (RMPs).

Sequestration of CO, in agroecosystems implies
transfer of atmospheric CO, into biota and soils
through photosynthesis and NPP in a manner such
that the biomass-C is neither readily nor immediately
returned back to the atmosphere. The strategy is to
enhance the MRT of C in biota and soils. Principal
determinants of MRT comprise of a wide range of
factors including soil processes and plant/biomass
characteristics. Important among soil processes are

which can be realized

formation of: (1) stable micro-aggregates, (2) organo-
mineral complexes including absorption on clay sur-
faces, and (3) recalcitrant organic polymers involving
physical, chemical, and biological protection of soil
organic matter (SOM). Another process of physical
protection is transfer of SOM into the subsoil by illu-
viation as dissolved organic (DOC) such that it is
away from the surface layer prone to accelerated ero-
sion, intense mineralization, and other natural and
anthropogenic perturbations. Important among plant
characteristics which increase MRT are: (1) a deep
root system and (2) a high concentration of recalcitrant
compounds. This chapter is aimed at describing
the processes and practices which moderate the agro-
nomic interactions with CO, sequestration in soil as
a recalcitrant humus of a long MRT.

Soil Carbon Budget

The strategy is to create a positive SOC budget so that
input of biomass-C exceeds the losses. Important
among agronomic practices which create a positive
C budget (Fig. 1) are mulch farming, no-till/conserva-
tion agriculture, integrated nutrient management
(INM) including slow release formulation of chem-
ical fertilizers and biofertilizers, conservation and
management of soil water to reduce losses by surface
runoff and evaporation and increase soil-water stor-
age, and use of complex cropping/farming systems
including agroforestry and mixed farming systems.
The strategy is to replace extractive farming
practices, which deplete soil fertility and SOC pool,
by science-based agriculture involving the wide-
spread adoption of RMPs. Some RMPs outlined in
Fig. 1 are generic, and no one practice is universally
applicable because of the extreme diversity of soil types,
and the
to socioeconomic and political consideration. Site/
soil-specific validation and adaption through fine-
tuning of RMPs is essential.

While increasing the input of biomass-C, it is
equally important to reduce its losses. Agronomic/soil
processes which deplete the SOC pool are outlined in
Fig. 2. The SOC pool is strongly depleted by accelerated
soil erosion. The preferential/selective removal of SOC
by runoff and erosion, as indicated by an enrichment

ecoregions, human dimensions related
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Agronomic practices and positive
soil C budget
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Agronomic Interactions with CO, Sequestration. Figure 1
Agronomic interactions which cause positive carbon budget (/INM integrated nutrient management, AWC available water

capacity, WT water table, BNF biological nitrogen fixation)

ratio of C in sediments ranging from 5 to 30 depending
on soil/land and climate, is attributed to: (1) low den-
sity of SOC, (2) high concentration (stratification) in
the surface layer, and (3) absorption on clay and thus
removal along with the clay particles. Soil erosion is
exacerbated by plowing, residue removal, uncontrolled
and excessive grazing, and management practices
which degrade soil structure and accentuate its vulner-
ability to climatic erosivity.

The SOC pool is also depleted by increase in the rate
of mineralization. The latter increases with increase in
soil temperature and changes in soil moisture regime.
Conversion of natural to managed/agricultural ecosys-
tems alters both the soil temperature and moisture

regimes and accentuates the rate of mineralization.
The latter, being a biochemical reaction, is approxi-
mately doubled with every 10°C increase in temperature
(Vant Hoff rule). There is an optimal soil moisture
regime for the mineralization/decomposition. Water
table management and drainage of excessively wet soils
increase the rate of mineralization. Excessive wetness
increases methanogenesis and denitrification with an
attendant increase in emissions of CH, and N,O.
In contrast, supplemental irrigation in arid and semi-
arid climates can also accentuate mineralization and
denitrification. In general, therefore, emissions of
GHGs may be more from agricultural soils than those
under natural ecosystems.
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* Residue removal
« High stocking rate

Harvest/removal grazing

* Completing uses of residues
 Excessive grazing

* Excessive use of agro-chemicals
* Soil mining practices

* |lluviation

Agronomic Interactions with CO, Sequestration. Figure 2

Agronomic soil processes which deplete the soil carbon pool

Hidden Carbon Costs

Most agronomic inputs, especially in intensively
managed systems, are based on use of fossil fuel com-
bustion. Important among these are tillage operations,
harvesting, drying, application of fertilizers, and other
chemicals (pesticides) and irrigation. The hidden C
cost (HCC) of these inputs are listed in Table 1. Agro-
nomic practices with a significant input of HCC are
tillage systems, and agricultural chemicals. Thus,
a complete Life Cycle Analysis (LCA) is needed to
determine the ecosystem C budget and assess the net
C gains. The latter can be described by Eq. 1:

Net C gain = Cinput - (Closs + HCC) (1)

Cinput includes biomass addition such as shoot,
leaves, detritus materials, roots, compost, manure,

Accelerated soil
erosion

* Bare soil surface
* Decline in soil structure
* Reduction in soil biodiversity

Processes which
exacerbate
soil carbon

loss/depletion

Leaching losses

* Dissolved organic carbon
* Dissolved inorganic carbon

* Excessive tillage
* Soil degrading crops

High rate of
decomposition

* Excessive drainage

* High soil temperature

* High proportion of labile
material

* Decline in SOC concentrations
* Dormant season
* Changes in soil drainage

deposition through wind and water, etc. Ciu
occurs mainly through erosion, decomposition, and
leaching. Principal components of HCC are the
energy-based inputs. Quantification of each of
these components is essential to conducting LCA for
specific soil, crop, ecoregion, and other site-specific
factors.

It is often argued that HCC should not be
deducted from the gross C gains because agronomic
inputs (i.e., fertilizers, tillage, pesticides, manure,
and harvesting) are not
C sequestration but for achieving food security to
meet the food and other demands (i.e., feed, fiber,
and raw materials) of the growing population. If
HCCs are also considered, land managers/farmers are
not adequately rewarded by payments through
C trading.

irrigation, used for
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Table 1 Hidden carbon costs of agronomic practices
(Adapted from [2])

Tillage (kg CE/ha)

Moldboard plowing 15.2 + 4.1

Chisel plowing 79+23

Disking 83+ 25

Cultivation 40+19

Rotary hoeing 20+ 09
I. Fertilizers (kg CE/kg)

Nitrogen 1.3+03

Phosphorus 0.2 + 0.06

Potassium 0.15 £ 0.06

Lime 0.16 = 0.11
. Pesticides (kg CE/kg)

Herbicides 63 +27

Insecticides 51430

Fungicides 39422
V. Irrigation (kg CE/ha/year)

Surface 9.4-24.6

Sprinkler 16.3-121.3

Trickle 84.9

Farming Carbon

The term “farming carbon” implies growing/increasing
C pool in soils and biota (trees) of managed ecosystems
(agriculture, forestry, urban lands, wetlands) so that
any increase in the ecosystem C pool can be traded in
the market as a farm produce. Agronomic interactions,
practices which enhance soil and the biotic C pools, are
strong determinants of the C gains (or losses) from the
ecosystem. Changes in the ecosystem C pool must be
monitored by a standardized procedure so that the
data are credible, reproducible, and verifiable by other
procedures. A protocol for measurement, monitoring,
and verification (MMV) is essential to implement
C trading.

Ecosystem Services and Soil Carbon
Sequestration

Sequestration of C in soils and biota generates and
enhances numerous ecosystem services (Fig. 3). Impor-
tant among these are: (1) providing materials of use to
human (i.e., food), (2) moderating the environment
(i.e., climate), (3) enhancing support, and (4) archiving
human and planetary history [3, 4]. Soil and the
ecosystem C pools are strong determinants of these
services directly and indirectly. For example, quantity
and quality of the SOC pool affect soil functions
through (1) increasing soil aggregation and improving
soil tilth, (2) increasing nutrient retention and
availability, (3) moderating water retention and avail-
ability, (4) improving infiltration and reducing water
runoff, (5) reducing soil erosion and nonpoint source
pollution, (6) providing energy source and food to soil
biota, (7) enhancing nutrient/elemental
(8) accentuating use efficiency of input, (9) enhancing
rhizospheric processes and micro-climatic environ-
ment, and (10) improving GPP and NPP.

cycling,

Carbon Sequestration and Agronomic Production

It is because of numerous positive effects of
organic carbon concentration in the root zone on soil
quality that it is a strong determinant of the use effi-
ciency of agronomic input and of crop growth and
yield. Depending upon soil type and crop characteris-
tics, there is a threshold value of 15-20 g/kg of SOC
concentration in the root zone [5]. Crop growth and
yield are strongly reduced when SOC concentration is
below the threshold level (Fig. 4, [6, 7]). The yield
response to SOC concentration in the root zone also
depends on the management. The crop response
(i.e., growth and vyield) is generally stronger in agro-
nomic practices based on low than high external inputs
such as fertilizers, manure/compost, irrigation,
etc. Indeed, the yield potential of elite varieties cannot
be realized unless soil quality and the related
agronomic interactions are optimized. Therefore,
enhancing SOC concentration to above the threshold
level is essential to improving agronomic yield in
depleted/degraded soils of sub-Saharan Africa, South
and Central Asia, and elsewhere in regions with low
crop yields.
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Ecosystem services enhanced by soil carbon sequestration (GPP gross primary productivity, NPP net primary productivity,

NBP net biome productivity)

Future Directions
There is a strong need to understand the following:

e Soil processes and agronomic practices which create
a positive C budget for diverse ecoregions

e Rate of C sequestration in relation to soil type,
climate, and management

o Relationship between soil C pool/concentration
and soil quality parameters, and agronomic yield

e Process, factors, and causes which enhance the
mean residence time of C in soil

e Threshold value of C concentration for predomi-
nant soil type and crops

e Dolicy interventions to promote “carbon farming”

Conclusions

Creating a positive budget of C (and N) is important to
C sequestration in the soil. Agronomic practices to
create a positive C budget are those which enhance
the inputs of biomass-C. Important among these are
conservation/no-till agriculture, mulch farming, cover
cropping,
harvesting/recycling of water, complex farming sys-

integrated  nutrient = management,
tems, and perennial culture. Restoration of eroded/
degraded soils and ecosystems is important to
C sequestration in the soil. Energy-based inputs (i.e.,

fertilizers, pesticides, and tillage) have high hidden
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Figure 4

A generalized response curve of agronomic yield response
of crops to concentration of soil organic matter in the root
zone

C costs. The strategy is to minimize losses of these
inputs by erosion, leaching, volatilization, etc. Increase
in soil organic C pool above the threshold level can
enhance crop yield. Improvement in soil quality

through increase in SOC pool is essential to increasing
crop yields and agronomic production of soils in
African, Asian, Caribbean, and the Andean regions.
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Informal animal breeding started thousands of years
ago when hunter-gatherers started domesticating
animals. Out of thousands of species available only
few were domesticated as the requirements for domes-
tication were numerous: plant diet, fast growth rate,
ability to breed in captivity, good disposition, little
tendency to panic, and ability to function well in
groups [1]. An ancient farmer/herder took special
care of well-behaving animals that provided good
growth, or plenty of milk, or reliable draft, or lots of
wool, etc., while eliminating the troublesome ones. The
domestication greatly increased the nutritional output
per unit of land although it also brought new problems,
e.g., new diseases and wars. These problems were
smaller than the benefits of the domestication as
hunter-gatherers mostly disappeared. Some of the
benefits could be due to a positive effect of animal
products on IQ [2].

The natural selection maximizes survival under the
natural conditions. Under domestication, the selection
maximizes utility of a specie for a farmer while
deemphasizing and thus reducing energy expenditure
for characteristics less important or unimportant
under domestication, e.g., fighting ability to select
a mate or defend against predators, ability to cover
long distances, etc. [3]. The degree of economically
beneficial selection is environment dependent because
some traits (e.g., resistance to harsh conditions) may be
necessary in some environments while they are redun-
dant in other environments. In the end, the improved
animals have a smaller environmental imprint [4].

In » Animal Breeding Methods and Sustainability,
Agustin Blasco provides a historical perspective to ani-
mal breeding including the creation of breeds.
Although the breeding has been practiced for many
millennia, the science behind it is relatively recent.
With new breeding tools, the genetic improvement
accelerated resulting in much higher productivity per

animal with lower cost per unit of animal product.
High productivity of a few improved breeds raises
a question of survival and consequently conservation
of less improved breeds. Also, highly improved breeds
may not be optimal in more demanding environments.

In  “» Animal Breeding,
Guilherme Rosa focuses on theories that made modern
animal breeding possible. These are population genet-
ics, quantitative genetics, mixed models, and related
issues. He examines the infinitesimal genetic model
where it is assumed that a trait is controlled by a large
number of independent loci, and he mentions models
involving quantitative trait loci (QTL) or major genes.
Selection can be for a single trait with possibly unde-
sirable response for some of the remaining traits, or it
can be multitrait, where weights on traits are econom-
ically derived for a more balanced breeding.

The selection in animal breeding depends on
models and often sophisticated computing to estimate
parameters of those models. In “» Animal Breeding,
Modeling in,” Lawrence Schaeffer presents mixed
models that are commonly used to analyze many traits

Foundations of;”

in small and large populations. In particular, an animal
model considers all phenotypes and pedigrees to provide
best unbiased linear predictions of animals’ breeding
values (EBV). While the basic animal model may be
sufficient for fairly accurate predictions, sometimes
additional features are necessary to better reflect the
complexity of data. Large differences in variability within
the environments require a model that accounts for
heterogeneous variances per environment, categorical
traits are best analyzed by a threshold model; special
models are needed to analyze data censored, e.g., by time.

While most of the progress in animal breeding was
based on the infinitesimal model, the availability of
genetic markers raised hopes of finding major genes.
Subsequently, marker-assisted selection (MAS) would
allow determining EBV for young animals without
waiting for phenotypes. In his entry “» Animal Molec-
ular Genetics from major genes to genomics,” Asko
Miki-Tanila describes theories for finding markers or
QTL and applications of MAS. While several large
QTLs have been found, in general, the estimated values
for large QTL seem to be inflated while many QTLs are
below the detection level. Thus, the total contribution
of large QTLs seems to be small for most traits.
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Currently, individuals can be genotyped inexpensively
for a large number of SNP markers. The use of these
markers for breeding is called the genomic selection.
The genomic selection is successful in populations with
small effective population sizes where the genomic
information provides more accurate relationships.

A selection is usually performed in a specific envi-
ronment, which is defined as a combination of climate,
nutrition, management, and stability. Animals excelling
in one environment may perform poorly in another
environment and vice versa, or show a genotype by
environment interaction (GxE). In “» Animal Genetic
Erling Strandberg
describes terms useful for quantification of GxE such
as plasticity and homeostasis. GXE can be analyzed by
reaction norms. We are interested in GxE only when
genotypes rank differently in different environments.

The traditional selection is by selecting the “best”
individuals. However, these individuals may indirectly
be selected for poor group performance, e.g., aggres-
sion, and such animals may inhibit the growth of the
other animals. In “» Socially affected traits, Inheri-
tance and genetic improvement,” Peter Bijma presents
cases where the group performance is more important

in Environment Interaction,”

than the individual performance, proposes models that
can be used to breed “socially adapted” animals, and
describes results of experiments with such breeding.
The social performance is most important for animals
bred in cages such as poultry and pigs where the aggres-
sion can result in physical harm or even death. An
intuitively obvious solution to aggression of allowing
more space per animal in fact increases fighting and
subsequently causes economic losses, as extra space
allows for more fighting.

The next few entries are devoted to breeding for
specific species.

In the entry » Poultry Breeding, Yoav Eitan and
Morris Soller document how, over the past 100 years,
the chicken meat changed from being one of the most
expensive to the least expensive. Such a progress
required a good choice of initial breeds, intensive selec-
tion, and diligent research to discover sources of new
problems and their mitigation, and constantly adapting
management to address these problems. The success
with chicken is possible only when the environment
can be tightly controlled as highly adapted animals
retain minimal flexibility to handle less than the

optimal conditions. An important issue in chicken is
animal welfare. While some stresses are unavoidable,
like in nature, reducing the avoidable distress can be
good economics.

In the entry » Pig breeding for increased sustain-
ability, Pieter Knapp examines broader issues in breed-
ing using pigs as an example. The first issue is
diversity. Should different breeds be preserved or is it
unimportant? What is the optimal size of the breeding
population to sustain genetic variability and maximize
the genetic progress over the long run? Pigs have been
singled out as causing environment pollutions. Can
breeding minimize the pollution? One way to minimize
pollution and environmental damage is to breed effi-
cient animals with good feed conversion ratio (FCR).
Can one radically improve FCR? Is animal welfare a
liability or an asset? The entry by Pieter Knapp contains
extensive references.

Filippo Miglior, Sarah Locker, and Roger Shanks
take a look into dairy breeding in their entry » Dairy
Cattle Breeding. An intensive selection for milk made
Holsteins the highest producing and the most popular
dairy breed in temperate countries. Most of the progress
in Holsteins, and to a lesser intent, in other breeds, is
through the extensive use of highly select sires through
artificial insemination. The selection of sires is in
fact global because national sire evaluation from some
30 countries are now pooled together by an international
agency “Interbull,” and semen of bulls ranked by this
agency are available worldwide. Strong selection for pro-
duction had an undesirable effect on fitness, including
reduced fertility and survival. This side effect is remedied
now by increased empbhasis on fertility and survival in the
selection index, and by crossbreeding. Lately, genomic
selection greatly changed the breeding scheme in dairy.

Matthew Spangler describes beef breeding in the
USA in his entry » Breeding in Beef Cattle. As opposed
to dairy, the beef population consists of many breeds,
and most animals sold for beef are crossbreds. Beef is
initially raised in ranches and later brought to feedlots
for a short time for accelerated growth. Animals are
genetically evaluated based on growth at a few age
points, for carcass characteristics and for fertility.
Important issues in beef evaluation are heterosis and
recombination loss in crosses. FCR in beef is much
lower than in poultry or pigs; however, beef can utilize
land unsuitable for crops.
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Thorvadur Arnason, in his entry » Breeding in
Horses, presents issues in breeding horses, predomi-
nantly for racing. Such breeding is successful as the
trend for maximum speed is positive. As only selected
individuals are run in races, breeding for speed requires
accounting for censoring, i.e., lack of records for an
important part of the population. This is done by
treating as phenotype a categorical variable of “has”
or “does not have” records. An issue specific for horses
is increased inbreeding due to very intensive selection
and small populations. Large increase in inbreeding has
negative effects on many traits and also increases the
chances of propagating a recessive gene.

SWP Cloete looks at aspects of » breeding in devel-
oping countries and tropics. Increased production
due to the animal breeding and limited population
growth was successful in developing countries in creat-
ing surpluses of animal products. In developing coun-
tries, the animal breeding was less successful while the
population exploded, resulting in shortages of animal
products. The breeding was less successful because of
specific challenges in developing countries and espe-
cially the tropics, and much smaller R&D. Traits espe-
cially important in the tropics are disease resistance
(including tick and trypanosome), draft resistance,
and ability to produce under periodic feed shortages.
Subsequently, animals bred in the developed world
may not survive in the tropics; however, their crosses
sometimes do well. This entry contains a large number
of references.

Even though the animal breeding is successful, there
is a question whether the current pace of progress can
be maintained. For example, FCR cannot be decreased
below some 1.5 kg feed/1 kg of meat, unless the extra
selection results in increased water content. Also,
increased milk production at a cost of reduced fitness
(less fertility, lower survival, more susceptibility to
diseases) can at one point decrease overall profitability.
Peer Berg ponders long-term challenges in animal
breeding in his entry titled » Animal Breeding,
Long-term Challenges. Low effective population sizes
make whole populations less biosecure. Too optimized
genotypes may require huge facilities that could destroy
the environment and rural life. Also, new requirements
for welfare may require changing breeding goals. How-
ever, most long-term challenges are not well known.
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Glossary

Breed A population of animals with common mor-
phological characteristics that is recognized as
a breed by the administration, by a breeders asso-
ciation, or by other groups of people.

Best linear unbiased prediction (BLUP) It is the
most common statistical method used in breeding
evaluation.

Quantitative trait locus (QTL) A gene having influ-
ence in a quantitative trait.

Markers Fragments of the DNA molecule for which
their position is known.

Response to selection Genetic progress.

Definition of the Subject

After domestication, animals were selected in different
environments and for different traits leading to the
modern breeds. Long before the appearance of the
science called now as “Genetics,” animal breeding had
been practiced by humans following intuitive criteria,
less efficient than the scientific ones, but criteria that
had provided success along many generations of selec-
tion [1]. The lack of a theory explaining inheritance
slowed down animal breeding for many years, but with
the rediscovery of Mendel’s rules at the beginning of the
twentieth century and the development of quantitative
genetics in the 1920s and 1930s animal breeding had

the tools needed for its development. Animal breeding
methods were developed in the 1930s and 1940s, and
the first animal breeding companies and cooperatives
started in using scientific methods for animal selection
[2]. The development of artificial insemination in cat-
tle in the 1940s and frozen semen in the 1950s led to the
modern schemes of progeny test, in which bulls are
proved with a high number of daughters, and semen
of the best bulls is available worldwide. Large compa-
nies of animal breeding were created in the 1960s for
poultry and pigs, and nowadays they dominate the
market of reproducers, particularly in the avian case.
In 1953 the structure of the DNA was published, lead-
ing to a quick development of all molecular genetics
techniques. Today, DNA information is widely used as
a complementary tool to the statistical methods based
on data from records, to estimate the genetic values of
the candidates to selection [3]. Although the commerce
of genes is now extended worldwide, there is a recent
interest in conserving breeds in danger of extinction
due to this globalization. These breeds are a genes
reserve for ensuring possible changes in the future
market. Besides, some breeds can be helpful for devel-
oping sustainable systems in areas in which modern
developed animals cannot be bred because of the lack
of resources, climate, or other reasons [4].

Introduction

Long before the appearance of the science that is now
called “Genetics,” animal breeding had been practiced
by humans following intuitive criteria, less efficient
than the scientific ones, but criteria that had provided
success along many generations of selection. Darwin
himself was impressed by the achievements of farmers,
and artificial selection was a source of inspiration for
his theory of evolution [5].

» We cannot suppose that all the breeds were suddenly
produced as perfect and as useful as we see now them;
indeed, in several cases, we know that this has not been
their history. The key is man’s power of accumulative
selection: nature gives successive variations; man adds
them up in certain directions useful to him. In this
sense he may be said to make for himself useful breeds.

C. DARWIN
On the origin of species (1859, p. 30)
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Animal breeding starts with domestication.
Although there are several theories about the domesti-
cation process, it is generally admitted that selective
breeding led to modern domestic animals, a hypothesis
corroborated by the experiment of domestication of
wild silver foxes started by Dimitri Belyaev in 1959
and still continued. After 40 years of selection for
quiet temperament, silver foxes, which are aggressive
to humans in the wild, became as friendly as dogs [6].
As a correlated response, some physical appearance also
changed, and some bones of the skull were modified in
the same direction as dogs when compared with wolves
[7]. Modern molecular techniques permit to recon-
struct the history of domestication [8]. After domesti-
cation, animals were selected in different environments
and for different traits, leading to the modern breeds.
References to animal breeding can be found in ancient
Greek and Roman authors’ works [9]; however, mod-
ern breeding practices start with the self-taught work of
Robert Bakewell (1725-1795), who produced new
breeds and had a high reputation as breeder [1]. He
focused his work in the performances of his cattle and
sheep, hiring rams, recording the offspring and keeping
the sons of the best males. He fixed few and clear
breeding objectives mating the best females with the
best males. However, he disregarded the damaging
effects of inbreeding and due to this, he had fertility
troubles with his new breeds, but he is still considered
as the first farmer practicing modern animal breeding.

The lack of a theory explaining inheritance slowed
down animal breeding for many years. The theory of
blending inheritance, sustaining that offspring was
intermediate between parents, could not explain the
persistence of genetic variability. Some hybrid breeders
had noticed that crossing hybrids they can recover
discrete traits that were present in the parental popu-
lation [10], but Gregor Mendel (1822-1884) was the
first in calculating the frequencies in which the
observed traits were transmitted, allowing him to pro-
pose the first rules of genetic inheritance [I1].
Although Mendel was conscious of the importance of
his research, his work, published in a context of hybrid
plant production, was largely ignored until it was
rediscovered at the beginning of the twentieth century,
and it was widely used to explain the inheritance of
discrete observable traits. Mendel’s rules worked well
for discrete traits like yellow or green color, but many

traits like milk production or body weight showed
a continuous variation and seemed to follow different
inheritance rules. The biometrician school, founded by
Karl Pearson (1857-1936), was using and developing
statistical methods, and rejected Mendel’s rules, con-
sidering them as a special case of inheritance for some
discrete characters [12]. Mendel was aware about the
fact that the simple rules he discovered could not be
applied to continuous variation, but he suggested that
in these cases many inheritance factors might act
simultaneously producing all intermediate indistin-
guishable classes. After some exam of this possibility,
it was disregarded by the biometricians, and a bitter
dispute about the mechanisms of inheritance started
until Fisher (1890-1962), in a seminal paper [13], used
statistical methods to reconcile Mendel’s laws on inher-
itance with the continuous variation observed by bio-
metricians. (For a history of early development of
genetics and this dispute, see [12].)

The work of Fisher in this and subsequent papers
started both modern statistics and modern quantitative
genetics, but the methods of this new science had still to
be applied to animal breeding. This task was accom-
plished by Lush (1896-1982), who harmonized breed-
ing practices with the knowledge provided by the new
discipline. Lush defined concepts like heritability, and
proposed methods of selection including the informa-
tion of relatives, weighed according to the genetic con-
tribution predicted by Mendel’s rules and quantitative
genetics. The several editions of his book “Animal
breeding plans” contributed to spread the new knowl-
edge among scientists, technicians, and breeders [14].
Modern indexes of selection for several traits were
developed for plants by Fairfield Smith [15] closely
following some indications given by Fisher, and Hazel
[16] applied them to animal breeding allowing on one
side to use family information and on the other side to
weigh all traits of economic interest according to the
predicted benefits that the offspring would give.

The development of artificial insemination permit-
ted having offspring of the same sires in many farms
(see [17] for a history of its development). As environ-
mental effects were different depending on the farm
circumstances, data had to be corrected in order to
evaluate the animals properly. Corrections for environ-
mental effects like parity, season, length of lactation,
etc., had been made before, but then the problem was
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more complex. Several methods were developed to pre-
correct the data before genetic analysis was made, but it
was Henderson (1911-1989), who proposed a method
for integrating the genetic values and the environmen-
tal ones in the same statistical model. This allowed the
prediction of genetic values at the same time that cor-
rections for environmental values were made [18]. The
development of computers allowed using all relatives in
the evaluation, and some computing difficulties
derived from the use of all relatives were solved by
Henderson himself [19]. Nowadays his method called
best linear unbiased prediction (BLUP) is the standard
method in animal breeding evaluation. BLUP needs the
variance components (genetic and environmental) for
predicting the genetic values. To estimate them is
a difficult task, because data come from different
farms and different environments and they should be
corrected as before. Paterson and Thompson [20]
showed how to correct for the environmental effects
and how to estimate the genetic variance components
at the same time. Their method is called REML (Resid-
ual or Restricted Maximum Likelihood) and it is
a standard for variance component estimation.
Animal breeding was dominated by REML and
BLUP — and they are still the most common methods —
until the development of modern computers allowed the
use of Bayesian methods. These methods use probabili-
ties for inferences, which give them several advantages
and permit to express the uncertainty about the
unknowns in a natural way. For example, it is easier to
understand that the probability of a breed having
a higher growth rate than another is 93% than to under-
stand that when estimating the difference in growth rate
between breeds, in an infinite number of repetitions of
the experiment, new samples will be higher than
the actual sample in a 7% of the cases (which is the
definition of a P-value of 7%). A review of Bayesian
methods compared with classical statistical methods in
animal breeding can be found in [21]. Bayesian
methods were introduced by Daniel Gianola in the
1980s [22], but they lead to complicated integrals that
could not be solved even by approximate methods. The
rediscovery of a numerical method called Monte Carlo
Markov Chains permitted to overcome this problem
and to use Bayesian methods, leading to a high
development and extension of them in animal breeding
(see [23] for a detailed exposition of the methods).

With the arrival of DNA analysis techniques, a new
field was open for research. Transgenesis looked as
a promising area, but its real usefulness in animal
breeding has been discussed [24]. Molecular markers,
however, have been widely used in animal breeding as
a complementary tool in genetic programs. They have
been also used for capturing major genes; unfortu-
nately, most traits are not controlled by major genes
and molecular markers have had a limited success in
this area [25]. Recently, simple molecular markers
consisting in a single nucleotide substitution in the
DNA chain (SNP) have been made easy and cheap to
detect. This permits to use several thousand markers
in each individual, thus all genes controlling a trait can
potentially be associated to SNPs [26]. A main prob-
lem of this procedure is that these associations between
SNPs and genes are lost after few generations of selec-
tion [27], but new associations can be reestimated. Now-
adays genomics is being examined as a promising tool for
many genetic programs, particularly in species like dairy
cattle in which there is a continuous recording, the trait is
expressed only in females, and generation intervals are
large. In this case, genomics can be used for a better
evaluation of young bulls that still have no offspring.
Other uses of genomics will appear in the forthcoming
years and it will be probably established as a useful
complementary tool to current genetic programs.

Animal Breeding and Sustainability

Animal breeding consists essentially in selecting ani-
mals kept in close reproduction systems, often accom-
panied with crosses between these groups of animals
[2]. Historically, the groups of animals kept in close
reproduction were breeds, although modern intensive
meat production of prolific species is now based in
selection of synthetic lines. These lines are called “syn-
thetic” because they do not correspond to traditional
breeds, but have been generated by crossing animals
from different breeds or crossing commercial “hybrids”
(which are not hybrids in a genetic sense, as it will be
seen later). This procedure allows obtaining a large
genetic variability available for selection on productive
traits. The relevance of breeds for sustainability lies in
that some breeds can be particularly well adapted to
local conditions, although this does not mean that local
breeds are always better for local conditions than
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foreign breeds. A foreign breed can be better adapted or
can be economically more interesting than a local
breed. This is common mainly in species like poultry,
pigs, or rabbits, which are usually kept in better envi-
ronmental conditions than beef, sheep, or goats, but it
also happens in ruminants. For example, Nelore cattle,
a foreign breed in Brazil, has had a high success and
now it is extensively implanted there [28].

Definition of Breed

There is no consensus about the definition of what
a breed is. Many definitions of breed have been com-
pared [29-31], and the only common requirement to
all of them is the genetic homogeneity, which applies
essentially to external traits. It can be said that a breed is
a group of animals with some common external charac-
teristics defined by some people who consider this group of
animals to be a breed. A breed requires some people who
decide the external characteristics used to define the
breed; often they also attribute “average
performances” to the breed. The problem with this defi-
nition is that it depends too much on external character-
istics that may be very useful for dog or ornamental

some

animals, but not necessarily for animals producing meat
or milk in an efficient way. Some breeds were historically
selected for improving some traits and they have been
established as the most productive ones in intensive pro-
duction systems; Leghorn hens for white eggs, Friesian
cows for dairy cattle and Landrace and Large white in
pig production are now widely established. However,
the word “Leghorn” or “Landrace” only define the
external appearance of the breeds; there are many
types of Landrace in the world, depending on the traits
for which they have been selected, and the few multi-
national companies that control the eggs market use
specific highly productive Leghorn lines, therefore the
concept of “breed” is often of little utility. Other words
used in animal breeding that can lead to confusion are
“pure breed” and “hybrid.” In plants, a hybrid is the
cross of two pure lines. A pure line is homozygous for
all its genes, and all individuals have the same genotype,
all hybrids have also the same genetic composition, and
the cross of two plant hybrids produces very different
plants due to the segregation of all the alleles (Fig. 1).

aB C d E
aB C d E

Pure line in plants Pure line in plants

1

A b C D e
aB C d E

Hybrid in plants

Animal Breeding Methods and Sustainability. Figure 1
Pure lines and hybrids in plants. Couples of letters indicate
genes; capital letters indicate one allele of a gene and small
letters another allele of the same gene

There are no “pure lines” in animals in the same
sense as in plants. Pure lines in plants have been pro-
duced by self-fertilization or by fertilization of close
relatives, something that is not possible in animals.
Some attempts of creating highly inbred lines in pigs
and poultry were done in the 1940s and 1950s, without
positive results, because inbreeding produces infertility
and abnormalities to a degree that prevents its use in
animal breeding [2]. “Pure lines” in animals are only
groups of animals in closed reproduction that will not
be homozygous for all their genes, therefore animal
“hybrids” will be crosses between lines or breeds with
no genetic homogeneity. Moreover, it is a frequent
practice in animal breeding to open the lines to some
animals from other commercial lines in order to reduce
inbreeding. This practice is also useful to capture genes
that would be in lower frequency in the recipient line
and that may be in higher frequency in the imported
animals [32]. As “animal hybrids” are only crossed
animals, they can be used to produce new “animal
pure lines” with high genetic variability available for
selection; for example, several rabbit breeds used for
commercial purposes were originated by crossing com-
mercial “hybrids” [33].

Breeds were created by humans after domestication
by selecting traits they particularly liked. New breeds
can be created nowadays. Apart from pets, many
companies of pigs, rabbits, and poultry now use syn-
thetic breeds without giving special importance to
external characteristics, with the exception of the func-
tional ones.
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Breed Conservation

Some breeds, local or not, can perform better than
some intensively selected lines in systems in which
food is less rich in protein or energy, or less balanced
than in intensive systems. Some breeds can also per-
form better in some areas in which climate or breeding
conditions are very different from the ones of current
intensive production systems. There are more reasons
for conserving breeds [34]: keeping genes that may be
useful in the future, supporting sustainable animal
production systems for food security, maintaining
genetic variability for further use, conserving cultural
heritage, etc. However, when a breed is useful, it does
not normally need special aids for conservation, since it
produces some profit and then it is kept for obtaining
benefits. Help is needed especially for breeds that are
not profitable, but there are reasons for inferring that
they have genes that may be useful in the future.
A question then would be whether the object of con-
servation should be breeds or genes, that is, whether it
can be created as synthetic breeds having the genes of
interest instead of spending funds in several programs
for conserving several breeds. Although focusing the
problem in keeping genes seems to be simpler, this can
produce some problems. A first problem is that creat-
ing synthetic breeds may lead to undesirable gene inter-
actions, difficult to manage for both the survival of the
breed and the transmission of the interesting genes.
Another problem would be the difficulties in integrat-
ing new synthetic breeds in areas in which farmers
would not be prepared or accustomed to manage [35].

One of the main objectives of breed conservation,
keeping genes for the future, has been discussed [35].
This objective is too vague unless the concrete purpose
for using these genes in the future is envisaged. When
a breed is a tool for making meat, milk, or eggs, conser-
vation should be focused on whether this tool works now
or whether there are expectations for using this tool in
the future. This is an important point, because the
extinction of a breed is completely different from the
extinction of species. Breeds extinction, which can be
created, transformed, or recovered, should not be com-
pared with losing unrecoverable species created by nat-
ural evolution and forming part of a peculiar ecosystem.

The more concrete objective of maintaining
genetic variability can be attractive for two reasons.
First, genetic variability is needed for selection. Sec-
ond, genetic variability implies a gene reserve that
may also be useful when a rapid change in selection
objectives is needed, for example, the current fertil-
ity problem of Holstein, partially caused by the
increasing levels of inbreeding, can be managed by
crossing Holstein with more fertile breeds [36, 37].
We should, however, notice that the genes of interest in
animal breeding control economically relevant traits,
thus keeping genetic variability is not an objective if the
trait is near its optimum (100% of survival, for exam-
ple). Genetic variability can be divided in between
breeds variability and variability within breeds. It is
important to know how much of the total existing
genetic variability can be found between and within
breeds, because if most of the genetic variability is
contained within breeds, there is no genetic reason for
conserving many breeds. For example, measuring the
number of SNPs per kb in chicken, the International
Chicken Genome Sequencing Consortium [38]
detected “surprisingly little difference in diversity in
comparisons between red jungle fowl and domestic
lines, between different domestic lines, and within
domestic lines.” For productive traits, it is generally
admitted that about 50% of genetic variability is
between breeds and 50% within breeds [39, 40].
Some methods of measuring genetic variability,
like estimating genetic distances between breeds by
molecular markers, have among other problems that
they do not consider within breed genetic variability.
The core of the argument for maintaining between
breeds genetic variability is that
have genes that other breeds do not have or have in
low frequency, and these genes may be useful in the
future. It is a type of “insurance argument”: insurance
against changes
conditions, and safeguard against potential emerging
disasters as emergent diseases [4]. There is nothing
wrong in keeping every breed in danger when having
an unlimited amount of financial resources, but when
resources are scarce, for example, in developing coun-
tries, a precise analysis of the foreseen benefits is
needed.

some breeds

in market or environmental
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Breeds and Sustainable Systems

By animal breeding sustainable systems, it is generally
understood that farming systems are capable of
maintaining their productivity indefinitely without
damaging the environment [41]. This definition does
not prevent having intensive systems with highly pro-
ductive animals integrated in an industrial food chain,
but sustainability is often associated to some kind
of traditional farming at small scale in which waste
is recycled, local breeds and local sources of food
used and a rather high amount of hand labor is
needed. Local breeds have a key role in this second
type of sustainable systems, particularly when the
environmental conditions are harsh or the food
resources are not particularly good. This second type
of sustainable systems is in general much less efficient
for producing meat or animal products than inten-
sive systems. There are, however, some reasons for
establishing them:

1. There are harsh environments in which no other
systems will work properly. A common example is
cattle in swamp tropical areas. This applies essen-
tially to cattle, sheep, and goats, and not necessarily
to pigs, rabbits, or poultry, which have been kept in
much better conditions traditionally.

2. Using these systems in poor areas avoids land
abandoning and migration of people to urban areas,
avoiding desertification. If life in these areas is hard
for humans, this type of sustainable system should
be considered as a temporary solution, because
people living there deserve a better life.

3. Sustainable systems are more environmentally
friendly and produce a better animal welfare.
Although this reason is frequently invoked,
this may or may not happen, and each case should
be critically examined. Intensive industrial egg
production can use enriched cages and manure
process ensuring both welfare and sustainability.
Moreover, animals in intensive systems arrive to
commercial slaughter weight much earlier,
thus they can produce less CO, and pollutants per
unit of product than animals bred in extensive
production systems, including pollution producing
for transport, machinery, etc. A report ordered by
the British government to the University of
Cranfield [42] shows how this happens in poultry

meat production, being organic chickens more
contaminant per kg of meat produced, although
results are more variable in pig production
(for most pollutants, organic pigs contaminate less
per kg of product). The same can be said about
welfare: free-range hens are not necessarily happier
than hens in enriched cages [43]. Looking for
better animal welfare is not a particular task of
industrial systems; it affects non-intensive systems
as well.

Some of these systems provide farmers an indepen-
dence from big multinational companies. This may
be true, but is not necessarily good. Feeding people
is a priority of poor countries, and the cheapest
way may be to buy the genes to multinational
companies. Genetics is very cheap; the genetic cost
of 1 kg of pork, chicken, or rabbit meat is less than
a 1% of the total cost of the meat as it will be seen in
next section, and the same can be said about the
genetics of 1 1 of milk. Few companies provide the
cheapest animal protein in the world (eggs and
poultry meat and, up to a certain extent, pork
meat), and genetics of dairy cattle is now managed
in what is a world nucleus in practice. Poor
countries need efficient genetic material for meat
production even if this does not ensure genetic
independence from multinational companies;
this happens in industrial products and in other
sectors (cars, industrial products, energy, etc.),
and there is no reason for not accepting this in
animal breeding.

Some breeds are better adapted to local environment.
As said before, some breeds can be particularly well
adapted to local conditions, although this does not
mean that local breeds are better for local condi-
tions than foreign breeds. There are spectacular
examples of foreign breeds particularly well
adapted, as Nelore cattle in Brazil. Besides, adapta-
tion is a bigger problem in some species than in
others. Poultry, pigs, and rabbits have been raised in
better environments than sheep or goats, thus
intensive commercial breeds have less adaptation
problems than in other species. Local food sources
are often of lower quality than the usual food pro-
vided for highly productive breeds, and it has been
said that local breeds can take a better profit of it.
This is highly speculative, since the available
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Large farm sector 10.7 10.2

9.2 14 7.7

Small farm sector 11.9 11.4

Source: From Gibson et al. [44]

information for these local breeds is normally
scarce or null. Moreover, highly productive breeds
of pigs, poultry, or rabbits can be bred with success
in developing countries, even by small farmers [44].
Table 1 shows that small farms in rural conditions
can obtain a similar profit as better farms using the
same genetic material of a big multinational com-
pany (PIC). Local breeds of cattle, sheep, and goats
may be better adapted in some harsh environments,
although it is important to check whether this is
true and when it is true.
6. Local breeds produce better quality products. The
question is too general to give a simple answer.
It is rather obvious that an Iberian pig (local
breed) produces a much better cured ham than
a Large White pig. Production of high quality prod-
ucts is one among several reasons for keeping breeds
that are less efficient in producing meat or meat
products. It is nevertheless convenient to check
whether this better quality is detectable by the con-
sumer. Some products like fresh cheese are not easy
to differentiate, and local breeds sometime only
show an external appearance of the animals differ-
ent from the main breeds used for cheese produc-
tion. It is also important, as St. Clair Taylor has
stressed many times [45], that comparisons
between breeds are performed at the same stage of
maturity. As breeds have often different adult size
and growth rate, if they are slaughtered at the same
commercial weight, they can be compared at differ-
ent stage of maturity, thus differences between them
can be due to the fact that one breed is younger, in
physiological terms, than the other. For example,
a breed can have a better meat quality than another
only because at the same commercial weight it is
slaughtered at a more mature stage.

Animal Breeding Methods and Schemes

Breeding Companies: Organization and Diffusion
of Genetic Progress

Animal breeding can be practiced at small scale by
farmers or small farmers associations, but this affects
only the local breeds and its efficiency is low [21].
Nowadays animal breeding is generally in the hands
of multinational companies or large cooperatives,
although there are still medium sized ones performing
animal breeding at a smaller scale. There are two types
of schemes, based on recording data on farm or con-
centrating on all animal improvement in a small
nucleus and diffusing later the genetic progress. The
first scheme applies mainly to dairy cattle, and the
second one to pigs, poultry, and rabbits.

The standard example of the first scheme is dairy
cattle. A 20% of the cows of a cooperative are insemi-
nated with semen of young bulls that are going to be
tested. The daughters are then inseminated with semen
from other bulls in order to have lactation. Milk, pro-
tein, fat and cell count of the milk, and sometimes
longevity, are recorded for each of the daughters,
and these data are used to decide which 10% of the
bulls being tested will pass to the catalogue of the
cooperative (Fig. 2), to be used by the farmers to
inseminate their cows in order to replace their stock.
Each bull being tested provides semen for 1,000 cows
in order to be sure that most of them will have
at least 100 daughters, in order to achieve a high pre-
cision in the estimation of their breeding value [46].
This implies that an association created for bulls testing
should have at least 100,000 cows in order to include
a couple of bulls per year in their catalogue. Nowadays
there are many practices: big cooperatives test their
bulls; some associations test few bulls that are available
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Schemes of genetic evaluation and gene diffusion for dairy cattle

in their catalogue after having 60 or 70 daughters, and
import semen and embryos making them available to
the members; some companies test bulls and then
commercialize the semen; etc. In a global society in
which frozen semen can be bought worldwide and
records are collected in different countries, a global
genetic evaluation has been established by an associa-
tion called Interbull that publish their world evaluation
for all sires of different countries.

Selection is made from the records, but since a bull
being tested will inseminate 1,000 cows, a previous
strong selection is made when deciding which bulls
will go to the test station to be proved. To do this, the
best cows of the association are inseminated with the
best semen available to produce the bulls to be proven.
Nowadays it is also possible to buy embryos from the
best cows evaluated in the world and the best semen
available. Genomics is used here to help in the evalua-
tion of these bulls that will arrive to the station.
A particularity of the system is that individual farmers
can make their own genetic improvement. Catalogues
contain an accurate prediction of the genetic value of
bulls for many traits, thus a farmer having particular
problems with protein content of the milk, functional
conformation, or other trait, can buy semen from bulls
particularly well evaluated for these traits, improving
the genetic level of his farm in the aspects he particu-
larly needs.

The other scheme commonly used in animal breed-
ing is the nucleus-multiplier scheme [47, 48]. Here all

improvement is concentrated in a farm, from which it
is spread to commercial farms through multiplication
steps. This is the typical scheme for pigs, poultry, and
rabbits (Fig. 3). Usually two lines are selected in closed
reproduction, and males of one of the lines and females
from the other are sent to farms called “multiplication
units,” in which both are crossed to produce the
crossed female sent to the farmers. Typically, these
lines are selected for prolificacy and they may be
selected for other traits. A third line is selected to
produce the males that the farmers will use (called
“terminal sires”); in this case, the line is not selected
for prolificacy because this is a trait attributed to the
dam, in which males seem to have little influence.
Commonly, there is only one nucleus of selection in
each company, and multipliers are spread in several
countries. Multipliers act usually under a contract
with the company; they buy parental stock for multi-
plication and they are in charge of providing facilities
for breeding and commercializing the product: This
system has allowed a rapid development of the busi-
ness. There are some variations of the scheme; terminal
sires are sometimes the product of a cross between two
lines C and D, and sometimes there is a multiplication
step more, in which other multipliers receive females
A X B to be crossed by a male from other line
E to produce females (A x B) x E for the commercial
farmers.

Multiplication permits to reduce the cost of selec-
tion, for example, in pigs, a female coming from one
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Animals for slaughter

Scheme of selection and gene diffusion in pigs, poultry, and rabbits

of the lines of the nucleus and entering a multiplier
can cost 600 € from which 500 € is the cost of the
genetics and the rest is the cost of producing a pig.
This female will produce about 15 crossbred females
for production farms during her life, the rest of
them being culled for various reasons (leg problems,
diseases, etc.). This means that the 500 € of the genetic
cost should be divided by the 15 females, giving 33 €
of genetic cost for the farmer. If each female produces
an average of 50 pigs for slaughter during his life,
the cost of genetics for slaughtered pig is about
67 cents per pig, less than 1 cent for kg. These figures
are extreme in poultry production, in which each
female of the nucleus can produce nearly 100 females
for the multiplication step, and each female of a mul-
tiplier can provide about the same quantity for com-
mercial farms.

Statistical Methods of Selection

Statistical methods used in animal breeding are
essentially based in the infinitesimal model [49].
In this model, traits are determined by many genes

independently distributed, having each one a small
effect on the trait. A first consequence of the model is
that genetically good animals can produce by chance
some genetically poor sons, since by chance a son can
inherit most of the alleles producing poor perfor-
mances, whereas other sons can be genetically better
than the parents if they get good versions of the alleles.
As an average, all possible offspring of a parent will
define how good this parent for breeding is. This is
known as “breeding value” or additive value of the
parent. The genetic value of an animal is not exactly
this because genes can interact between them or among
them producing better or worse individuals than the
sum of their individual effects. These interactions are
known as “dominance” when they appear between the
two alleles of one gene or “epitasis” when they appear
between alleles of different genes. Interactions can also
occur between genotypes and environment, when the
best genotypes in an environment (e.g., in the farm
where the animals are selected) are not the best
in other environments (e.g., in commercial farms).
The development of artificial insemination in cattle
and the prominent situation in the market of large
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companies selling parent stock along the world has
made the interactions between genotype and environ-
ment an important area of research in modern animal
breeding [50].

Another consequence of the infinitesimal model is
that it permits to invoke a theorem of statistics known
as the central limit theorem, which permits considering
the traits genetically distributed according to multivar-
iate normal distributions. The multivariate normality
has many advantages, for example, zero correlation
implies independence between variables (which does
not occur in other distributions), variables are deter-
mined by few parameters, and all relationships between
variables are linear. Statistical methods in animal
breeding are based thus in linear regression techniques.
The most common models applied in animal breeding
are called “mixed models” because they estimate simul-
taneously the breeding values, considered as random
effects, and the environmental values, considered as
fixed effects.

y=Xb+Zu+e

where y is a vector with the data, b is a vector
containing the environmental effects (season, herd,
parity, etc.), u is a vector with the breeding values,
and e is a vector with the residuals. X and Z are
known design matrixes containing 1s and Os indicating
the presence or absence of the effects. Fixed effects
remain when repeating the experiment, and random
effects change each repetition. Due to this, random
effects are not usually estimated in classical statistical
theory, but geneticists are interested in the value of
these random effects, because they are the breeding
values that, as an average, will be transmitted to the
offspring; thus the best animals can be selected by
taking offspring only from the ones with better
predicted breeding values. The covariance structure of
the breeding values is known due to our knowledge of
Mendel’s rules for gene transmission. For example, half
brothers share as an average half of the genetic infor-
mation of their father. This allows calculating the
genetic covariance matrix between random effects G
after knowing which part of the observed variance is
due to the genes and which part to the environment.
The most common method to estimate these variance
components, correcting at the same time for the envi-
ronmental effects, and using the same model as for

estimating breeding values, is called REML (Restricted
or residual Maximum Likelihood) [20].

The data need not be normally distributed; in these
cases, the model gives the best linear solution. Directly
solving this model for many individuals, for example,
several thousands or millions of data in dairy cattle,
would not be possible, but an equivalent system of
equations allows finding the solutions easily [18].
This system is known as Mixed Model equations, and
the solution is known as the best linear unbiased pre-
diction (BLUP) of the random genetic values.

XX  XZ Hf,} _ {X’y}

ZX 72+G7' ||y Z'y

There is a technical difficulty in solving the mixed
model equations, because inverting a large matrix as G
is difficult. However, there is an easy way for directly
calculating G, allowing a general use of these equa-
tions in animal breeding programs [19]. The model can
be complicated adding repeated data, effects
corresponding to single genes, and many other possi-
bilities. It can also be used for many traits simulta-
neously. When several traits are used, the random
effects are correlated not only due to the relationships
between individuals, but also due to the genetic corre-
lations between traits, originated when some genes
have influence not in one trait but in several ones.
Multitrait genetic variances and covariances can be
estimated by REML as before, but Bayesian techniques,
using a numerical procedure known as Markov Chain
Monte Carlo (MCMC), have been particularly useful in
complex situations, for example, when some traits have
repeated data and other traits not and consequently the
design matrixes X, Z are not the same for both traits.
Bayesian methods also permit to transform multivari-
ate problems in series of unvaried estimations. Bayesian
techniques with MCMC have been rapidly developed
in the field of animal breeding, mainly for complex
models, for example, when traits have different distri-
butions, for censored data, for robust models, etc. (see
[21] for a scope of their use and a comparison with
classical methods and [23] for detailed description of
Bayesian procedures).

In the case of using many traits, the objective is
maximizing the economical benefit, which is obtained
weighing each trait by economic weights. These weights
can be calculated with more or less sophisticated
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models [51, 52], but in essence they represent the
amount of benefits, measured in economical units,
obtained by improving one unity of the trait, for exam-
ple, the number of euros of benefit for producing 1 kg
of milk.

The Use of Molecular Genetics in Animal Breeding

Molecular genetics has influenced modern genetic pro-
grams. Two different aspects, will be commented here,
transgenic animals and molecular markers, including
in the late genomic selection. A critical review and
discussion about the uses of transgenesis and cloning
in animal breeding, with references to markers, can be
found in [24]. Genomic selection is very recent and
its possibilities and development are still under
discussion.

Transgenesis The first transgenic mice growing twice
than normal created an enormous expectation about
what could be done with transgenic animals [53], par-
ticularly in the field of animal production. However,
few transgenic animals are now available, and the eco-
nomical advantage of transgenic animals is small [24].
Although apparently it is economically viable to pro-
duce transgenic products useful for human health, the
application of transgenic animals in medicine will not
be considered here.

To apply transgenesis in animal production, genes
with major effects are needed, but unfortunately, most
economically interesting traits are determined by many
genes of small effects. Sometimes there are genes with
major effects for some traits, for example, for fat depo-
sition in pigs, but classical selection has fixed yet the
favorable alleles in commercial populations, thus they
are not particularly useful now. When a trait of an
economic interest has a major gene segregating in the
population of study, this gene can be easily captured by
selection. This can be shown by computer simulation
[54, 55] but a simple example can help in understand-
ing this. In Fig. 4, it can be seen the phenotypical
distribution of a trait is controlled by a single gene.
When selecting the best 50% of the animals, copies of
the allele “A” are selected with preference. Therefore,
in few generations of selection the gene will be in
high frequencies or will get fixed. If the frequency of
the favorable allele is low, the process takes more

Animal Breeding Methods and Sustainability. Figure 4
Phenotypic distribution of a trait determined by a major
gene with a high additive effect. Selection of the best 50%
individuals

generations, but in general, it hardly will compensate
to use transgenesis to capture it. Marker-assisted selec-
tion can be used for augmenting more rapidly the
frequency of such genes of major effects, as it will be
commented in next section.

Some major genes that are present in a breed
or a line but not in other can be easily introduced
by introgression without requiring transgenesis.
The breed with the gene of interest G is crossed with
the breed objective O, and then backcross is made by
crossing O with the animals of the G x O cross that
carry the gene of interest. After several backcrosses, the
gene is introgressed. An example of gene introgression
is often performed with the Boorola gene in sheep that
augments litter size, due to the high prolificacy of the
carriers that permit an easy identification. When the
carriers do not clearly show the gene of interest, genetic
markers can be used to help the introgression [56].

The process of transgenesis is extremely ineffi-
cient. Genes are placed at random, thus the gene can
be inserted in an inappropriate tissue or it can
happen that genes around the inserted gene modify
the expression of it. Transgenes are not always
expressed and they are not always transmitted to
descents. Moreover, many animals are needed for
obtaining a viable embryo expressing the genes
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transferred. For example, 36,500 embryos were
needed to obtain 18 transgenic calves expressing
the trait, and the cost of each transgenic cow was
higher than 500,000 dollars [57]. Lentivirus vectors
can produce transgenic animals more efficiently in
some species and at a lower cost, but they still suffer
the former problems [58].

Transgenic animals should be tested to prove that
they are commercially viable [24]. They should be
tested for the trait that is the object of transgenesis,
because it should be proved that the transgene is
expressed in the animal and in the offspring for several
generations. They should be also tested for commercial
traits, since a transgenic line might be good for a trait
but might have a poor productivity for other economic
traits. The overall productivity should be evaluated.
Transgenic animals may have poor fitness, sensitivity
to diseases for which non-transgenic animals are resis-
tant and poor performances in other traits that might
affect longevity; it is also frequent that transgenic
animals have reproductive problems.

Once the major gene has been transferred in an
animal, a whole population or line having this gene
has to be constituted. In the nucleus-multiplier
scheme, inbreeding depression will increase when cre-
ating the transgenic nucleus, since mating with relatives
during several generations are needed to spread the
gene [59]. The process of evaluation of transgenic ani-
mals, and the diffusion of the transgene in a line,
increases the genetic lag between the transgenic line
and the commercial lines, due to the genetic improve-
ment made during this time by its competitors. Diffu-
sion of a transgenic animal in dairy cattle, in which
a world nucleus of selection is much higher than in
prolific species, and generation interval is large due to
progeny testing (6 years), has also been studied. It has
been calculated that in a population of 10,000,000
cows, three generations later after the introduction of
the transgenic founder (18 years later), the presence of
the gene in the population would be between 1% and
4% [60]. The genetic lag produced, the fact that
a transgenic animal may be genetically inferior for
other traits not controlled by the gene transferred, the
complications of the processes and the scarce number
of gene candidates for being transferred, makes
transgenesis little attractive, even if it would be a less
expensive and more successful technique [24].

Genetic Markers and Genomic Selection Genetic
markers are parts of the DNA molecule that can be
identified in individuals. They may be close to a gene
of interest, so they can be used to select the favorable
version of a gene affecting a quantitative trait. Genes
controlling a quantitative trait are called QTL (quan-
titative trait loci), and occasionally they can have
a large effect and can be selected with the help of
a marker. However, generally quantitative traits are
controlled by many genes with small effects, thus the
effectiveness of markers has been rather limited [25].
The situation has dramatically changed since it has
been possible to obtain a large number of markers at
low cost and since they can be associated to many of the
genes controlling traits even having small effects. There
are several types of markers; the simplest one is the
Single Nucleotide Polymorphism (SNP), which marks
a place in the genome in which there is variability in
a single nucleotide. Nowadays there are microchips
allowing detection of about 50,000 SNPs in a genome;
the number of SNPs that can be easily detected is
increasing to 500,000 and soon it will be possible to
genotype the whole genome of livestock species at
reasonable prices. Prediction equations can be fitted,
in which a set of SNPs will be used for predicting
breeding values. Taking data from 1,000 to 4,000 ani-
mals (calling this training population), the model to be
fitted can be

y = by +bix; + byxy + bsxs + - - - 4 bsg 000 X50,000

where X, X,, . . ., X50,000 are the variables indicating the
presence of one polymorphism (AA, Aa, aa) of each
SNP (usually indicated by 1, 0, —1, or by 0, 1, 2), and
bl; bzy ..

estimated. These equations cannot be solved by least

.» bso 000 are the regression coefficients to be

squares given the high number of SNPS in relation to
the data available for the prediction, and Bayesian
techniques should be used. The use of prior informa-
tion allows solving these big equation systems, and
depending on how prior information is included, the
Bayesian methods differ [61]. This method can also be
used for several traits [27]. Many of these SNPs are
noninformative, and there are some techniques to
select only informative SNPs [61, 62]. There is now
a promising research area for selecting informative
SNPs for prediction, often using nonparametric statis-
tics [62].
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Animal Breeding Methods and Sustainability. Figure 5
Loss of accuracy of genomic selection on parameters a, b,
and k of Gompertz growth curve. Selection acts on trait a,
and the loss of accuracy of traits b and k are due to
genetic correlations with trait a (From Blasco and
Ibdnez-Escriche [27])

Genomic selection has been proposed for traits that
are difficult or expensive to measure (e.g., adult weight
[24], index of conversion [63], mortality [64]). It has
also been proposed in dairy cattle, in which the traits of
interest are expressed in dams but selection acts mainly
in sires, and the generation interval is very long [65]. It
may be useful for other traits like litter size, difficult to
select due to their low heritability, but studies are
needed to determine its usefulness in these cases,
because very low heritabilities will give poor prediction
equations since the records will then be determined
mainly by the environment.

A main problem of genomics is that the association
of SNPs with the genes responsible of the trait quickly
disappears in few generations of selection, thus the
prediction equations have to be reestimated and new
training populations are needed. Figure 5 shows an
example of the loss in accuracy of the prediction of
genetic values. It can be observed that accuracy is
practically halved in four generations of selection.

This limits the use of genomic selection in current
programs, because in some species the generation
interval is short (6-9 months in rabbits or hens,
1 year in pigs), and a continuous reestimation can be

difficult or expensive. Finding when and how genomics
can be included in current genetic programs is one of
the most important research areas nowadays.

Future Directions
The Future Evolution of Methods and Schemes

Prediction of breeding values from records seems to be
well established with the methods briefly exposed in
section “Statistical Methods of Selection” and it does
not seem that dramatic changes will occur in the future
at short or medium term. The revolution in methods
for estimating breeding values is in the area of geno-
mics. The possibility of having information from sev-
eral thousands of markers at a reasonable price, now
from several hundred thousands and in the near future
from the whole genome, has brought the problem of
how to manage all these data, and prediction methods
are examined from other areas of knowledge as artifi-
cial intelligence, using nonparametric or semi-
parametric methods, Bayesian methods, etc.

Schemes of selection are also changing due to the
globalization of the market of genes. Today the best
cows of the world are not dedicated to produce milk
but embryos that are sexed, frozen, and commercial-
ized. Some of the deficiencies of current dairy cattle
programs such as long generation intervals can be
partially solved by using genomic selection and having
a quicker and better evaluation of the bulls being tested.
Larry Schaeffer suggested that genomic evaluation can
substitute progeny test, dramatically shortening gener-
ation intervals [66], but it is doubtful that farmers will
accept genomics evaluation as they accept now tests
mainly based in offspring records [65]. It can also
happen that private companies will compete with
others or that breeders can organize brands in which
semen is not identified, like in pigs, as Maurice Bichard
suggests [67], but it looks unlikely, since farmers like to
perform their own genetic improvement at farm level
by buying semen from accurately tested sires. Poultry
genetics is now in the hands of two large holdings, and
the only change envisaged in their structure is related to
possible troubles with laws about competence. Pig
companies tend also to be bigger, but they will probably
coexist with nucleuses of smaller companies well
established in local markets, and with large pig pro-
duction companies producing parental stock for
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Genetic values of sires and cows in USA in the last 50 years (From USDA http://aipl.arsusda.gov/eval/summary/trend.cfm)

themselves. Both pigs and poultry companies will
introduce genomics in their programs not only as a
complementary tool for selection but also as
a commercial strategy, using modern methodologies
as an added value to their products. The interest in
meat quality traits and quality of animal products will
probably increase. Companies will also stress the sus-
tainability of their productions and the good welfare of
their animals, thus there will probably be an increasing
interest in traits like robustness and disease resistance.
The new emphasis in sustainability will give impor-
tance to breed conservation programs, which will
receive more attention and will get substantial public
funds. Nevertheless, no dramatic changes in objectives
are envisaged in the near future. Changes in genetic
objectives are slow and the product of the selection
arrives with delay to the market, thus this prevents
short-term selection policies.

The Limits to Genetic Progress

The theory of selection limits was developed by Alan
Robertson (1920-1989) [68]. Classic quantitative
genetics theory predicts the extinction of genetic vari-
ability by selection, and consequently the end of genetic
progress. Frequencies of favorable genes increase with
selection until they are close to 100%, and the genetic
response is necessarily low, or genes are fixed by genetic
drift, which occurs more likely when they are at high or
low frequencies and when the selected population is

small. Mutation can introduce new genetic variability,
but useful mutations are rare and they were disregarded
in the classical theory of limits of selection. A decline in
genetic response is thus expected until genetic variabil-
ity is exhausted, and some experiments arrived to
a plateau after showing response to selection along 20
or 30 generations in drosophila [69] and mice [70].
However, there is little evidence of any loss of genetic
variability in commercial populations [71, 72]. Herita-
bility of milk production in dairy cattle is not decreas-
ing with time but augmenting! [73] and this is not only
due to a better control of environmental variance or
methods of correction, but also to the continuously
maintained response to selection in the last 50 years
(Fig. 6).

Long-term genetic responses have been observed in
both plants and animals, and there are several examples
of continuous genetic progress in all livestock species.
A part of the success of the phenotypic trends observed
in animals is due to improvements in nutrition, but
when comparing chicken broilers fed with food as
prepared in 1957 and as prepared in 2001, most of the
observed differences are due to genetic improvement
[74]. Figure 7 shows carcasses of poultry from an unse-
lected line and a selected line of the same company, fed
with modern food.

Broilers show a continuous growth, egg mass pro-
duction continuously increases, pigs’ lean growth selec-
tion has dramatically decreased the amount of fat of
the carcasses, and in general all selection programs
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Carcasses of 1957 and 2001 of an unselected and a selected
line of poultry fed with the same food [75]

continue having success [72]. The reasons for this
apparent non-limits to selection are selection pressure
on genes produced by mutation (which has
a heritability of about 0.1% [72, 76]) or epistatic inter-
actions, but even when epistatic interactions are impor-
tant, additive variance typically accounts for over half,
and often close to 100%, of the total genetic variance
[77]. Bill Hill moved further the classical theory of
limits of selection showing how new mutations with
selective advantage can increase genetic variability [78].
An experiment corroborating the theory showed how
totally homozygous lines produced artificially in dro-
sophila melanogaster could recover genetic variability
by selection [79].

Are there limits to the genetic progress? Some traits
have biological limits but still genetic progress can be
obtained acting on related traits, for example, it is not
possible to produce more than one egg per day, but it
is possible to increase the laying period, and most of
the new response to artificial selection in egg mass
comes from this [72]. Highly productive animals
can increase the incidence of pathological problems
like ascites in broiler chicken or fertility in dairy
cattle, but selection on these unfavorable traits [80]
or crossbreeding [36] can be performed to continue
the progress. Selection including traits different from
strictly productive ones should be considered to avoid
undesirable consequences of the continuous genetic

progress
(e.g., traits measured in percentage, like survival,

[81]. Apart from some obvious limits

cannot surpass 100%), it seems that genetic response
can be directed to overcome the biological limits
presented when selection acts only in one or few pro-
ductive traits.
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Glossary

Bayesian inference Statistical inference approach
based on the combination of prior information
and evidence (i.e., observations) for estimation or
hypothesis testing. In Bayesian analysis the prior
information is updated with the experimental data
to generate the posterior distribution of unknowns,
such as model parameters. The name “Bayesian”
comes from the use of the Bayes’ theorem in the
updating process.

Breeding value A measure of the genetic merit of an
individual for breeding purposes.

Genetic correlation The correlation between traits
that is caused by genetic as opposed to environ-
mental factors. Genetic correlations can be caused
by pleiotropy (genes that affect multiple traits
simultaneously) or by linkage disequilibrium
between genes affecting the different traits.

Genomic selection Genomic selection is a form of
marker-assisted selection in which genetic markers
covering the whole genome are used such that all
quantitative trait loci (QTL) are in linkage disequi-
librium with at least one marker.

Heritability (narrow sense) The fraction of the phe-
notypic variance that is due to additive genetic effects.

Infinitesimal genetic model A genetic model that
assumes that a trait is influenced by a very large

(effectively infinite) number of loci, each with
infinitesimal effect.

Linkage disequilibrium Nonrandom association of
alleles at two or more loci, leading to combinations
of alleles (haplotypes) that are more or less frequent
in a population than would be expected from
a random formation of haplotypes from alleles
based on their frequencies.

Mixed models A mixed-effects model (or simply
mixed model) is a statistical model containing
both fixed and random effects. Such models
are useful in a wide variety of disciplines in
the physical, biological, and social sciences,
especially for the analysis of data with repeated
measurements on each statistical unit or with mea-
surements taken on clusters of related statistical
units.

Population genetics The study of allele frequency dis-
tribution and change under the influence of the
four main evolutionary processes: selection, genetic
drift, mutation, and migration.

Quantitative genetics The study of complex traits
(e.g., production and reproductive traits, disease
resistance) and their underlying genetic mecha-
nisms. It is effectively an extension of simple Men-
delian inheritance in that the combined effect of
the many underlying genes results in a continuous
distribution of phenotypic values or of some under-
lying scale or liability thereof.

Definition of the Subject

The term Animal Breeding refers to the human-guided
genetic improvement of phenotypic traits in domestic
animals such as livestock and companion species [1].
Animal breeding is based on principles of Quantitative
Genetics [2—4] and aims to increase the frequency of
favorable alleles and allelic combinations in the popu-
lation, which is achieved through selection of superior
individuals and specific mating systems strategies.
Selection methods and mating strategies are developed
by combining principles of quantitative and popula-
tion genetics with sophisticated statistical methods and
computational algorithms for integrating phenotypic,
pedigree, and genomic information, along with the
utilization of reproductive technologies that allow for
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larger progeny cohorts from superior animals as well as
shorter generation intervals.

Through selection and mating of superior animals
the frequency of favorable alleles is increased, so the
overall additive genetic merit of a population is
increased through successive generations [5]. Selection
can be regarded as the most important tool for the
improvement of lines or breeds within a specific species
in terms of additive genetic effects. Such lines or breeds
can be then intermated such that nonadditive genetic
effects such as dominance and epistasis can be
exploited through specific inter- and intralocus allelic
combinations [1-4].

The theoretical foundations of population and
quantitative genetics can be traced back to the work
of R. A. Fisher, J. B. S. Haldane, and S. Wright. The
rational animal breeding has its origins in the work of
J. L. Lush, who made substantial contributions to ani-
mal genetics and biometrics research and is generally
referred to as the father of modern scientific animal
breeding [1].

More recent theoretical developments in popula-
tion and quantitative genetics have been fostered by
researchers such as C. C. Cockerham, C. W. Cotterman,
J. F. Crow, W. J. Ewens, W. G. Hill, M. Kimura,
G. Malécot, T. Nagylaki, and B. S. Weir, among others.
A landmark in the area of animal breeding and genetics
is the development of mixed model methodology, first
proposed by C. R. Henderson, which has been used
extensively in many applications in the field, ranging
from breeding value prediction under the infinitesimal
assumption to gene mapping and segregation analysis.
Most recently, Bayesian methods, Monte Carlo, and
resampling techniques have been employed to fit and
evaluate complex models in different contexts, includ-
ing nonlinear systems, generalized models, survival
analysis, and situations in which the number of
parameters or covariates surpasses the number of
observations, such as in association analysis and
whole-genome marker-assisted selection using high
density panels of single nucleotide polymorphism
(SNP) markers.

Introduction

Since domestication, artificial selection has greatly

changed the shape, size, and production and
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Average growth curves of commercial broilers. Blue and red
lines represent birds with “2001” and “1957” genetics,
respectively. Solid and dashed lines represent birds fed
diets typical of 2001 or 1957, respectively (Adapted

from [6])

reproduction performance of livestock and companion
animal species. For example, there is an incredible
diversity of canine breeds — and between dogs and
their wolf ancestors — from differences in overall
appearance to behavior and their ability to perform
specific tasks. Although to a lesser degree, the same
can be observed in many other companion animal
species, such as cats and horses. With livestock species,
tremendous genetic changes have been accomplished as
well, markedly in the last 50 years or so. For example,
Fig. 1 depicts the average growth curves of broilers
from selected and control populations. These results
refer to a population of birds selected for over 40 years
for increased growth rate and another population kept
without artificial selection, with both groups derived
from the same base population, starting in 1957 [6]. In
the experiment presented in Fig. 1, the two groups of
birds were fed diets typical of 1957 and 2001, such that
the interaction between genetics and feed, as well as the
genetic contribution to the phenotypic differences
observed, could be assessed. It is seen that the 2001
genetics group presented an average body weight of
about 4 kg at 56 days of age, while its 1957 counterpart
weighed only 800 g or so. Moreover, it is shown that
85-90% of this fivefold improvement is accounted for
by genetics with the remaining 10-15% to nutrition.
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Genetic trend for milk yield in the US Holstein and Red and
White populations. Males and females average breeding
values are in blue and red, respectively; genetic base refers
to cows born in year 2005 (Source: AIPL — USDA; http://
www.aipl.arsusda.gov/)

Similar levels of genetic improvement can also be
observed in many other species, such as swine, beef and
dairy cattle, and some species of fish. For example, as
illustrated in Fig. 2, the average breeding value for milk
yield in the US Holstein, and Red and White
populations has increased over 3,500 kg in the last
50 years.

Such genetic improvements have been accom-
plished mostly through the selection and breeding of
superior animals, which can be chosen using specific
statistical methods such as those discussed on the fol-
lowing sections. In this chapter, the discussion will
focus on methods developed for normally distributed
(Gaussian) traits, under the infinitesimal assumption,
i.e., that traits are affected by a large (virtually infinite)
number of genes of small effects [2—4], although this
assumption is somewhat alleviated in marker- assisted
selection, which is discussed later.

Principles of Selection
Basic Genetic Model for Quantitative Traits

The basic genetic model can be expressed as [2, 3, 7]:

yi=p+gte (1)

Probability density, f(y)

T T
-30y, -20, -oOy u +0y +20, +30y

Phenotypic value (y)

Animal Breeding, Foundations of. Figure 3
Probability density function of a normally distributed
trait with mean p = E[y;] and variance of, = Varlyj], i.e.,
Yi ~ N(u, o))

where y; is the phenotypic value of animal i (i.e., the
animal’s performance for a specific trait); p is the
population mean (average performance of the ani-
mals); g is the genotypic value of the animal, expressed
as a deviation from the mean; and e¢; is a term
representing environmental factors affecting the ani-
mal’s performance, also expressed as a deviation from
the mean. Hence, it is assumed that E[g] =0 and
E[e;] = 0, such that E[y;] = p, where E[.] represents
the expectation function. Moreover, the variance of y;
is given by Var[ y;] = 0} = 0} + 77, where ¢; = Var|g]
and ¢2 = Varle;] are the genetic and environmental
variances, respectively. Normally distributed traits,
i.e., phenotypic traits with a bell-shaped distribution,
are generally represented as y; ~ N |( u, ai). Such dis-
tribution has a probability density function that can be
described as [2, 4]:

f0) =—= exp{—z%m—uf}
\/2mo;, oy

for —oco<y; <oo, —oo<pu<oo, and 0}2,>0,
which can be represented as in Fig. 3. To simplify the
notation used throughout the text, it is noted that
either random variables or their realizations will be
represented with lower case letters. However, the con-
text should make it clear to the reader when a letter
represents one or the other.
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The genetic component g of Model (1) can be
partitioned into additive (a;) and nonadditive (¢;)
genetic effects, i.e., g& = a; + ¢;, where a; is also called
“breeding value,” and ¢; refers to the “gene combina-
tion value,” which encompasses interaction effects
between alleles within each locus (i.e., dominance
effects) or between alleles in different loci (i.e., epistatic
effects).

Hence, Model (1) can be expressed as:

yi=htaitcte (2)

where a; ~ N(0,6%), ¢; ~ N(0,02), and e; ~ N(0,62),
with all these terms assumed independent from each
other. The phenotypic variance can be then expressed
as Varly] = o) = 0, + 0] +0;, from which two
important definitions are derived. The first one is called
broad szense i heri;abilit?f, gi'ven by H?= .0'2, / 0'}2,,

7 = 04+ 0¢, which gives the proportion of
the phenotypic variance that is due to genetic effects.
The second, called narrow sense heritability, refers
to the specific contribution of additive genetic effects
to the phenotypic variance, ie, I =0}/0;.
These two quantities, particularly narrow sense
heritability, will be further discussed and used in the
next sections.

where o

The breeding value of an individual (g;) is equal to
the sum of additive effects of individual alleles within
and across loci, and it is sometimes called “additive
genetic deviation” or “additive genetic effect.” Because
individual alleles, and therefore independent allele
effects, are passed from parent to offspring, the breed-
ing value of an individual is important for predicting
its progeny’s performance and so it is central to selec-
tion of superior animals [1, 3]. The gene combination
value (¢;) is the difference between the genetic merit
(¢) of an animal and its breeding value, ie.,
¢ = g — a;, so it is often called “nonadditive genetic
deviation.” Because the component ¢; involves interac-
tions between alleles (both within and between loci),
and only a single allele (as opposed to a pair of alleles)
in each locus is transmitted from parents to offspring,
nonadditive effects are not transmitted in a predictable
manner. Hence, while average breeding value in a pop-
ulation can be changed through selection of superior
animals, the gene combination value should be
explored through specific mating systems. Here, the
discussion will focus on selection approaches and the

genetic improvement of a population in terms of addi-
tive genetic effects only. For a discussion on mating
systems, such as inbreeding and outbreeding strategies,
see for example, [1, 7, 8]. Additional discussion on
inbreeding depression and heterosis (or hybrid vigor)
can be found in [3, 4].

As discussed previously, the breeding value of an
individual is equal to the sum of its independent allele
effects. Because a parent passes a random sample of half
of its alleles to its progeny, an animal’s breeding value is
twice what is often called “transmitting ability” or
“expected progeny difference” [1, 5]. The expected
breeding value of an offspring (a,) is then equal to
the average of its parents’ breeding values (the same
as the sum of its parents’ transmitting abilities), i.e.,
E[a,]as, aa) :%, where a; and a; represent the
(realized) breeding values of the offspring’s sire and
dam, respectively. However, there will be variability in
terms of breeding values within a full-sib family
because of the random sampling of parents’ alleles
that each offspring receives, the so-called Mendelian
sampling [4].

The breeding value of an individual can be
expressed as a function of its parents’ breeding values
as a, = 0.5a, + 0.5a4 + 0, where 0 refers to the Men-
delian sampling component. It is interesting to notice
that the variance of breeding values in a specific gener-
ation is equal to Var[a,] = 0.25Var[a] + 0.25Var[ay]
+Var[d]. Assuming the same additive genetic vari-
ance across generations and for both sexes (ie.,
Var[a,] = Var[a,] = Var[as] = ¢2), it is shown that
the Mendelian sampling variance is equal to half the
additive genetic variance, i.e., Var[d] = 02 /2.

Phenotypic Selection

The most traditional approach of genetic improve-
ment of livestock (and more generally any domestic
animal or plant species) is based on selection of ani-
mals with the best performance, or “phenotypic selec-
tion” [1-4]. Accordingly, given a group of animals
supposedly reared in similar environmental condi-
tions, only those with the highest performance are
allowed to breed to produce the next generation. As
discussed previously (Model 2), the performance of
each animal is a combination of its breeding value
and all other nonadditive genetic effects and
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Animal Breeding, Foundations of. Figure 4

Scatter plot of breeding values versus phenotypic values. Each dot represents a specific animal and those colored in red
are selected animals with performance (i.e., phenotypic value) above a specified threshold (). S and R represent the
average phenotypic and breeding values of the selected (top) animals, respectively

environmental factors, such that a superior perfor-
mance does not always represent superior breeding
value. Nonetheless, whenever ¢2 > 0, there will be
a positive correlation between performance and breed-
ing value, and the effectiveness of phenotypic selection
(i.e., selection response) will increase with such
correlation.

To illustrate this concept consider Fig. 4, in which
a scatter plot of breeding values and phenotypes (cen-
tered on zero, i.e., y; — ) for a few fictitious animals is
presented. As indicated before, in this chapter the dis-
cussion will be focused on selection approaches and the
genetic improvement of a population in terms of addi-
tive genetic effects only, such that Model (2) can be
conveniently reexpressed as:

yi=ptaite (3)

where ¢; = ¢; + ¢; represents all nonadditive genetic
and environmental effects affecting the phenotypic
value y;, assumed ¢; ~ N(0, g2).

Assuming that each effect in Model (3) is indepen-
dent from each other, the covariance between pheno-
type and breeding value is given by:

Covly;, a;] = Covlu + a; + &, a;] = Var[a;] = o2,

such that the correlation between phenotype and
breeding value is:

_ Covly,a] a2 _%_ i,

Ty = = =
- Var|y;|Var[a;] 0y0a 0y

i.e., the square root of the (narrow sense) heritability.

As the breeding values of animals are unknown in
practice, what phenotypic selection does is to predict
(or estimate) the animals’ breeding values based on
their own performance. The prediction is based on
the regression of breeding values on phenotypes, and
the regression coefficient (slope) is given by:

_ Covly,a] o

2
SOVUL Gl %a
HY Varly 7}

b = 1.

This means that an animal’s estimated breeding
value (EBV) based solely on its performance (and
with a single measurement only) can be expressed as:

a; = I (yi — ).
The correlation between such EBV (which
is a linear transformation of y;) and the true breeding

L 22 .
- CO"A[“”“J =% =}, which
\/Var[a,-]Var[a,v] \/h ool

value (a;) 1S 13,4,
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is generally referred to as “prediction accuracy”
in the animal breeding literature [5]. The square of
the accuracy in this case is equal to the heritability of
the trait and is often called “prediction reliability.”
The prediction accuracy (and consequently the reliabil-
ity) can be increased by using additional sources of
information on an animal (such as repeated mea-
surements of the trait or performance of progeny and
other relatives) when estimating its breeding value.
An example is with selection indexes and mixed
model methodology, which will be discussed later in
this chapter.

As indicated in Fig. 4, the selected animals (i.e.,
the best performing animals) will have an average
phenotypic value equal to S and an average breeding
value equal to R. The expected average breeding value
(and also the expected phenotypic performance)
of the progeny of the selected animals is also R, as
illustrated in Fig. 5, and the ratio R/S is equal to
the heritability (h*) of the trait under selection. The
genetic progress after one generation of selection is
then given by:

R = 1S,

where R = pyp — pand S = ug — u, with pp, g, and p
representing the average phenotypic performance of
the progeny (generation 1), of the selected animals,
and of the selection candidate (generation 0)
populations, respectively.

The selection differential (S) can also be expressed

Bl s called “selection inten-

as S = io,, where i = :
sity,” and represents the selection differential in terms
of phenotypic standard deviations. In addition, as R
represents the genetic progress expected in a single
generation of selection, the genetic improvement per
unit of time is then given by R* = R/L, where L is the
generation interval. Hence, the expected genetic pro-
gress when phenotypic selection on a single trait is
employed is [1, 3]:

Iy
h*ia,

R =
L )

which, given that ¢, = 0, /h, can be expressed also as:

R — hiaa.
L

Probability density; f(y)

Phenotypic value (y)

Animal Breeding, Foundations of. Figure 5

Probability density of the distribution of phenotypic values
in the candidates-for-selection (red) and the progeny (blue)
populations. The candidates-for-selection group
represents the parental population (or generation 0), from
which the top performing animals (above the threshold t)
are selected and mated to produce the next generation, or
progeny (generation 1). The difference between the
phenotypic average of the selected animals and that of the
generation 0 is called selection differential (represented
by $), and the difference between the phenotypic mean of
the progeny and that of the generation 0 is called genetic
progress, or genetic response (represented by R)

This equation is a special form of the so-called
“breeder’s equation” (or “key equation”), for the case
of phenotypic selection. In its general form, the
breeder’s equation is expressed as [5]:

*

Accuracy x Intensity x Variation

)

Generation interval

meaning that the genetic progress per unit of time is
proportional to the accuracy of breeding values predic-
tion, to the selection intensity, and to the genetic var-
iation, and inversely proportional to the generation
interval.

Hence, to increase the genetic progress in a popu-
lation (e.g., breed or line) through selection, animal
breeders (and similarly plant breeders) work to
improve the four components of the equation above.
As the genetic variability is a natural characteristic of
a population and cannot be easily changed, genetic
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progress is generally incremented by improving predic-
tion accuracy (e.g., by using specific statistical tech-
niques to combine different sources of information
regarding the animals’ genetic merit), by increasing
the selection intensity, and by shortening the genera-
tion interval, which can be accomplished using molecu-
lar genetics techniques (e.g., the use of marker-assisted
selection) and biotechnology approaches (e.g., artificial
insemination).

It is important to mention that the breeder’s equa-
tion discussed here can be extended for more complex
scenarios, such as when males and females contribute
differently for some components of the equation [5].
For example, prediction accuracies and selection
intensity are generally higher for males if artificial
insemination is used. Another important issue to
mention here is that selection not only shifts the
mean of the breeding values in a population but
also changes the genetic variance (and heritability).
A primary cause of the change in genetic variance is
due to the fact that selected parents represent one tail
of the phenotypic distribution, therefore their pheno-
typic variance is smaller than that of the whole
candidates-for-selection population. This leads to
a reduction in both the phenotypic and additive
genetic variances in the progeny population, which is
known as the “Bulmer effect” [2]. In addition, as
selection modifies allele frequencies toward the fixation
of favorable alleles, selection in one direction over
many generations is also expected to reduce the genetic
variation. Additional discussion on effects of selec-
tion on variance and other short-term and long-term
consequences of artificial selection can be found, for
example, in [2, 3].

In the remainder of this chapter specific statistical
techniques (such as the selection index, BLUP, and
genomic selection) for the improvement of accuracy,
intensity, and generation interval, and consequently
the increase of genetic progress from artificial selection,
will be discussed.

Correlated Response and Indirect Selection

If two traits x and y are genetically correlated, direct
selection on one of the traits (say y) will also cause
a genetic change in the other trait (trait x), which is
called “correlated response” [3]. Correlated response to

selection (Ryay), that is, genetic change in trait x as
a consequence of direct selection on trait y, can be
predicted by:

Rxoy = bxoyRya

where R, is the genetic progress of trait y through direct
selection on itself, and by,, is the genetic regression
coefficient, given by:

where Cov(ay, a,) is the genetic covariance between
traits x and y.

The genetic correlation between two traits xand y is
given by:

_ Cov(ay, a,)

pa \a, ’
o 04,04,

such that Cov(ay, a,) = p, , 04,04, and the genetic
regression can be expressed as:

Using this term, and recalling the selection response
formula discussed before, given by R, = h,i,g,, the
correlated response can then be expressed as:

O’u( . .
Ryey = Paya, o hyiyo,, = Pay,a,0a hy iy,
ay

or, given that ¢, = h,0,,, it can be finally written as:
Riey = Paya, hihyi,oy,. .

Such an equation can be used either to monitor
potential genetic changes in correlated traits when
performing direct selection on a specific trait of
economic importance or, alternatively, to explore
indirect selection strategies using indicator traits [5].
The latter use may be of interest when a trait of
economic importance (e.g., trait x) is difficult or
expensive to measure, or it is expressed later in an
animal’s life, so it may be advantageous to select on
a correlated trait (e.g., trait y), which would be the
indicator trait. To assess the effectiveness of indirect
selection relative to direct selection, one may look at
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the ratio of expected genetic progress per unit of time
in each scenario, i.e.,

Reey  Paa,0a hyiy /L, _ Paa, hyiy Ly
R, hyixoa, /Ly hyicL,
hy iy, L,

Paca 3 1,

So, it can be seen that this ratio can be higher
than 1 (meaning that the indirect selection is more
effective than the direct selection) depending on
the genetic correlation between the economic and the
indicator traits, the ratios of their heritabilities, and
their potential selection intensities and generation
intervals.

Selection Index

In section “Phenotypic Selection,” selection based on
a single measurement on each animal was discussed.
However, it is not always possible to observe the phe-
notype for all animals, such as traits that are expressed
in only one sex or that require the sacrifice of animals to
be measured, etc. In addition, even when it is possible
to measure the phenotypic trait in each animal, infor-
mation from relatives can be used to obtain earlier or
more reliable predictions of breeding values. In this
section, the prediction of breeding values using differ-
ent sources of information (e.g., multiple measure-
ments of the trait in each animal and progeny
performance) will be discussed and a methodology
(the selection index) that combines multiple sources
of information into a single prediction for each animal
will be presented.

When multiple measurements of the same trait are
recorded (e.g., milk yield in multiple lactations), breed-
ing values can be predicted using the average of obser-
vations (y;) from each animal as a; = by.ep, (7i — 1)
However, to derive the genetic regression of breeding
value on average phenotypic value, Model (3) must be
expanded to include an additional term, which is
discussed next.

It can be shown empirically that the covariance (or
resemblance) between repeated measurements on the
same animal is larger than ai, which is what would be
expected under the assumptions of Model (3). This
additional source of covariance between records for
the same animal refers to environmental factors that

affect all records similarly, the so-called “permanent
environmental effects” [1, 4]. Under these circum-
stances, the Model (3) can be extended to:

Yij = U+ ai+ pi + & (4)

where y;; represents the observation j (j = 1,..., n;) on
animal i, with »; being the total number of records on
animal 3 pand a; ~ N(0, afl) are as defined previously;
pi refers to the permanent environmental effects affect-
ing records on animal i, assumed p; ~ N(0, ai); and
&j ~ N(0,07) represent residual effects (nonadditive
genetic and temporary environmental effects) associ-
ated with observation yj. In addition, it is assumed
that all random terms in Model (4) are independent
from each other, ie, Cov(a;,p;)=Cov(aje;j)=
Cov(pi,&ij) = Cov(gjj,eiy) = 0 forany i, j,and j (j # j).

Under these settings, the average phenotypic value
of an animal is given by y; = u + a; + p; + &;;, where

n;i

& =-L% ¢ such that its variance is given by
1 ]:1

Var[y;] = o} + 0 + 07 /n;, and the covariance between

a; and ; is Cov(a;, ;) = o2. In this case, the regression

of breeding values on phenotypic means is given by:

_ Covla;,y,] o’

baey. = = .
“ T Varly) oi+ 0} +o/n

An important definition related to repeated mea-
surements refers to repeatability (r), which is given by
the intraclass correlation, i.e., the ratio of the within-
individual (or between repeated measurements) to the
phenotypic variances [1, 4]:

2 2 2 2

r_aa—i—op_ aa—i—ap
- 2 52 2 27
ay 0, +0,+0;

and measures the correlation between records on the

same animal.
2
1 — _ O
Noting that r. =1 Froirol’
average phenotypic value of an animal can be expressed

the variance of the

as a function of the repeatability as Var[y] =
[r+ (1 —r)/njo}, such that the genetic regression
becomes:

o2 n;h?

b S Al 1+ (-

The prediction accuracy in this case, ie., the
correlation between an animal’s estimated breeding



66

Animal Breeding, Foundations of

value using repeated records and its true breeding
value is given by:

COV(?h ai)
Var(y;)Var(a;)

/ n;
=h |——————=/buey..
1+ (m—1)r ey

Hence, it can be seen that compared with single
record phenotypic selection, there is a gain in accuracy
when predictions are based on repeated records and
that the gain will depend on the values of r and n;;
higher gain in accuracy is obtained when r is low and
when #; is high.

Another alternative to predict breeding values is to

Taia; = Ty,ai =

use progeny performance, which is often employed
for predicting breeding values of males for traits
where records can be obtained only on females, such
as milk yield. For example, let ; be the average of single
records on n; progeny of sire i, and assume that the
sire was mated to a random sample of females not
related to him. In this case, each progeny record can
be expressed as:

1 1
Yii :ﬂ+5ai+zdij+5ij+51j,

where g; is the breeding value of a specific sire 3 d; is
the breeding value of dam j (j = 1,..., n;) mated with
sire i; and d;; and ¢;; refer to the Mendelian sampling
and residual (environmental) components associated
with the observation y;;. Using this notation, the fol-
lowing model can be used to describe the progeny
average of sire i:

1 1- =
j/i:,u""zai‘i‘idi‘i‘éi"‘éi (5)
n; _ n; _ n;
where y; = ,%Z)’ij’ di= n%z dij, 0; = n%z dj, and
=1 i=1 i=1
n; — —
& =& Given that E[d;] =0 and E[0;] = 0, the
i=1

breeding value of sire i can be then predicted by
4j = bgep.(yi — 1), where b,e5 = Covla;, y;]/Var[y].
It is shown that:

Cov(a;, y;) = Cov(a;, a;/2) = 62/2

and
_ 1 1- <
Var[y,] = Var Eui+§di+5i+8i
1 1 2 2 2
= gi+_&+aa+&

71 4111' 2_711 n;
_ (ni+3)0; +40;
47’[,‘
(ni+3)F +4(1-H1) ,
= o
411,' Y
1—k
[ + p ]ay,

where k = h?/4 is the intraclass correlation between
half-sibs, such that the genetic regression coefficient is
given by:
a2/2
baioy = >
© k4 (1= k)/nio;
Wal/2
[12/4+ (1= /4)/ni]o]
o 2n,~h2
_4+(ni— 1)}127

and the prediction accuracy by:
oo = Coviai,y] hzaf,/Z
“/VarlaVarly)] ol (1K) /o

- nih2/4
1+ (m—1)k

. nihz
4+ (m—-1)K?

= bai'?;/zv

which approaches unity (one) as the number of prog-
eny records increases.

Up to this point, it has been discussed how breeding
values can be predicted using different sources of infor-
mation, such as an animal’s own performance (either
a single record or multiple measurements) or progeny
performance. Other sources of information that could
also be used are the performance of parents, sibling, or
other kinds of relatives. However, what generally hap-
pens is that multiple sources of information are avail-
able simultaneously, so the question becomes how to
best combine all the information in order to improve
prediction accuracy. Here, a classical approach will be
discussed, the “selection index,” and later on in this
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chapter a more general and modern alternative, based
on mixed model methodology, will be presented.
Consider, for example, that there are three sources of
information available on animal i (represented here as
¥i1> Vi2> and yi3, and expressed as deviations from their
means), so the goal is to predict the animal’s breeding
value with a linear combination of such information, i.e.,

a; = biyi + biyn + bizyis,

such that the prediction accuracy (i.e., correlation
between predicted and true breeding value) is
maximized.

Maximization of r;, ,, is equivalent to the maximi-
zation of log(rs,4,), which is generally easier to accom-
plish. The log correlation can be expressed as (here, to
simplify the notation, the index i indicating the animal
is dropped):

Oa,a 1 1
log(ra,q) = log Jatel| = log(044) =5 % — 5 7
a”a

where the covariance between a and a, and the variance
of a are given respectively by:

Oaa = b10y 0+ 020y, 0+ b30y, 4
and
aé :bfoil +2b1b,0y, , +2b1b30,,,
+B362 + 20,30, , + Vo2,

Substituting these expressions into log(r; 4), taking the
partial derivatives of log(r;,) with respect to each of
the regression coefficients b; (j = 1,2,3), and setting
them to zero, gives the following set of equations:

Olog(raa) _ Opa b6}, + 0,0y, 5, + b3ay,
ob, Caa o’

0log(r:.4) _ Oya bioy, ,, + bz(f}z,z + bya,, ,,
ob, a B ol

dlog(raa)  Opa bi6y, 5 + 20y, + b30'}2,3
Obs  Oaa 02

i a

which can be rearranged as:

2 _

blayl + b0y, ,, + b3oy,,, = ko, 4
2 _

bla}’l 2 + bzayz + b3aJ/z-)’3 - ka}’zyﬂ
2 _

by, y, + b0y, ,, + 1730y3 =koy,q

2
where k=03/04.

Extending the system for any number m of compo-
nents (i.e., sources of information), these equations can
be expressed in matrix notation as:

Pb = ke,
o2 g o
N Y)2 Y1 Ym
2 ..
Oy, Oy, Oy ym | . .
where P = is the covari-

a O' .« e 0'2

Yisym Y2sYm Ym

ance matrix of
b: [b],bz,...
cients (weights) of each source of information, and
c= [O-)'uﬂ’ Oyas -+
between each piece of information and the breeding
value of the animal, such that the weights b of the index

!
Y]
,by]' is the vector of regression coeffi-

the vector y=[y,,...

! . .
.,0y,.a) is the vector of covariances

a = b'y are given by b = kP~ lc.

It should be noted that the constant k does not
change the relative size of the regression coefficients b
or the value of r; 4, so it can be set to 1. In fact, if instead
of maximizing r; 4, the average square prediction error
E[a — a]’ is minimized, then o2 = 0, and the system
(usually called selection index equations) becomes:

b=Plc

The correlation between the index and the true

breeding value is given by 1., = 044/

\/0aaf0% =

252 —
0,0, =

Multiple-Trait Selection

Usually more than one trait is considered in a selection
program, as multiple traits may be economically impor-
tant in a production system (e.g., [9]). There are many
strategies for multi-trait selection, including the tan-
dem approach (which selects rotationally one trait at
a time) and the independent culling levels strategy
(which sets minimum performance levels for each of
the traits of interest), but they are generally suboptimal.

Here, the selection of a combination of multiple
traits evaluated in economic terms will be discussed.
Such a combination of traits is generally called “aggre-
gate breeding value” or “breeding objective,” and can
be expressed as [3]:

!
T=wa=wa +wa+ ...+ wa,
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where w = (w;, wa, ..., w)" is the vector of economic
weights (expressed as net economic value per unit of
trait) for k traits of linear economic value, and
a=(a,a,...,a) isavector of breeding values rela-
tive to the k traits defining T. Here again, to simplify
the notation, a subscript indexing the animal is
suppressed.

Suppose records are available for m traits, which
may or may not be included in the k traits describing
the breeding objective. The goal then is to predict T
based on the m traits observed, using the so-called
economic selection index. The theory of selection
index was introduced in the previous subsection as
a means of combining multiple sources of information
to predict breeding values for a specific trait. Here,
similar methodology will be considered, but will be
used to combine information from multiple traits to

predict an overall economic merit for each animal, i.e.,

T:I:v'y:v1y1+V2y2+...+vm)/m,

where T is the predicted overall economic merit of an
animal, v = (v, v,,...,v,,)" is the vector of weighting
factors, and y = (y1, 45, ..., ¥m) is the vector of phe-
notypic measurements.

An alternative for determining the weights
., vm) is to first predict separately
the breeding values a;, j=1,2,...,k for each
trait involved in the breeding objective, using
information from all the traits with measurements,
y= (31,9, --.,m). Afterward, such predictions are
substituted for the true breeding values in the breeding
objective equation, and then coefficients are grouped
accordingly.

v=(v,1,..

The breeding values a; for each trait can be
predicted by a; = byyi + bpys + ... 4 bimym in
which the weights are obtained as usual, to maximize
Ta,a; OF minimize E[a; — aj]’. The equations which
define the weights for the prediction of a; are then
given by:

" . . —
bjlayl + bjoy, oo Gy, = Oy

. 2 . _
bjiy, 4, + b120y2 + .ot b0y, = 0y

. . 2
bjoy, y, + bpoy,y, .+ b]maym = O0y,0

This procedure is repeated for all k traits in
the breeding objective, and the predictions

a=(ay,a,...,4a) are then substituted for the true
values a = (a;,a,,...,a;) in the aggregate breeding
value, i.e.,

T=wa +wa+ ...+ wia.

This overall index estimating T can be rewritten as
I=wy+vy,+ ...+ Ymym by using appropriate
multiplications and grouping of coefficients. It is
shown that each coefficient v; is given by
vi =wbyi +wbyi+ ...+ wib, withi=1,2,... ,m.

Another way of
, V) defining the economic selection
index I =v'y is to maximize the correlation rrj,
which will generate the following equations:

deriving the  weights

V:(Vl,Vz,...

2 _

V10, +Va0y y + oot VinOyy, = Oy T
2 _

Y10y, 3, + vzayz 4+ ...+ YOy, y = Oy, T

2
15Ym sYm - 'my
V1Oy y, T Y20y, 5, + -+ Vim0, = 0y, T

where ¢, r is the covariance between each measured
trait i (i=1,2,...,m) and the linear function
T = w'a, i.e., the aggregate breeding value. It can be
shown that both approaches for determining the
weights v = (vi, v, ..., v,) are equivalent.

Mixed Model Methodology
Introduction

Many statistical methods for analysis of genetic data are
specific (or more appropriate) for phenotypic mea-
obtained from planned experimental
designs with balanced data sets. While such situations
may be possible within laboratory or greenhouse exper-
imental settings, data from natural populations and
agricultural species are generally highly unbalanced

surements

and fragmented by numerous kinds of relationships.
Culling of data to accommodate conventional statisti-
cal techniques (such as those discussed to this point)
may introduce bias and/or lead to a substantial loss of
information. The mixed model methodology, on the
other hand, allows efficient estimation of genetic
parameters (such as variance components and herita-
bility) and breeding values while accommodating
extended pedigrees, unequal family sizes, overlapping
generations, sex-limited traits, assortative mating, and
natural or artificial selection.
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The single trait prediction methods discussed in the
previous section use only a single source of information
or, when multiple sources of information are available,
they require them to be split into independent sub-
groups, i.e., specific groups of relatives such as half-
sibs, full-sibs, progeny, etc. However, in practice the
data may be extremely complex due to the intricate
pedigree structure commonly found in livestock spe-
cies, e.g., beef and dairy cattle populations. Other draw-
backs of the selection index include an inability to
account for genetic trend over time and that the pheno-
types must be pre-adjusted for environmental effects,
which can be done, for example, using the average of
contemporary groups of animals. However, contempo-
rary group effects can be inferred only under the unre-
alistic assumption that they are genetically equal. Hence,
a selection index can be reliably applied only to individ-
ual animals within same herd and born in same year.

In view of such limitations, linear mixed models
(models including both fixed and random effects) and
best linear unbiased predictions (BLUP) of breeding
values were developed [10-12]. The BLUP methodol-
ogy uses performance information from all known
relatives to estimate breeding values, can be applied
to whole herds or large populations using data from
many years, and can also accommodate genetic differ-
ences between contemporary groups. Presently, mixed
models are widely used in many fields of science as
a flexible tool for the analysis of data where responses
are clustered around some random effects, such that
there is a natural dependence between observations in
the same cluster. Examples of applications of mixed
models in genetics and genomics include gene mapping
and association analysis (e.g., [13, 14]), and gene
expression assays using microarrays [15, 16] or
RT-PCR [17], to name a few.

In some applications of mixed models the central
objective is the estimation and hypothesis testing
regarding fixed effects (e.g., treatment effects in an
experimental study), in which case the random effects
(e.g., block effects) are nuisance effects. In animal
breeding, however, the main goal is the prediction of
realized values of random effects (breeding values of
animals), and the fixed effects are generally environ-
mental factors that should be taken into account to
adjust the observed phenotypic values. A third appli-
cation or goal of mixed models is the estimation of

variance components, such as genetic and environmen-
tal variances, or functions of them, such as heritability
and repeatability.

In this section some basics regarding mixed models
are briefly reviewed, with some emphasis toward the
prediction of random effects, and subsequently some
specific applications of the mixed model methodology
in animal breeding and genetics are presented.

A linear mixed-effects model is defined as:

y=XB+Zu+e (6)

where y is the vector of responses (observations), 8 is
a vector of fixed effects, u is a vector of random effects,
X and Z are known incidence matrices relate y to the
vectors B and u, respectively, and ¢ is a vector of
residual terms. Generally, it is assumed that u and ¢
are independent from each other and normally distrib-
uted with zero-mean vectors and variance—covariance
matrices G and 3, respectively.

As mentioned before, in animal breeding a central
goal refers to the prediction of random effects (breed-
ing values). In linear (Gaussian) models as in (6) such
predictions are given by the conditional expectation
of u given the data, i.e., E[u]y]. Given the model spec-
ifications above, the joint distribution of y and u is:

AN Xp vV ZG

(V) e 1)
where V=Z72GZ + 3.

From the properties of multivariate normal distri-
butions, E[ul]y] is given by:

E[uly] = E[u] + Cov[u,y'|Var™[y|(y — E[y]),
such that in this case:

Eluly] = GZ'V"!(y - XB)

=GZ/(ZGZ +3) '(y — XB).

This expression, however, depends on the fixed effects
values B, which also need to be inferred from the data.
The fixed effects are then typically replaced by their
estimates, such that predictions are made based on the
following expression:

i=GZ'V'(y—XB).

To estimate the fixed effects B, all random effects in
Model (6) can be combined into a single vector,
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& = Zu + &, such that the following fixed effects model is
obtained: y = X + &. It is shown that the expectation
of the ¢ term is E[¢] = E[Zu + €] = ZE[u] +E[e] = 0,
and that its variance is Var[§] = Var[Zu+ €] =
ZVar[u|Z + Varle] = ZGZ +3 =V. Under these
settings, the distribution of y is multivariate normal
with mean vector X3 and covariance matrix V, i.e.,
y ~ MVN(Xf,V), and the maximum likelihood esti-
mator of f§ can be shown to be:

B=XV'X)"'XVvly,

which is distributed as B ~ MVN(B,(XV'X)™).
If the design matrix X is not full column rank,
a generalized inverse of X V~'X must be used to obtain
asolution 8% = (X'V~'X)"X'V~y of the system, from
which estimable functions @ = LB are estimated as
0=1p8".

The solutions 8 and 1 discussed before require V="
As V can be of huge dimensions, especially in animal
breeding applications, its inverse is generally computa-
tionally demanding if not unfeasible. However, Hen-
derson [18] presented the mixed model equations
(MME) to estimate 8 and u simultaneously, without
the need for computing V~!. The MME were derived
by maximizing (for @ and u) the joint density of y and
u, expressed as:

. _ 1 /
ply.u) < 36l el =Sy~ X - zu
1
3y —XB - Zu) — Eu’G_lu}.
The logarithm of this function is:

¢ =toglply,w)] o< 5] + ]G]+ (y— XB — Zu)3 "
(y—XB—Zu)+uG 'u
=3 +|G|+y3 'y —2y3 'XB—2y'3 ' Zu
+B'X37'XB+2X'3 ' Zu
+0'Z'3 ' Zu+v'G lu

The derivatives regarding 8 and u are:

ag Ivi—1 1y —1 0 1y —1 7~

— X -X XB—-X V4

98| _ 3 y-X3TXB-X3Zu |
% 73 'y-7Z3'XB-7'3""20-G 'a

Equating them to zero gives the following system:

_[x37ly

X3 'XB+X3'za
- Z’Efly ’

Z3'XB+73'Za+G la
which can be expressed as:
x3'x  x37'z |[B]_[x=Yy
Z3'X 737'2+G7'] |a 737y |
known as the mixed model equations (MME).
Using the second part of the MME,

Z3'XB+ (23 '2+ G Ha=123"y,
such that

0= (Z3"'2+G6 ) 'Z3 (y - XB).

It can be shown that this expression is equivalent to
4 =GZ (2GZ +3) '(y— XB) and, more impor-
tantly, that @ is the best linear unbiased predictor

(BLUP) of u. Using this result into the first part of the
MME,

X3'XB+ X3 'za=X3"y
X3 'XB+X3'2Z3'2+GY)!
Z37(y-XxB) =Xy
B=(X[>"'-37"zz3'z+G6 ") 'z X} !
X' -3'z(zZy'z+6 ") 'zZ3 )y

Similarly, it is shown that this expression is equiv-
alent to B = (X'V'X) 'X'V-ly, which is the best
linear unbiased estimator (BLUE) of B.

It is important to note that ﬁ and u require knowl-
edge of G and X, or at least some function of them.
As these matrices are rarely known, the practical
approach is to replace G and 3 by some sort of point
estimates G and 3 into the MME.

Many methods have been proposed to estimate
variance components in mixed-effects models. The
simplest is the analysis of variance (ANOVA) method,
which works well for simple models (such as a one-way
structure) or balanced data (such as data from designed
experiments with no missing data), but they are not
indicated for more complex models and data structures
such as those generally found in the animal breeding
context.

Alternative methods proposed for estimating vari-
ance components in more complex scenarios include
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the expected mean squares approach of Henderson
[19] and the minimum norm quadratic unbiased esti-
mation [20]. However, maximum likelihood-based
methods are currently the most popular (see, for exam-
ple, [21]), especially the restricted (or residual) maxi-
mum likelihood (REML) approach [22], which
attempts to correct for the well-known bias in the
classical maximum likelihood (ML) estimation of var-
iance components. Additional literature on variance
component estimation and mixed model methodology
can be found, for example, in [23-27].

The Animal Model

The advent of mixed-effects models has undoubtedly
revolutionized the animal breeding field, and today
they are widely used in the genetic improvement of
many livestock and companion animal species. In this
subsection some of the applications of mixed models
for the genetic evaluation of populations using pheno-
typic and pedigree information will be presented. In the
following section applications incorporating molecular
marker information will be discussed as well.

As a first application of mixed models in animal
breeding, the so-called “animal model” is considered
here for the specific situation of a single trait and a single
phenotypic observation (including missing values) per
animal. The animal model can be described as:

y=XB +Za+e¢,

where y is an (n x 1) vector of observations (pheno-
typic scores), B is a (p x 1) vector of fixed effects (e.g.,
herd-year-season effects in cattle evaluations), and &
represents residual effects, assumed & ~ N(0,3) as
before. In most applications of animal models, how-
ever, residuals are assumed independent across ani-
mals, such that the residual covariance structure can
be expressed as R = IoZ, where I is an identity matrix
of appropriate order, and o2 is the residual variance. In
the case of animal models, the random effects u repre-
sent the breeding values, i.e., u = a, assumed to be
a ~ N(0,G). The vector a, of dimension (g x 1), may
include breeding values of all animals with record or in
the pedigree file, such that q is generally bigger than n.

The matrix G, which in this case describes the
covariances among the breeding values, follows from
standard results for the covariances between relatives.

It is seen that the additive genetic covariance between
two relatives i and 7' is given by 20,62, where 0;; is the
coefficient of coancestry between individuals i and 7/,
and o2 is the additive genetic variance in the base
population [28]. Hence, under the animal model,
G= Aai, where A is the “additive genetic (or numer-
ator) relationship matrix,” having elements given by
aip = 20i.

As mentioned earlier, in animal breeding the usual
main interest is prediction of breeding values — for
selection of superior individuals — and on estimation
of variance components. The fixed effects are, in some
sense, nuisance factors with no central interest in terms
of inferences, but which need to be taken into account
(i.e., they need to be corrected for when inferring
breeding values).

Because under the animal model G™! = A~'q?
and R™! = I, ?, the mixed model equations reduce to:

X'X X'z Bl [Xy
ZX ZZ+)A7'|a| |Zy|
2 1 — 2

where 1 = , such that:

Bl _[xx xz ]'[Xy
ZX Z'Z+ A7 Zy |

a

It is worth mentioning that A~! can be obtained
directly from the pedigree, without setting up A
[29, 30], which is computationally very convenient.

Conditional on the variance components ratio A,
the BLUP of the breeding values are given then by
a=(ZZ+)A")"'Z (y — XB), which are the esti-
mated breeding values (EBV). Alternatively, some
breeders’ associations express their results as predicted
transmitting abilities (PTA) or expected progeny dif-
ferences (EPD), which are equal to half the EBV,
representing the portion of an animal’s breeding values
that is passed to its offspring.

The amount of information contained in an ani-
mal’s genetic evaluation depends on the availability of
its own record, and of phenotypic information from its
relatives (including how many and how closely related
to it). As a measure of amount of information in
livestock genetic evaluations, EBV are typically
reported with their associated accuracies, i.e. the cor-
relation between true and estimated breeding values,
r; = 144 Instead of accuracy, some livestock species
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genetic evaluations use reliability, which is the accuracy
squared (7).

The calculation of r; requires the diagonal elements
of the inverse of the MME coefficient matrix,
represented as:

X'X X'Z

C=lzx zz+a"

- CPB  (CBa
= Caﬂ cw |

It is shown that the prediction error variance (PEV)
of EBV 4; is given by:
PEV = Var(a; — a;) = /o’

1 &

where ¢ is the ith diagonal element of C*, relative to
animal i. The PEV can be interpreted as the fraction of
additive genetic variance not accounted for by the
prediction. Therefore, PEV can also be expressed as:

PEV = (1 — r})o?

a’

such that ¢*¢? = (1 — r?)o2, from which the reliability
is obtained as r7 = 1 — ¢™6% /02 = 1 — Lcf.

Extensions and Variations of the Animal Model

The animal model discussed above can be extended
also to multiple (correlated) traits [31, 32]. For
instance, consider as an example the analysis of k traits,
in which the model for each trait is expressed as:

yj = Xij + Z]-aj + .‘;‘j,

wherey;, X, B, Zj, aj, and g; are defined as before, but
here have an additional index to indicate the trait
G=12,...,k).

For a joint analysis of the k traits, the single trait
models can be combined as:

y=XB+Za+e¢,

where y=[y," v,' ... v/I, B=[B B, ... B]’

a=[a a) ... a/],ande=[g, &’ ... &/],and
the design matrices in this case are:
X 0 -~ 0 Z, 0 --- 0
0o X - 0 0 Z, --- 0
X=1|. . andz=| . . . )
0 0 - X 0o 0 - Z
. a G®A 0
It is assumed that Var = ,
€ 0 3I®I

2

0y Oaa, " Oaa
2
Oaya 0, Tt Omay
where G= . . . . and
. 2
Gal Ak Uflzflk aak
2
681 O—Eib‘z O—slsk
Oeie; O, T Oge .
3= are the genetic and
2
Oeier g8, 7 O¢y

residual variance—covariance matrices, respectively, A
and I are the numerator relationship matrix and an
and ®
(Kronecker) product.

identity matrix, represents the direct
The MME for multi-trait analyses are of the same

form as before, i.e.,

X (' onX X 'elzZ B
Z3'oDX Z3T'9DZ+G oA | |a
_ X (@ ey

Zx ey

from which the BLUEs and BLUPs of $ and a can be
obtained, respectively.

The dimensionality of such multi-trait MME, how-
ever, can become a hurdle for solving it when more
than two or three traits are considered. An alternative
for the analysis of multiple traits is to use a canonical
transformation of the traits [33—35], which consists of
transforming the vectors of correlated traits into a new
vector of uncorrelated variables. In such case, each
transformed variable can be analyzed independently
using standard single trait models, and subsequently
the estimated breeding values are transformed back to
the original scale of measurement.

Some other interesting applications of mixed
models in animal breeding involve multiple random
effects, as in the cases of repeated measurements of the
same trait or traits with maternal effects. For the anal-
ysis of repeated measurements, as discussed in section
“Selection Index” (Model 4), environmental effects can
be partitioned into permanent and temporary effects.
In this case, the mixed model, usually called “repeat-
ability model,” can be written as:

y =XB +Za+ Wp + ¢,

where all terms are as previously defined for a single
trait animal model, and p is the vector of permanent
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environmental effects, with each level pertaining to
a common effect to all observations of each animal,
and W is a known incidence matrix relating y to the
vector p.

It is often assumed that a~ N(0,Ad2),
p~ N(0,15;), and & ~ N(0,1s;) are independent
from each other. Under these assumptions, the MME
becomes:

X'X X'z X'w B X'y
ZX ZZ+)A7" ZW al=|2zy|,
WX  WZ  WW+LI]||p Wy

where 1, =0 /07, and /=07 /0.

There are some traits of interest in livestock, such as
weaning weight in beef cattle, in which progeny perfor-
mance is affected by the dam’s ability to affect the calf’s
environment, such as in the form of nourishment
through her milk production, the quantity and quality
of which is in part genetically determined. In some
cases, there can also be a paternally provided environ-
mental component. In such cases, parents contribute to
the performance of their progeny not only through the
genes passed to the progeny (the “direct genetic
effects”) but also through their ability to provide
a suitable environment (the “indirect genetic effects”).

Here maternally influenced traits are considered,
for which the mixed model can be written as [36]:

y=XB+Za+Km+ Wp + ¢,

where all terms are as before, except that the model now
includes a vector m of random maternal genetic effects,
and a vector p of random permanent environmental
effects, with K and W as their respective incidence
matrices. It is assumed that a~ N(0,Aq2),
m ~ N(0,A07,), p~ N(0,I5}), and & ~ N(0,15;),
and quite often a covariance structure between direct
and maternal additive genetic effects is considered,
assumed equal to Aa, .

Some other variations of the animal model, which
are computationally convenient, include the “sire
model” and the “reduced animal model” [37]. In the
sire models, only sires are evaluated, using progeny
records under the assumption of randomly selected
mates. In the reduced animal model, instead of having
equations set up for every animal (i.e., parents and
progeny), it allows equations to be set up only for
parents in the MME, making the dimensions of

the system greatly reduced. The breeding values of the
parents are estimated directly from the MME, and
the progeny breeding values are then inferred by back
solving from the predicted parental breeding values.

As a final note regarding the use of mixed models in
animal breeding, it is important to mention that solv-
ing the MME does not necessary require the inversion
of the coefficient matrix C. More computationally con-
venient alternatives for solving high dimensional sys-
tems of linear equations include methods based on
iteration on the MME, such as the Jacobi or Gauss—
Seidel iteration [38], and the “iteration on the data”
strategy [39], which is a commonly used methodology
in national genetic evaluations involving millions of
records.

Marker-Assisted Selection
Introduction

The advent of molecular markers has created opportu-
nities for a better understanding of genetic inheritance
and for developing novel strategies for genetic improve-
ment in agriculture. Molecular markers are used, for
example, to study quantitative trait loci (QTL), which
are defined as chromosomic regions contributing to
variation in phenotypic traits. The location and effects
of QTL can be inferred by combining information from
marker genotypes and phenotypic scores of individuals
and by exploring genetic linkage [40-43] and linkage
disequilibrium [44, 45] information between marker
loci and QTL, such as in experimental or mapping
populations (e.g., backcross or F,, or granddaughter
designs) or in complex pedigrees
populations. Information on markers associated with
QTL can be used to enhance prediction of genetic merit
of animals [46]. This is especially useful for low
heritability traits, traits that are expensive or difficult
to measure, or traits expressed in only one sex [47].

in outbred

Classical Approaches with Few Markers

The application of molecular information for genetic
improvement of animals and plants, or marker-assisted
selection (MAS), requires that candidate-for-selection
individuals are genotyped for specific markers. For
MAS purposes, there are three types of genetic markers,
and for each type there are specific statistical
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approaches for incorporating their information into
selection programs [47]. A first type of marker refers
to situations in which the functional polymorphism
itself can be genotyped. These markers are called
“direct markers,” as they indicate exactly the genotype
an animal has at specific causative loci.

A second type of marker refers to those that are in
population-wide linkage disequilibrium (LD) with the
causative or functional mutations. In such cases,
although the marker genotype of an animal does not
unambiguously indicate the genotype at a specific
functional locus, it still provide information regarding
how likely an animal carries a specific allele or genotype
at such a locus. Finally, a third kind of molecular
marker refers to those loci that are in population link-
age equilibrium with the functional mutations, which
are often called “indirect markers.” In such cases,
although the marker information on a single animal
in a population does not provide any information
regarding the genetic merit of that animal, it still can
be useful in exploring family (pedigree) structure when
genotyped animals are related to each other.

While direct markers are the simplest and most
efficient in MAS programs, their identification is much
more difficult and generally involves a prescreening step
using QTL mapping methods to identify promising
chromosomic regions, followed by fine mapping (often
using functional and positional candidate gene strate-
gies), followed by validation (using some strategy such as
a knock-out approach). On the other extreme, indirect
markers are extensively available for most livestock spe-
cies, but their use in MAS is more complex and the
results are generally modest.

Statistical models to incorporate direct and/or LD
markers in the genetic evaluations of animals are rela-
tively straightforward. For example, a marker can be
included into an animal model context with the fol-
lowing specification:

y=XB+Za" + Mg+,

where all terms are as defined before, except that
a* ~ N(0,Ac?) represents now the random additive
(nonmarked) polygenic effects, and g and M are the
(fixed) QTL effects and an incidence matrix, respec-
tively. In the case of direct markers, the matrix M
represents the marker genotypes and is obtained
directly from the genotyping of animals. In the case of

LD markers, the incidence matrix M will represent
genotype probabilities at each QTL locus, which can
be derived using segregation analysis. The overall
genetic merits of the animals are then given by the
sum of their a* and g components. Other strategies
for combining the infinitesimal and the QTL compo-
nents to increase long-term genetic gain have also been
proposed (e.g., [48-50]); a review of MAS strategies
can be found, for example, in [47].

In the case of indirect markers, however, the within-
family LD between QTL and linked markers must be
explored. One approach is to determine the marker
effects or the marker-QTL linkage phases separately
for each family. Alternatively, more general MAS
models have been proposed to incorporate marker
data in genetic evaluations for complex pedigrees [13,
51], which can be represented as:

y =XB + Za* + Mq + ¢,

where the terms are as before, but here the QTL effects
q are assumed random and normally distributed,
such that:

a* N Aai* 0
a) "N 0" Ge2])

where G, is the gametic relationship matrix for the
QTL, and aé is the additive variance of the QTL allelic
effects. The gametic relationship matrix gives the prob-
abilities of identity between each of the two alleles in
each individual, and it can be derived based on the QTL
position A and the marker information.

Genomic Selection

As most quantitative traits are influenced by many
genes, tracking a small number of them using molecu-
lar markers (as in the MAS approaches discussed
above) will explain only a small fraction of the total
genetic variance. Moreover, individual genes are likely
to have small effects and so a large amount of data is
needed to accurately estimate their effects [52].
Genome-wide Marker-Assisted Selection (GWMAS),
or simply Genomic Selection (GS), on the other
hand, makes use of a very dense set of markers covering
the entire genome, which potentially explain all genetic
variance. In addition, given the LD between the dense
markers and the QTL, estimated marker effects pertain
across the population [53].
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Meuwissen et al. [54] were the first to propose GS
and suggested a model that can be described as:

p
y=1u+> Mg +e,
=1

where i is the overall mean, q; represents the genetic
effects of marked genes (j=1, 2, ..., p), and M; repre-
sents the design matrices (genotypes) relative to a large
number (p) of biallelic markers (e.g., SNP loci), which
present different levels of LD with QTL affecting the
phenotypic trait of interest (y). Here it is assumed that
the QTL affecting the trait act additively, and that q;
refers to per-allele effects; nonadditive effects as well as
effects relative to nonmarked QTL are lumped together
into the residual term of the model.

Fitting such GS model using standard regression
approaches is not trivial, as the number p of markers
(and so the number of genetic effects to be estimated)
may easily exceed the number # of individuals avail-
able. The “large p small n paradigm” is central in many
applications of genomic technologies, including
expression profiling and association analysis, and var-
ious statistical strategies have been proposed in the
literature to overcome this problem, such as dimen-
sion-reduction techniques, stepwise fitting procedures,
ridge regression [55], and least absolute selection and
shrinkage operator — LASSO [56].

Specifically in GS, hierarchical modeling has
become the methodology of choice, due to its flexibil-
ity and good statistical properties. Within this
approach, the genetic effects g; are assumed random
effects and distributed according to some prespecified
distribution [54]. For example, q; may be assumed
normally distributed with mean 0 and variance 012,
and the hierarchy can be extended by assuming
a prior distribution for the variances 0]2 [54, 57-59].
Alternative distributions can be adopted for the g,
such as double exponential or mixture distributions
including a mass point at zero. It is interesting to note
the connection between the ridge regression approach
and a Bayesian model with normal priors with common
variances g7 = 3, as well as the LASSO methodology
and a Bayesian model with double exponential priors
for the genetic effects [60].

The potential of GS to accelerate genetic progress
has been demonstrated through many simulation

Animal Breeding, Foundations of. Table 1 Comparison
of April 2010 genomic and traditional evaluations for bulls
with an Al status of active or foreign

Net merit 87 81 +6
Milk yield 93 91 +2
Fat yield 93 91 +2
Protein yield 93 91 +2
Productive life 81 71 +9
Somatic cell score |88 83 +5
Daughter 79 69 +10
pregnancy rate

Final score 89 85 +4
Sire calving ease 20 84 +6
Daughter calving |80 67 +13
ease

Source: AIPL — USDA; http://www.aipl.arsusda.gov/

studies (e.g., [54, 61, 62]), and confirmed by some
real data applications. The first use of GS using thou-
sands of markers in livestock has been in dairy cattle
(63, 64], followed by some breeds of beef cattle and
more recently in poultry. Table 1 shows some encour-
aging results on dairy cattle obtained by the USDA.

Future Directions

As shown here, the mixed model methodology is
extremely flexible and can be used in a wide variety of
Other of the methods
discussed here include models with nonadditive
genetic effects (e.g., [65, 66]), mixed models for the
analysis of non-Gaussian traits such as binary and
categorical (e.g., [67, 68]) or counting data (e.g.,
[69]), robust models [70, 71], survival traits [72],
nonlinear models to study, for example, growth curves
(e.g., [73, 74]), among others. However, such models
can get extremely complex and asymptotic statistical
methods are generally required. Alternatively, Bayesian
analysis employing Markov Chain Monte Carlo
(MCMC) methods can be used, given their exceptional

applications. extensions
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flexibility and the possibility of incorporating prior
information regarding the model parameters [75].
Bayesian analysis has been increasingly used in many
applications of genetics and animal breeding, and for
a review the reader can refer, for example, to [76-78].
A comprehensive treatment of Bayesian MCMC
approaches in animal breeding is presented in [23].

Bayesian hierarchical modeling has also been exten-
sively used in genomic selection [54, 79-81]. In addi-
tion, nonparametric and semiparametric methods, and
machine learning techniques based on artificial intelli-
gence have been proposed and used for the analysis of
high density marker panels in the context of animal
breeding, such as in [82-86]. Moreover, some other
recent methods aim to combine all available pheno-
typic, pedigree, and genomic information for predic-
tion of genetic merit of animals [87].

As indicated in the beginning of this chapter, the
genetic improvement observed in many livestock and
companion animal species is truly remarkable. Most of
this genetic progress has been accomplished through
selection, using the methods discussed here. Two tech-
nological and methodological developments however
must be mentioned as turning points in the genetic
trends observed in some species; these are the advent of
artificial insemination and the mixed models. Seem-
ingly, the development of high density SNP panels and,
more recently, next generation sequencing technologies
and their application in genomic selection strategies
promise to be the next turning point. This new era
for animal breeding and genetics will require
a different profile of animal breeders, requiring not
only knowledge of population and quantitative genet-
ics, classical statistical and computational methods, but
also some more modern statistical and computational
methods based on hierarchical modeling [23, 88], non-
and semiparametric methods, and machine learning
techniques [60, 89]. It is indeed a very exciting time
to work in animal breeding!
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Glossary

Animal breeding Intentional breeding for certain
traits, or combination of traits, by selecting animals
for breeding with superior genotypes in growth
rate, egg, meat, milk, or wool production, or in
other desirable traits.

Animal genetic resources Genetic diversity, either
characterized or as yet uncharacterized, that is
found in economically important animals.

Animal welfare Animal welfare is the viewpoint that
some or all animals, especially those under human
care, should be treated in such a way that they do
not suffer unnecessarily.

Effective population size Is the size of an idealized
population that would behave the same as an actual
population. The ideal population is one in which there
is random mating and no selection. The effective size
of a population is typically smaller than its actual size.

Genetic trends Changes in the mean breeding value of
a population over time for one or more traits.

Stakeholders Any party that has an interest (“stake”)
in a project or activity, which in the context of this
chapter is animal breeding.

Definition of the Subject

A major long-term challenge of animal breeding is to
ensure that animal breeding is sustainable, in order to
contribute to a stable long-term contribution of food
for the globe. The need to address sustainability in
animal breeding schemes has increased as the develop-
ment in the last decades has been toward larger
demands for food, fewer breeds contributing to the
production of animal products, low effective popula-
tion sizes despite the actual populations being large,
and a decreasing number of breeding schemes provid-
ing the majority of the genetics underlying production
of animal products.

The FAO report on The State of the World’s Animal
Genetic Resources for Food and Agriculture [1] indicates
that the vast majority of developing countries have not
been successful in sustaining genetic improvement in
their livestock populations. Among the breeds consid-
ered to be in active use, 77% are located in developing
countries. Animal genetic resources for food and agri-
culture (AnGR) provide the biological capital on which
livestock production systems and food security are
built. Planning for sustainable livestock development
should, from the outset, take account of genetic differ-
ences among the species, the breeds, and the animals
considered for use, along with their adaptive fitness to
the production environments in which they will be
kept. The different ways in which animals are used in
different production systems and communities should
also be recognized [2].

Introduction

Animal production has significantly increased its pro-
ductivity during the last 50 years. This has been
a combined effect of improvements in the environment
provided to the animals, for example, improved feed-
ing and management, as well as efficient breeding
schemes resulting in significant and cumulating genetic
progress. These improvements are synergistic, as
genetic improvements and management and feeding
improvements stimulate each other. Examples of dras-
tic changes in productivity include
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e Manyfold increases in milk production of dairy
cattle

e Improvements of growth, leanness, and litter size in
pigs

e Manyfold increases of growth and egg production
in broiler and layer hens, respectively

This trend in productivity is expected to continue for
several reasons. In a competitive market for food produc-
tion, genetic improvements are an essential parameter to
ensure a profitable production. However, the demand for
food is also expected to increase, and thus stimulates
a larger and more efficient production. The World Bank
has estimated that it will be necessary to increase meat
production by about 80% between 2000 and 2030.

However, the improvements in productivity have
also contributed to a global concentration on fewer
breeds for the largest part of animal production.
In dairy cattle, Holstein-Friesian is now the dominating
breed of the world, with exchange of semen and
embryos across countries resulting in a relatively low
effective population size (~40-70, [3, 4]). In poultry
breeding, a few multinational companies now control
the commercial genetic improvement and thus the
genetics of the vast majority of eggs and poultry meat
produced globally.

Recently, the effect of animal breeding has come
under critical evaluations from an ethical point of
view, reflecting public concerns on the effects of current
and future animal breeding. Developments in biology,
neuroscience, and genetics have resulted in changes in
our perception of the world, and there is an increasing
focus on the effects of animal breeding and the ethics of
changing animals by selective breeding for our own
good (e.g., [5, 6]). Ethical problems in animal produc-
tion have historically focused on housing and hus-
bandry, but more emphasis is now focused on the
effect of animal breeding [7]. It is argued that the fact
that selective breeding can introduce welfare problems
places an ethical responsibility on the animal breeding
industry [7].

The European animal breeders have realized that
these powerful technologies to create genetic progress
have generated public concern about the impact of
animal breeding and the use of new technologies [8].

According to FAO [2]: A strategic and logistical
approach to sustainable livestock development is

required. To appropriately address the use of available
AnGR and the role of genetic improvement in sustainable
development, from the outset, all policies, plans, and
programs for the livestock sector must:

e Be based on soundly established and agreed livestock
development objectives (LDOs) and well-integrated
and realistic livestock development strategies (LDS)
that are able to achieve the LDOs.

e Account for major environmental, structural, and
socioeconomic differences among the production sys-
tems concerned.

e Ensure participation of the end users (the livestock
keepers themselves). Both men and women should
have access to relevant information, be involved in
the formulation of policies and plans, and have ample
opportunities to give their opinions.

e Be appropriately funded.

e Promote step-by-step development and the sustain-
ability of the actions undertaken.

e Be based on well-documented approaches that are
understood and agreed by all the stakeholders
involved at each stage.

o Take fully into account the fundamental principles of
genetic improvement and their technical implications.

Thus, a major future challenge of animal breeding is
to ensure a sustainable use of the animal genetic
resources available and to implement sustainable
breeding schemes in active populations.

The focus of this entry is the long-term challenges
of animal breeding focusing on sustainability of animal
breeding schemes. This is done by discussing the con-
cept of sustainability in the context of animal breeding
and then describing risk factors affecting sustainability.
Then guidelines for developing sustainable and future
directions to ensure sustainable are discussed.

Sustainability

Sustainability is a term that has a widespread use, and
thus is often used in different meanings. It is often used
in the sense of human sustainability on planet Earth
and this has resulted in the most widely quoted defini-
tion of sustainability and sustainable development, that
of the Brundtland Commission of the United Nations
on March 20, 1987: “sustainable development is devel-
opment that meets the needs of the present without
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compromising the ability of future generations to
meet their own needs” [9]. This definition is also rele-
vant to animal breeding; it is, however, not very
operational.

In order to define and address sustainability in the
context of animal breeding, it is first necessary to iden-
tify the stakeholders of animal breeding schemes. These
stakeholders all have interests in animal breeding, and
some of their interests might be conflicting. Under-
standing the diverse interest in animal breeding is
a prerequisite for developing sustainable breeding
schemes.

Obvious stakeholders are the animal breeders,
breeding companies, and breeding associations, which
have the major responsibility for defining and running
the breeding scheme. Additional stakeholders include
producers, veterinarians, manufacturers and retail
enterprises, and consumers. For some aspects, the soci-
ety as a whole may be considered a stakeholder in itself.
These stakeholders have different perceptions of the
desired outcome of animal breeding schemes and
thus sustainability, influenced by their role in produc-
tion and utilization of animal products and their time
horizon.

In the short term, objectives of different stake-
holders can be very different. Animal breeders will
typically focus on the factors limiting the profitability
of the primary production. The interest of manufac-
turers and retail enterprises is on product quality,
quantity, and possibilities of adding value to the pri-
mary product to ensure profitability of manufacturing
and retail. Consumers will typically focus on product
quality and price, product safety in addition to poten-
tially cultural and political issues, such as environmen-
tal impact and animal welfare.

However, it can be expected that stakeholders will
share many long-term interests in animal breeding
schemes. Long-term interests of producers and manu-
facturers are likely to be more similar to the interests of
consumers in the long-term, as they are the main actors
determining  quantity and quality demands.
A thorough discussion of sustainability in the context
of animal breeding is provided in [10], focusing on the
need to address the interests of all stakeholders.

Interests of stakeholders include the following
areas, which should be considered for defining sustain-
able animal breeding schemes for the future [11]:

e Food security, including
— Quantity produced
— Product quality
— Food safety from both a biological and technical
perspective
e Socioeconomic effects, including
— Impacts of breeding schemes on rural economy,
employment, and trade
— Subsidies and their effects on objectives and
methods used in animal breeding
— Public (ethical) perception of the methods and
technologies applied in animal breeding
e Environmental impact, including
— The relationship between animal production
and measures of environmental quality
— Landscape management where animal produc-
tion plays a major role
— Interactions with biodiversity and ecosystems
e Health, welfare, and ethics including
— Health management and biosecurity related to
both the risk of zoonoses and contamination of
products
— Ethics of breeding and production

Sustainable Animal Breeding

Animal breeding is based on selecting animals with
a superior genotype relative to the desired direction
of selection, as reflected in the breeding objective.
However, breeding values cannot be observed directly
in animals, and they have to be predicted based on phe-
notypic records on the individuals themselves and their
relatives and/or genetic markers. Thus, animal breeding is
based on selecting the seemingly superior individuals
given their predicted breeding values. Secondly, selected
parents pass half of their genes to a given offspring, and
each individual is thus a genetically unique individual.
A direct result of this is that planning of animal breeding
schemes is not an exact science. Genetic progress can be
predicted but the realized response to selection can vary
depending on a number of factors reflecting biological and
economic uncertainty that influences the outcome of
a breeding scheme. The breeding objective represents
the desired direction of change of a population, most
often expressed as the marginal economic value of
changing a trait. The breeding objective should address
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all aspects of animal production and the characteristics
of the product.

Ignoring the interests of some stakeholders when
defining breeding objectives might negatively affect the
success of a breeding scheme. This can be addressed by
considering the interests of all stakeholders. The large
potential of animal breeding is the contribution of
additive improvements toward a long-term objective.
However, there are factors that are not necessarily sta-
ble over time, factors that can potentially also change
the interests of stakeholders. Examples of such factors
include market structure, fluctuations in prices, regu-
lations of production systems, disease outbreaks, and
variation in the response to selection, both in the traits
directly selected for and in traits indirectly affected as
a correlated effect of selection. In addition to these
factors, uncertainty on the assumptions underlying
the design of a breeding scheme contributes to the
risk of this breeding scheme. The risk of a breeding
scheme is related to the deviations of the realized effects
of a breeding scheme relative to those planned.
These factors have two effects: some contribute to
areduction of the realized outcomes of a breeding scheme
(e.g., diseases) and others contribute to an increased
variability of the outcome of a breeding scheme.

Thus, a sustainable animal breeding scheme should
address the interests of all stakeholders and actively
reduce the risks of the breeding scheme. This is in line
with the SEFABAR project that produced a “Code of
Good Practise for Farm Animal Breeding and Repro-
duction Organisations” [10, 12]. The code addresses
issues of food safety and public health, product quality,
genetic diversity, efficiency, environmental impact, ani-
mal health, animal welfare, and breeding and repro-
duction technologies. The code is based on the
following six general statements:

e Breeding organizations must follow zootechnical,
animal welfare, and animal health legislations and
relevant regulations and practices.

e Breeding organizations must consult and collabo-
rate with international, national, and regional
authorities for the development and implementa-
tion of policies, practices, and regulations. These
policies should assist the achievement of economic,
environmental, and social sustainability of the ani-
mal breeding sector.

e Breeding organizations must use modern

biosecurity ~methods to minimize disease
transmission.

e Breeding organizations must ensure the health and
welfare of the animals under their care.

e Breeding organizations must treat the animals
under their care with respect.

e Breeding organizations must ensure that selection
for production traits is balanced by appropriate
attention to reproduction traits and health- and

welfare-related traits.

The intention is that this should result in sus-
tainable breeding programs by an economically viable
balance of (a) food safety and public health,
(b) product quality, (c) genetic diversity, (d) efficiency,
(e) environmental impact, and (f) animal health and
welfare.

Risks in Animal Breeding Schemes

The expected outcome of a breeding scheme might not
be the same as the realized outcome for several reasons.
These include

e Uncertainty on the genetic model assumed
Uncertainty on the assumed genetic parameters
(heritabilities, genetic correlations, etc.)

e Genetic drift resulting from finite population size
Suboptimal decisions and implementation of the
breeding scheme

e Breeding objectives that do not include all relevant
costs and benefits of the production system targeted

e Changes in markets and consumer preferences

Some of these can contribute to both positive and
negative deviations from the expected outcome, for
example, deviations in genetic parameters from those
assumed might either increase or decrease genetic gain
relative to that expected.

However, most deviations are expected to result in
a realized outcome of selection being lower than that
expected, as the predictions assume that parameters are
known and selection decisions are optimal. If the
breeding objective does not reflect the true breeding
objective, this will always result in selection decisions
being suboptimal and response to selection being lower
than expected. Likewise, changes in markets, consumer
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preferences, or political regulations of the industry will
result in suboptimal goals being targeted by the breed-
ing scheme, and thus the realized outcome being infe-
rior to that expected.

Thus, two groups of factors contributing to the risk
of animal breeding schemes can be identified.

The first group is risks intrinsic to the breeding
scheme. The response of a breeding scheme might
deviate from expectations due to variability of response
to selection for the traits considered in the breeding
objective and in the selection index. This can be due to
uncertainties about genetic parameters used for
predicting breeding values, uncertainties in the breed-
ing values predicted from phenotypic records and/or
genetic markers, and genetic drift.

Genetic drift can also increase the frequency of
deleterious (recessive) alleles. Examples include BLAD
[13] and CVM [14] in dairy cattle and the halothane
sensitivity locus in pigs [15]. These alleles increased in
frequency either by directly having a positive impact on
some of the traits selected for, or being linked to alleles
with positive effects on the traits selected for. In gen-
eral, all traits not directly selected for and not corre-
lated with the traits in the selection criterion are most
affected by genetic drift. In a closed population, genetic
drift is highly related to the rate of inbreeding.

Unfavorable correlated responses to selection can
appear if important traits are not included in the breed-
ing objective and selection criterion. There is evidence
of general negative effects of selection for increased
production resulting in increased occurrence of behav-
ioral, physiological, and immunological disorders [16].
A theory (resource allocation theory) has been pro-
posed to explain the general negative correlated
changes in fitness and health-related traits when
selecting for production traits. The theory predicts
that with limited resources available, selection for
increased production results in less resources being
allocated to, for example, health and reproductive traits
[17]. In a mice model it was shown that a line selected
for large litter size allocated more resources to lactation
and mobilized body energy for a longer time period
than a control line [18]. However, results suggest that
not all aspects of immune response are decreased by
selection for production. In a comparison of chicken
lines from 1957 to 2001, it was concluded that the 2001
chickens selected for growth have a decreased adaptive

immune response but a better cell-mediated immune
response [19]. These examples highlight the need to
consider the direct response to selection not only in the
traits selected for, but also in other traits of relevance
for production, animal health, and animal welfare.

Effective population size (which in a closed popula-
tion is inversely proportional to rate of inbreeding) is
the most important indicator of genetic risk in a breed-
ing scheme, being inversely proportional to both
genetic drift in a closed population and variation in
selection response. Larger effective population size
results in less genetic drift and less variability in the
response to selection. Selection intensity, population
size, and selection and mating criteria all influence
the effective population size. It has been argued that
the effective population size should be at least 50—-100
individuals in order to avoid negative effects of genetic
drift [20], but should be significantly larger in order to
maintain mutations contributing to maintaining
genetic variability.

The second group of risks is external to the breeding
scheme. These include environmental risks due to
changes in environmental factors unforeseen when
planning the breeding scheme. Such risks are diseases,
particularly epidemic diseases and diseases under
national and international regulations (e.g., foot-and-
mouth disease), and changed market and/or produc-
tion regulations. These changes will most often result in
the realized outcome of a breeding scheme being less
than expected.

Guidelines for Developing Sustainable
Breeding Schemes

Animal breeding schemes produce additive genetic
improvement, and are thus most powerful when
applied for a long-term improvement of a population.
Thus, breeding objectives should reflect the future mar-
ket for which production is aimed. The development of
breeding objectives includes an assessment of the breed
and its characteristics relative to the future market
preferences. Traditionally, this includes an economic
analysis aiming at estimating the marginal value of
improving a trait. These marginal values are often the
economic value of changing a trait given all other traits
are constant. The breeding objective is then defined by
the marginal values of the traits. However, this is not
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necessarily sufficient as a breeding objective should also
consider the risk and uncertainty of aiming at a partic-
ular market, including status and trends in consumer
preferences, social attitude, political and economic reg-
ulations, and infrastructure.

The breeding objective should reflect the most prof-
itable improvement of the population, conditional on
the current and future market conditions. The deriva-
tion should include traits beyond those currently
recorded or included in a selection criterion.

The expected genetic trends should also be evaluated
to ensure the breeding objective is sustainable. Ethical
evaluations and public perception of animal welfare
might alter the relative weights used in the breeding
objective. Including a trait in the breeding objective
does not guarantee that that particular trait is improved.
Traits with low heritability, traits negatively correlated to
important traits in the breeding objective, and traits
measured late in life are at risk of not being improved
despite being in the breeding objective. Traits that fulfill
all the above-mentioned criteria include health-related
traits, such as mastitis and fertility in dairy cattle. It has
been suggested that such traits should have a larger
weight in the breeding objective, the larger weight
reflecting a nonmarket value [21]. Such nonmarket
values could reflect public concern on, for example,
increased disease susceptibility resulting from the cur-
rent breeding objective.

Ignoring important traits in deriving marginal
(economic) values to be used in the breeding objective
will bias the prediction of the economic outcome of
the breeding scheme. For example, ignoring quality
measures that are not considered in current market
conditions but are important in distinguishing the
product from other competing products might be
harmful to the long-term competitive ability of the
product.

Breeding objectives should not only be defined in
terms of production, but should also include traits
related to animal health and welfare resulting in robust-
ness being part of the breeding objective [16].

Derivation of the marginal value of all impor-
tant traits is crucial, in order to predict the effects
of selection, not only on traits selected on, but also
traits correlated to those traits. This is necessary
to avoid unfavorable genetic changes in traits not
selected for.

The expected outcome for a given breeding objec-
tive also depends on the recording scheme. Recording
is often one of the most costly elements of a breeding
scheme and should thus be an integral part of planning
a breeding scheme. Generally, the objective of record-
ing should be to allow for favorable genetic trends in
the traits included in the breeding objective. This might
be complicated by biological constraints of, for exam-
ple, when a trait is realized and the number of individ-
uals it can be recorded on. Examples are traits
measured late in life (e.g., longevity), measured after
slaughter (e.g., meat quality), or measured on one sex
(e.g., female fertility), which poses challenges in defin-
ing efficient recording schemes. Modern technology
allows for some remedies to this challenge. Genetic
markers can be measured early in life, and in addition
they can be used to predict the breeding value for traits
not yet recorded [22].

In addition to the traits directly selected for, other
important traits should also be recorded, in order to
document the trend in these traits. Such traits include
traits that are economically or ethically important, but
they are not necessarily included in the breeding objec-
tive if they are at acceptable levels. However, correlated
effects of selection might change these traits in
undesired directions.

Two aspects of sensitivity to environmental factors
should be considered. Chance events, such as disease
epidemics have the potential to critically damage
a breeding scheme, particularly if breeding animals
are kept in a limited region or in a few herds. The
foot-and-mouth disease outbreak is an example of
a disease outbreak that has threatened breeding nuclei.
Backup and safety procedures are necessary for
safeguarding a breeding scheme. This can be done by
implementation of techniques such as cryopreserva-
tion of embryos, eggs and semen, and segmentation
of the breeding nucleus. This will naturally be very
species specific, depending on the biological possibili-
ties in the given species.

The second aspect of environmental sensitivity
relates to environmental sensitivity, whether an indi-
vidual’s performance is sensitive to the environment in
which it is kept. More specifically, this is an issue if
genotypes and environment interact, such that an indi-
vidual would be ranked differently in two environ-
ments relative to other individuals. A more realistic
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example is offspring from two bulls having different
relative merits in two environments. The implications
of an interaction are multiple. First, prediction of the
performance in an environment that differs from the
environment in which selection was performed might
be impossible. Second, genetic improvement in one
environment might not result in similar genetic
changes in another environment. As an example, in
some breeding schemes, candidates for selection are
housed individually in order to allow for individual
recording of the traits of interest, whereas animals in
commercial production are housed in groups, provid-
ing a significantly different environment to that
selected in. In such cases, where the environment of
the breeding nucleus and the production herds differ,
then genetic trend should be recorded in the produc-
tion environment to ensure that selection is in the
direction desired. If genotype—environment interaction
exists, genetic evaluations should take this into
account. Also the breeding objective should be specific
on which environment(s) genetic changes are opti-
mized for. A specific type of genotype—environment
interaction is the situation where environments
describe a continuum of environmental effects, and
thus cannot be grouped in classes of environmental
effects. Reaction norm models describe such interac-
tions, and a feature of these models is that they can
model the sensitivity to the environment, and that this
sensitivity is partly genetically determined. This has
two implications. First, it is expected that environmen-
tal sensitivity will change as a correlated effect of selec-
tion on the mean, assuming nonzero correlations
between mean performance and sensitivity. Second, it
implies that environmental sensitivity can be selected
for or against. The second implication also means that
genetic changes will require changes in the environ-
ment to be fully expressed in all environments. This is
an important outcome of a breeding scheme, and it has
to be taken into consideration whether such environ-
mental changes can be accommodated in commercial
environments. There are many examples of highly
improved breeds, selected in environments with
a high level of management, that fail to express their
genetic potential when transferred to environments
characterized by lower management levels, for exam-
ple, when highly selected breeds are transferred to
tropical countries with lower input levels and other

environmental characteristics. Thus, potential changes
in environmental sensitivity have to be taken into
account when predicting and evaluating the expected
response to selection.

The optimum selection environment is not always
equal to the environment in which the response is to
be realized, but depends on the degree of genotype—
environment interaction (determined by the ratio of
variances in slope and level of a linear reaction norm),
the correlation between level and slope, and the herita-
bility of the trait [23].

In relation to breeding objectives, it was stressed
that the market for which production is aiming should
be defined. The reasoning is that this is a prerequisite to
ensure that consumers will accept the product and its
characteristics and that the product(s) addresses the
preferences of the consumers. Consumer responses
have been instrumental in changing egg production
systems in European countries, and the use of gene
transfer worldwide.

Measuring the success of a breeding scheme
involves two components. First, expected response to
selection should be predicted, as the measure against
which to compare the operational and strategic out-
come of the breeding scheme. To predict the expected
response to selection estimates of genetic parameters,
covariances between traits, generation intervals,
recording scheme, and resulting accuracies of the
predicted breeding values, selection intensities and
the weights used in the breeding objective are required.
Uncertainty about one or more of these should be
taken into account when predicting response to selec-
tion. These predictions are based on a genetic model,
on which there may also be uncertainty. Second, real-
ized genetic trends should be compared to the
predicted response to selection, both in order to eval-
uate the success of the breeding scheme, but also to
modify it if required to better fulfill the overall objec-
tives of the breeding scheme.

Most breeding schemes rely on genetic progress
accumulating in a nucleus, representing the animals
active in the breeding scheme. The genetic progress is
then disseminated to production herds. This might
involve several tiers, such as a breeding and multiplier
level, in order to efficiently disseminate genetically
superior individuals or semen to production herds.
The time from genetic progress in the breeding nucleus
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to the dissemination of this progress in production
herds is termed genetic lag, and is a major indicator
of the efficiency of utilizing genetic progress in
production.

The outcome of a breeding scheme is realized in the
years following the selection decisions and the majority
of the costs. An economic evaluation of a breeding
scheme thus requires that costs and revenues are
discounted back to a common base. This should take
into account that returns more distant in time are more
uncertain than those occurring in the near future. This
involves defining the time horizon for which revenues
are discounted, reflecting the uncertainties about the
market and production conditions. This reflects an
economic time horizon of the breeding scheme.

Expected and realized response to selection should
be compared at regular interval as an integral part of
controlling and optimizing the breeding scheme. This
should be done at intervals shorter than the economic
time horizon.

Future Directions

Following is a discussion including potential impacts
on the development of certain areas of science.

Animal breeding is a competitive business, and pro-
ducers pursue genetic material that best suits their
needs. This naturally means purchasing animals that
are economically optimal in the specific production.
This potentially limits the focus on animal welfare—
related traits not directly related to productivity.

However, since animal breeding decisions for most
species are made centrally and, increasingly, interna-
tionally it has been argued that international agree-
ments are needed [7] to ensure sustainable breeding
schemes that address all relevant traits.

There is evidence that breeding companies are
addressing these challenges. Survival in poultry has
been improved by, among other initiatives, selective
breeding and current focus is on selection against
feather pecking, cannibalism, leg disorders, and heart/
lung disorders [24]. And more generally, breeding
objectives now contain more traits, also related to ani-
mal health and costs of production. In many cases,
inclusion of health- and welfare-related traits results
in more profitable breeding schemes than selection on
production alone [25].

It should, however, also be acknowledged that
despite the well-documented negative effects that selec-
tion for production traits has had on welfare-related
traits, modern genetic technologies also give possibili-
ties of understanding the biology underlying animal
welfare and actively select for improved welfare [26].
Welfare-related traits are likely to show genetic varia-
tion, and it is thus also possible to select for increased
animal welfare [27].

New technologies have the potential to affect ani-
mal welfare in both positive and negative directions
[28]. Positive examples are the use of sexed semen in
dairy cattle, which can decrease the number of
unwanted male offspring that are killed after birth in
some breeds and result in easier birth of female off-
spring. An overall positive effect is conditional on no
adverse effects of the technology on the calves and/or
the mothers.

Genomic selection [22] is currently under imple-
mentation in the large dairy, pig, and poultry breeding
schemes. Genomic selection is fundamentally different
to previous selection strategies, which relied on pheno-
typic records being recorded on the candidates for
selection and/or their relatives. With genomic selec-
tion, this is replaced by a two-step procedure where
the association being genome wide, markers and phe-
notypes are established in a part of the population
where both phenotypic recording and genotyping are
performed. Secondly, breeding values can be predicted
for individuals based on their genotype. This allows for
accurate breeding values being available earlier in life.
This is particularly useful for traits recorded late in life,
traits with low heritability, and traits recorded in one
sex, which are largely the characteristics of many traits
related to animal health and welfare. Genomic selection
thus improves efficiency of selection for traits that are
currently difficult to improve genetically, and thus has
the potential to contribute to more sustainable animal
breeding schemes [29].

Effective population size is a measure of the risk of
a breeding scheme. Constraining the rate of inbreeding
has the potential to reduce the variance of response to
selection, reduce the loss of genetic variance, and
reduce genetic drift. Quadratic selection indices jointly
maximizing response to selection while constraining
rate of inbreeding have been developed [30]. This qua-
dratic index optimizes the genetic contributions of
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parents to the next generation, and the contribution of
any parent depends on which other parents that are
selected.

Acceptable rates of inbreeding are often described
as being in the range of 0.5-1% per generation, equiv-
alent to an effective population size of 50-100. More
specifically, the acceptable level of inbreeding depends
on the extent of inbreeding depression on fitness [20],
and thus a sustainable breeding scheme ought to vali-
date the acceptable level of inbreeding.

The implementation of sustainable breeding
schemes requires, as described above, a thorough anal-
ysis based on an understanding of genetics, economics,
and market characteristics. Training and education is
a prerequisite for qualified personnel to contribute to
the development and maintenance of sustainable
breeding schemes.

Sustainability is a new measure in the context of
animal breeding, but many elements contributing to
sustainability are well known and have been taken into
account previously. The aim of developing sustainable
animal breeding schemes puts these elements into
a coherent context, highlighting the need to take inter-
ests of all stakeholders into account, as well as the risks
and uncertainties of assumptions and outcomes.
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Glossary

Contemporary groups A group of animals of approx-
imately the same age living in the same environ-
ment and being treated by the same management
practices during the same interval of time.

Estimated breeding value An estimate of the total
additive genetic merit of an individual, the effects
that are directly passed to offspring.

Genotypes The particular set of alleles at all gene loci
that influence the phenotypes.

Inbreeding coefficients The proportion of alleles at
gene loci that are identical due to being inherited
from a common ancestor.

Infinitesimal genetic model A genetic model that
assumes there are an infinite number of gene loci
affecting a trait each with a small and equal effect.

Mixed model equations Proposed by Henderson in
1949 for the estimation of breeding values and
other nongenetic effects from phenotypes.

Phenotypes The observable characteristics of an ani-
mal that can be measured, scored, or recorded.

Definition of the Subject

Modeling in animal breeding involves describing
the major factors that influence the performance ability
or production level of animals in order to predict
the genetic merit of future progeny for that ability.
Successful modeling depends on good record collection
systems, accurate pedigree records, and sophisticated
statistical models. Models have evolved over time
as computer technology has advanced. Genetic evalua-
tion of dairy bulls began in the early 1930s using
simple daughter averages for milk production in selec-
tion index procedures of Lush and his students [1].
Genetic evaluation systems spread to all livestock and
to many countries due to Lush. Henderson [2] intro-
duced best linear unbiased prediction (BLUP) around
1950, and this methodology is still widely used
in animal breeding except that the models are
more detailed and complex. Gianola and others [3, 4]
taught animal breeders how to use Bayesian methods
which are especially useful for
distributed data.

All methods consider the total additive genetic

non-normally

merit of animals. Additive genetic effects are directly
transmitted to progeny, assuming infinitely many gene
loci, each with a small and equal effect on the trait of
interest. Examples of traits are milk yields of dairy
animals, growth rates of meat-producing animals,
occurrence of health problems, ability to reproduce,
and behavior.

Models to analyze traits differ depending on the
nature of the traits being evaluated. Traits can be
broadly grouped into production traits, growth traits,
reproductive traits, health traits, and survival, and
the models for each group are very specialized. In the
1930s, dairy bulls were selected almost solely for
the ability of their daughters to produce milk. Over
time, the success of that selection pressure for one trait
caused negative correlated responses in reproduction
potential and disease susceptibility. Genetic evaluation
systems consider many traits simultaneously with
a primary focus on efficiency of economic production
and cost savings.
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Introduction

Modeling in animal breeding began with the expression

p=gte,

where p is the phenotype of an individual, g is the
genetic source of variation or genotype in p, and e is
the environmental source of variation, presented by
Wilhelm Ludwig Johannsen in 1909 [5]. A phenotype
is @ measurement of an animal’s performance for an
economically important trait, such as daily milk yield
of a dairy cow, goat, or sheep; a growth record on a beef
animal, pig, or rabbit; or wool production of a sheep or
llama. Current models are extensions of this basic
equation.

Genetic Component

The g term of the model is partitioned as

g§=8, 1818
where

g, are additive genetic effects, the collective effects
generated by individual alleles at every loci in the
genome.

g, are the dominance genetic effects, the collective
effects generated by combinations of alleles at
every locus in the genome.

g, are the many interactions among loci throughout the
genome, in a collective sense.

Animal breeders are primarily concerned with
additive genetic effects because those effects are passed
directly from parents to progeny. Dominance and
interaction genetic effects occur depending on the
combinations of alleles from the paternal and maternal
sides of the pedigree, and cannot be predicted prior to
making a mating of specific individuals.

Further, g, is assumed to be the combined effects of
an infinite number of loci, each with a small and equal
effect, i.e.,

o0

The population is assumed to be very large and
mating randomly. This is known as the infinitesimal
genetic model upon which genetic evaluation systems

are based. This is a reasonable model if you consider
that there are roughly 30,000 loci (this estimate is
continually changing), and if one assumes only two
alleles at each locus, then there are three possible
330000 possible genotype
outcomes. This number is large enough to be nearly

genotypes per locus, or

infinite for all practical purposes. The number of pos-
sible genotype outcomes is actually much bigger if
you allow that there are more than two alleles for
many loci.

Environmental Component

The e term can be split into identifiable factors that are
known to have effects on the phenotypes. Some effects
are shared with other animals in the same location
at the same time, and some effects are specific to
individuals.

Animal Model

The common model in animal breeding is called
an animal model, based on the underlying infinitesimal
genetic model, containing factors to account for time
contemporary groups, additive
effects, residual, and other factors, that depend on the
species and trait of interest. Figure 1 depicts a typical

trends, genetic

animal model in a diagrammatic format. Each indi-
vidual is affected by the additive genetic merits of its
sire and dam, as well as year and month of birth or
calving. Contemporaries are animals that share the
same year and month effects as the individual because
they exist in the same space and time. These effects
include weather, location, herd owner, and herd
management practices of feeding, breeding, and
health care. Individual production is affected by
breed, age, and parity number, and these effects are
common to all animals of the same breed, age, and
parity number.

Depending on the species and trait, other factors
could be included in the diagram.

Models in animal breeding are conveniently
presented in matrix notation. Models consist of three
parts which are the equation, the expectations and
distributions of random variables, and finally a list of

assumptions and limitations. The three parts are briefly
described.
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Animal Breeding, Modeling in. Figure 1

Contemporary Group

Diagram of genetic and environmental factors affecting dairy cow milk production

The Equation

A linear statistical model is written generally (in matrix
notation) as

y =Xb+ Zu+e,
where

y is a vector of observations on the trait of interest from
individual animals, either one or more per animal.

b is a vector of levels of factors that are known to affect
the magnitude of the observations. These factors
are fixed factors, in that they are constants and not
random variables drawn from a particular distribu-
tion or population of effects. One factor that should
always be included in an animal model is one that
accounts for time, either year, or year-season. Sea-
sons may be groups of months, individual months
or weeks of the year. This time factor is meant to
account for changes in average production over
time due to changes in production technology,
global warming, nutritional improvements, or
financial impacts that affect the entire population.
Other factors are effects of gender, breed, age of
dam, and diet.

u is a vector of levels of random factors, which are
random samples from a large population of levels
of that effect. Animal additive genetic effects are one
such random factor contained in u. Two random
factors that should always be included in an animal

model are the animal additive genetic effect, a, and
the contemporary group effect, ¢, (v’ = (a’ ¢')).
Contemporaries are animals that coexist in the
same location and time space, and thus share the
same management care and treatment during
the time they are observed for a trait. Contemporary
groups are commonly called herds, flocks, or tanks,
and are nested within year or year-season effects.
Contemporary groups are random because there
are a large number of them, each contemporary
group contains different individuals, and the effects
during that one occurrence are random in nature.

e is a vector of random residual (environmental) effects
specific to each observation, that cannot be
accounted for by other factors in the model. The
residual effects may be samples from different
populations having different variances.

Expectations and Covariances

The model also describes the distributions of the ran-
dom factors and indicates their expected values or
means and covariance structures. That is,

Var(u) = G
Var(e) =R, and
Cov(u,€’) =0,

where Var() is a variance-covariance matrix, and Cov/()
is a covariance matrix.
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Further, G can be partitioned into other matrices
for each factor contained within u. Because u will
contain animal additive genetic effects, a, and contem-
porary group effects, ¢, then both a and ¢ are assumed
to follow normal distributions with null means. The
variance-covariance matrix of a is

Var(a) = Ac?

a’

where A is the numerator additive genetic relationship
matrix of Wright (2), and o2 is the additive genetic
variance of the trait of interest. More will be given on
the additive relationship matrix shortly.

Similarly,

Var(c) = Io?

c?

where o2 is the contemporary group variance (variance
of all contemporary group effects), and I is an identity
matrix, which means the contemporary group effects
are independent of each other. Finally,

Cov(a,c’) =0,

additive genetic and contemporary group effects are
independent.

The residual effects are assumed to be independent
of all other random factors, meaning their covariances
with other random factors are 0. If known, the ratios
of residual variance to the additive genetic variance
and to the contemporary group variance should be
provided, or at least the values that are intended to
be used.

Assumptions and Limitations

Limitations occur because of a lack of information in
the data records. A factor that could be important is not
included in the model because there is no information
about that factor in the data files on animals. For
example, an animal’s record may or may not be affected
by its health status. If the record was affected, then
health status should be a factor in the linear model.
However, health information may not be a part of the
data files, and therefore, it cannot be included in the
model. Consequently, an assumption is needed that
animals were healthy when observations were taken.
Depending on the trait and species, this assumption
may or may not be critical.

A complete list of the explicit or implied assump-
tions should be a part of every model description, but
often they are omitted. Readers of a scientific report
may not be as familiar with the data files and produc-
tion system as the authors, and may not be able to
assess the assumptions that need to be made. The
presence of this part of the model helps readers to
judge the quality of an analysis.

Genetic Relationships

The animal model works best when pedigree informa-
tion is complete and accurate. Preparing pedigree files
can be tedious, depending on the species. Animals can
be registered in different organizations with different
identifications in each organization, both of which
may be found in the data files. Efforts are needed to
make sure that each animal has only one unique iden-
tification in both the data files and the pedigree file.
Good identification systems include codes for breed of
the animal and year of birth.

Next, pedigrees of animals need to be arranged in
chronological order. Parents should appear in a list
before (ahead of) their progeny. Ordering a pedigree
is most easily accomplished by sorting animals by
birthdate. Birthdates, however, can be incorrectly
recorded, or for many individuals may not be available.
One approach is to assume that all birthdates are incor-
rect. Assign all animals a generation number of 1. Then
cycle through the pedigree file and modify the genera-
tion numbers so that the generation numbers of the sire
and dam of an animal are at least one unit greater than
the generation number of that animal. Iterate through
the pedigree file as many times as needed until no
further modifications are made to any generation
numbers.

Inbreeding Coefficients

Genetic relationships among individuals were worked
out by Wright [6] as correlation coefficients. Later, only
the numerators of these correlation coefficients were
needed in genetic evaluation, and were called Wright’s
numerator, additive genetic relationships. The dimen-
sions of the additive genetic relationship matrix, A,
equal the number of animals (N) in the pedigree. The
pedigree file usually contains more individuals than are
represented with records in the data file. If constructed,
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the A matrix would be 95% full (nonzero numbers).
For one million animals, the storage of these numbers
would be an overwhelming problem computationally.
Fortunately, during genetic evaluation, only the inverse
of this matrix is needed. The inverse is typically very
sparse by comparison, and the elements in the matrix
can be generated as needed and do not ever need to be
stored. For this to work, the inbreeding coefficients of
every animal need to be determined.

Henderson [7] showed that the additive relation-
ship matrix could be written as

A = TBT,

where T is a lower triangular matrix and B is a
diagonal matrix. The diagonals of B, say b;;, were
shown to equal

bi = (0.5 — 0.25(F; + Fa)),

where F, and Fy are the inbreeding coefficients of the
sire and dam, respectively, of the ith individual. If one
parent is unknown, then

bi = (0.75 — 0.25F,),

where F; is the inbreeding coefficient of the parent that
is known. Lastly, if neither parent is known, then
bii = 1. An inbreeding coefficient indicates the propor-
tion of alleles that are in common within an individual
due to being inherited from common ancestors some
generations back in the pedigree. This happens when
related animals are mated together.
The key discovery of Henderson [7] was that

Al=T"'BIT !,

and that each row of T~! had a one on the diagonal and
two negative one-halves on the off-diagonals
corresponding to the locations of the sire and dam of
that individual. Only two nonzero numbers that are
always equal to 1 or — 3. The elements of B! are equal
to bgl. Every animal could have a different b;;, so these
would need to be stored.

Meuwissen and Luo [8] developed a very efficient
algorithm to compute inbreeding coefficients, and
from these come bj;. The algorithm requires animals
to be chronologically ordered and processed, so
that inbreeding coefficients of an animal’s ancestors
are known before that animal is processed. Once

the inbreeding coefficients are known, then b; are
easily obtained. Having b;; for each individual, then
elements of A~! can be calculated readily, as needed.
Consult Meuwissen and Luo [8] for details of their
algorithm.

Missing Parents

Animals with unknown parents are assumed to be
animals from a large randomly mating population of
unrelated, unselected individuals. This group of ani-
mals is known as the base population. In dairy cattle, the
base population might be animals that were born in
the 1950s. However, even today, there are animals in the
data files and pedigree files that have unknown parent-
age. Clearly, these animals are genetically different from
animals born 60 years earlier, and they should belong to
a population different from the base population. For
this reason, unknown parents are assigned to genetic
groups based on the year of birth of their progeny, and
whether the progeny was male or female [9, 10]. Sup-
pose an animal was born in 2009 and was a male. If the
male parent of this animal was unknown, then it would
be assigned to a Sire of Males group for 2009, and if the
female parent was unknown assignment would be to
a Dam of Males group for 2009. The assumption made
for assignments is that the selection intensity of each
pathway differs so that the genetic means of these
groups would be different. The other two pathways
are Sires of Females and Dams of Females. These
groups may be further subdivided, based on breeds or
countries of origin.

Computationally, genetic groups are treated as
though they were a separate individual, which requires
simple modifications in the computation of elements
of A™'. Genetic groups are essential in the animal
model in order to obtain unbiased estimates of genetic
trends, and accurate evaluations of all animals. There
are always animals with unknown parents resulting
from movement of animals between countries, but
also between herds or flocks within a country.

Genetic Evaluation

Best linear unbiased prediction (or BLUP) has
been used since 1970 when Henderson applied the
method to genetic evaluation of dairy bulls in the
northeastern United States even though the theory
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had been available since 1950. BLUP requires setting
up and solving a linear system of equations that is
equal in size to the number of animals and number
of levels of other effects that are in the model
The equations are known as the mixed model equa-
tions (MME). The solutions to these equations are
usually obtained by iteration rather than through the
direct inverse of the large coefficient matrix. Many
various strategies have been devised to iterate solutions
quickly.

Iteration is a technique where initial solutions
begin at zero, and by going through one equation
at a time, each solution is updated based on the
values of the other solutions at that time. An updated
solution causes all subsequent solutions to change
during the updating process. Iterations continue
until the changes are less than a certain value (like
1 x 107%), at which point the solutions have reached
convergence.

Mixed Model Equations

The mixed model equations (MME) of Henderson [2]
yield the BLUP predictors of the random effects of the
linear model and generalized least squares estimators of
the fixed effects. Following the notation for the linear
model, the MME, generally, are written as

XR'X XR'zZ b XR 'y
7Z7'x zZr'z+6')\a) \zr'lYy )
From one model to the next, X, Z, R, and G change
in how they may be constructed, but the MME always

have the same form. Computations also differ and may
simplify in certain cases.

Estimation of Variances

Two methods of estimation of G and R are commonly
used in animal breeding. First is Restricted (or Resid-
ual) Maximum Likelihood (REML) [11-13], of
which there are four computational versions, and
second is Bayesian Estimation using Gibbs Sampling
as a tool to maximize the joint posterior distribu-
tion [14]. Both methods require major computing
time, and consequently, smaller subsamples of the
complete data file are chosen for estimating covariance
matrices.

The main advantage of these two methods is that
the estimated covariance matrices are positive definite
matrices that can be used directly in MME. A covari-
ance matrix must be positive definite like a variance
must always be positive.

Another advantage of the methods is that the
REML and Bayesian estimators are more accurate
than other methods. The disadvantage is the increased
computing demands necessitating the need to subsam-
ple the data into smaller sets.

Reliabilities

All estimates of breeding values of animals require
information about the accuracy or reliability of that
estimate. Theoretically, standard errors of prediction
are derived from the inverse of the coefficient matrix of
the MME. Given that solutions result from iteration
techniques rather than inversion, the standard errors
of prediction must be approximated. Standard errors of
prediction are often converted into a percent reliability
that goes from 0 to 100. There are many approximation
methods in use.

Reliabilities depend on the number of progeny, the
number of contemporaries of those progeny, the com-
pleteness of pedigree information, and the variance and
covariance parameters. Depending on the reliability of
an animal’s Estimated Breeding Value, (EBV), the EBV
may or may not be made officially public. Minimum
standards are agreed upon by industry committees.

Genetic Trends

Genetic trends are estimated by averaging animal EBVs
by year of birth, or by years in which they make records.
In dairy cattle, for example, the EBVs of all cows that
were born in a given year and which completed at least
one lactation can be averaged. By plotting these aver-
ages by year of birth, the genetic trend in milk produc-
tion can be quantified. Plotting the average EBVs of
dairy bulls by their year of birth would give a different
trend, reflecting how bulls were chosen to be in artifi-
cial insemination. The cow averages would reflect how
those bulls were used in breeding programs, and would
likely lag a couple of years behind the sire birth years.
Graphs of genetic trends should have details of what the
averages represent.
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Single Record per Animal

The models presented in this and the following sections
become progressively more complicated, due to the
type of traits that are considered. First, a simple animal
model is illustrated which covers traits that are
observed only once in an animal’s lifetime, such as
age at first breeding. Next, the situation where animals
can be observed more than once per lifetime, such as
annual antler production in elk, wool production in
sheep, or race results in horses. Then traits influenced
by maternal effects, such as birth weights, weaning
weights, and calving ease, are considered. Longitudinal
data, traits observed over time, such as milk production
or egg production, provide models that analyze the
shapes of curves. Multiple trait models are applied
to two or more traits at a time, and include genetic

and environmental correlations among the traits.
Threshold models for categorical data are described,
and finally, a model for the analysis of survival data is
presented.

Data

The case of a single record per animal is presented in
some detail because this is the simplest model and
illustrates the process of constructing mixed model
equations, and what happens to the solutions to those
equations. The models are presented in a generic fash-
ion without reference to particular species.

Table 1 contains the pedigree information and data
on 16 animals. The first four animals are base popu-
lation animals without records and without known
parents. The inbreeding coefficients are shown and

Animal Breeding, Modeling in. Table 1 Example data for simple animal model

1 0 0 0.00000 1.00000

2 0 0 0.00000 1.00000

3 0 0 0.00000 1.00000

4 0 0 0.00000 1.00000

5 1 2 0.00000 0.50000 1 1 78
6 3 4 0.00000 0.50000 1 1 26
7 3 2 0.00000 0.50000 1 1 111
8 1 4 0.00000 0.50000 1 1 122
9 5 6 0.00000 0.50000 1 1 98
10 7 8 0.00000 0.50000 1 2 48
11 5 8 0.12500 0.50000 1 2 109
12 7 6 0.12500 0.50000 1 2 94
13 1 6 0.00000 0.50000 1 2 103
14 3 8 0.00000 0.50000 2 3 78
15 5 4 0.00000 0.50000 2 3 69
16 7 8 0.00000 0.50000 2 3 44
17 9 6 0.25000 0.50000 2 3 12
18 1 10 0.18750 0.46875 2 4 54
19 1 12 0.06250 0.43750 2 4 89
20 9 8 0.12500 0.50000 2 4 82
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the values of b; which come from the inbreeding
coefficients. Records were made over 2 years, and
there were two contemporary groups within each
year. Assume that the residual variance is 600, the
genetic variance is 300, and the variance of contem-
porary group effects is 100. Heritability (denoted as
h?) is defined as the genetic variance divided by the
total phenotypic variance, which is the sum of the
genetic, contemporary group, and residual variances.
In this case, h* = 0.3.

Mixed Model Equations

The equation of the model is (in scalar form)
ik = (YR); + (CG); + ax + eij,

where

yijx are the observations on animal k, belonging to
contemporary group, (CG);, born in year, (YR),,

y = {yin}-

(YR), are the fixed, year effects,
b= {(¥R),}.

(CG) ; are the random, contemporary group effects,
¢ = {(CG),}.

ay are the random, additive genetic effects of individual
animals,

a={a}

ejjx are random, residual effects.

Also,
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Finally,

2
R = 116667

and Z can be partitioned into one matrix for contem-
porary groups, and one for animal additive genetic
values, i.e.,

Z=(Zy Z,).
Inverse of Relationship Matrix

Notice that the MME contain G}, which equals

1
Gl I% 0
0 A‘lgii '

Thus, the inverse of the relationship matrix is
needed. This matrix can be constructed readily follow-
ing simple rules that Henderson [7] provided. For each
animal with both parents known, 9 numbers are added
into the inverse matrix. For an animal with only one
parent known, 4 numbers are added, and for an animal
with both parents unknown, 1 number is added. Start
with a matrix of order 20 that is completely null. Then
process the pedigree file, one animal at a time until all
animals are included.

Step 1: For animal i, let & = b;'. For animal 1,
0 = 1; for animal 6, 6 = 2, and for animal 19,
0 = 2.2857.

Step 2: Add 0 to the diagonal element for that animal.
For animal 19, add delta to element (19,19) of A~ 1.

Step 3: If the male parent is known, subtract — 0.5
from elements (7, s) and (s, ), where i is the ani-
mal’s number and s is the sire’s number. For exam-
ple, for animal 19, i =19 and s = 11. Also add
0.250 to element (s, s).

Step 4: If the female parent (denoted by d) is known,
subtract — 0.59 from elements (i, d) and (d, i), and
add 0.256 to element (d, d).

Step 5: If both parents are known add 0.256 to elements
(s,d) and (d, s).

Numbers are accumulative as the pedigrees are
processed. Many of the elements will stay null values,
especially for animals that do not have progeny.

Solutions to Equations

The resulting mixed model equations have 26 rows and
columns with 26 unknowns to be estimated (2 year
effects, 4 contemporary groups, and 20 animal effects).
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Even for this small example, to display the equations
fully would take up too much space. The solutions to
the MME were as follows:

Year1 = 88.8
Year2 = 61.6
CcG1 = .015
CG2 = -.015
CG3 = -3.303
CG4 = 3.303
Animal EBV Reliability
1 = 8.32 13
2 = 1.06 A1
3 = -568 14
4 = -3.69 .10
5 = 4.38 .23
6 = -15.50 .25
7 = -.95 .25
8 = 7.37 .23
9 = -428 .20
10 = -6.58 .18
11 = 9.49 .24
12 = =379 .24
183 = -.02 17
14 = 4.61 17
15 = 2.41 .18
16 = -.30 .16
17 = 1717 .25
18 = -.90 .21
19 = 6.66 .16
20 = 4.65 .18

The solutions for the animal additive genetic effects
are known as Estimated Breeding Values or EBVs. Prog-
eny are expected to inherit an average of the EBVs of its
parents, on average. EBVs are sorted from highest to
lowest, or best animal to poorest animal. Every animal
in the pedigree file obtains a solution due to genetic
relationships to progeny and other individuals. The
EBV of an animal consists of combined information
from the animal’s parents, its progeny, and its own
performance record. The BLUP methodology com-
bines the information in an optimal manner to maxi-
mize the correlation of the EBV with the animal’s true
genetic merit. The reliability is obtained from the
inverse of the MME coefficient matrix, and expressed
as a correlation coefficient. The greater is the reliability,
the more certainty in the ranking of the animals. The
highest reliability was 0.25, for animals 6, 7, and 17.
Note that animal 6 had 4 progeny, plus a record on
itself, and both parents were known. Animal 7 had 3
progeny. Animal 17 had no progeny, but was an

offspring of animal 6 and was inbred the most. Reli-
ability also reflects the number of contemporaries that
each animal has, but the differences in this example
were not great. The reliabilities of all animals in this
example are very small, but there were only 16 obser-
vations in total. Dairy bulls, for example, can have
hundreds or thousands of progeny giving them reli-
abilities above 0.99. A minimum reliability level is
chosen before EBVs are released to the public.

The solutions for the year effects were 88.8 and 61.6,
respectively. Thus, performances were lower in year 2
compared to year 1. There is likely a reason for this
difference, such as year 2 being hotter, or a shortage of
good feed, or feed prices may have caused many ani-
mals to be removed from farms. The difference between
years is not genetic.

Contemporary group effects were random in the
model, and the solutions have an average of zero as
a consequence of how they were included in the model.
The CG solutions average zero within the year effects, due
to the fact they were a factor nested within year effects.

Genetic trends can be computed from the EBVs.
Because animals have only one record each, the genetic
averages for years 1 and 2 are the average EBVs of animals
5-13 for year 1, and animals 14-20 for year 2. These give
—1.10 for year 1 and —0.01 for year 2. Thus, the animals
in year 2 were slightly better than in year 1, genetically.

Repeated Records Animal Model

Animals are often observed more than once for some
traits, such as

Fleece weight of sheep in different years

Calf records of a beef cow over time

Test day records within a lactation for a dairy cow
Litter size of sows over time

Antler size of deer in different seasons

Racing results of horses from several races

Animals are influenced by their environments, such
as an athlete changes due to training and practice.
These effects are called permanent environmental
effects, and they accompany the animal every time the
animal is observed for that trait as in Fig. 2. Permanent
environmental effects are not genetic, in the sense that
the animal does not transmit these effects to any of its
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Animal Breeding, Modeling in. Figure 2
Diagram for an animal with repeated records including
a permanent environmental effect

offspring. The following figure illustrates a model to
describe permanent environmental effects. Only with
repeated records can the permanent environmental and
genetic effects be separated and estimated.

Data

In the example data of Table 2, animals have either
one, two, or three records made in different years.
The contemporaries for each year differ, but are con-
founded with the year effect in this example. If the
animals could be assigned to different herds or man-
agement groups, then contemporary groups and years
would not be confounded.

Normally performance of animals either improves or
declines with the age of the animal, so that ages of animals
should be known. The age of the animal in year 1 is given
in the table, and so ages range from 1 to 4 years.

Mixed Model Equations

The equation of the model is (in scalar form)
yijt = (YR); + (Age); + ax + pi + e,

where

Yijxi is observation [ on animal k, belonging to age group j,
born in year i.

Animal Breeding, Modeling in. Table 2 Example data for
repeated records animal model

Yr1

1 3 22 35

2 3 31 46

3 3 44 24

4 3 53

5 2 61 57 42
6 2 32 39
7 1 2 |2 39 51 62
8 3 4 (1 48 72

9 5 6 |1 71 96
10 1 4 1 37 56 47
11 3 6 |1 66 86
12 1 2 1 46 38

(YR), are fixed, year effects.

(Age); are fixed, age group effects.

ay are random, additive genetic effects of individual
animals.

pr are random, permanent environmental effects of
individual animals.

e;jx are random, residual effects.

The covariance matrices of the random variables
(animals, permanent environmental, and residual
effects, respectively) are

a A¢.2 0 0
Var|p|=| 0 Ios; 0
e 0 0 Id?

The total variance is

2 _ 2 2 2
0,=0,+t0,+t0,

and the heritability is

h2:6_
o

QN

=N

Repeatability is a measure of the average similarity
of repeated records on animals across the population
(part genetic and part environmental), and is defined
as a ratio of variances as
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which is always going to be greater than or equal to
heritability.
Let

Xb represent the fixed factors of years and ages

Za represent the random animal additive genetic effects

Wp represent the random animal permanent environ-
mental effects

then the mixed model equations may be written as

X'X X'Z X'wW b
ZX Z2Z+A7'k, ZW a
wW'X W'Z WW+1Ik, ) \p
X'y
=1 Zy |,
Wy
and let

ko=0>/0%=1.33333, and k,= aﬁ/oz =3.

There are 26 observations in the example of Table 2,
with 3 years and 4 age groups represented, plus 12
animal additive genetic effects and 12 permanent
environmental effects giving a total of 31 equations.
The A matrix is simple to construct because none of the
animals are inbred. The resulting solutions are given in
Table 3.

There are two possible uses of these solutions.
First is to rank the animals for their genetic ability in
order to plan future matings using the Estimated
Breeding Values. Secondly, there is the decision about
which animals to keep to make another record. The crite-
rion for making this decision is the Most Probable Pro-
ducing Ability, [1] which is the sum of the genetic and
permanent environmental solutions (shown in the last
column of Table 3). Thus, Animal 9 would likely make
the best future performance of those 12 animals and
would also likely generate the best future progeny.

Comments

One could ask if permanent environmental effects are
permanent. The answer is yes, but as an animal ages,

Animal Breeding, Modeling in. Table 3 A set of solutions
to the example data on repeated records model

Genetic Perm. Env.
1| 0001|5092 1| —837 -0.27 8.64
2|1834|2|46.01 | 2| —1.50 0.98 —0.52
3(129.08|3(37.24| 3 1.06 —1.84 —0.78
411950 4 3.14 3.16 6.30
5 4.96 —0.84 412
6 0.71 —5.00 —4.29
7| —294 1.77 —1.17
8 2.18 0.07 2.25
9 9.68 6.08 15.76
10| —6.66 —3.60 —10.26
11 6.00 4.55 10.55
12 | —10.64 —5.07 —15.71

it encounters new permanent environmental effects
which accumulate with the previous effects. Hence,
permanent environmental effects are cumulative over
the life of an animal. This means permanent environ-
mental effects are not constant throughout an animal’s
life. With the model as described in this section, the
assumption is that permanent environmental effects
are constant. Some of the cumulative parts, therefore,
flow into the temporary environmental effects, and
some are averaged with the previous permanent envi-
ronmental effects.

Another assumption is that the genetic component
of each record on an animal is the same. Genes are
known to change in activity as an animal ages due to
age, but also due to epigenetics (environmental effects
that cause change to an animal’s DNA). Thus, repeated
records on one animal could have different genetic
components. That means the genetic correlation
between records is less than unity. A better model
would be to assume that all records are genetically
different (but correlated) traits. This would take into
account both the different genetic effects associated
with each record, and also the accumulation of perma-
nent environmental effects with time.
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Maternal Effects Animal Model

In mammalian species of livestock, such as beef cattle,
sheep, or swine, the female provides an environment
for its offspring to survive and grow in terms of pro-
tection and nourishment. Figure 3 illustrates how
maternal effects can affect offspring records. Females
vary in their ability to provide a suitable environment
for their offspring, and this variability has a genetic
basis. Offspring directly inherit an ability to grow (or
survive) from both parents, and environmentally do
better or poorer depending on their dam’s genetic
maternal ability. Maternal ability is a genetic trait
expressed by the dam in the offsprings’ performance,
and is transmitted, like all genetic traits, from both
parents. Maternal ability is only expressed by females
when they have offspring (i.e., much like milk yield in
dairy cows) [15, 16].

Data

The example data of Table 4 are weights on animals at
an early age.
A model to account for maternal ability is

y=Xb+Zja+Z,m+ Z;p + e,

where y is the growth trait of a young animal, b is a
vector of fixed factors influencing growth, in this
case contemporary group effects, a is a vector of
random animal additive genetic effects (i.e., direct
genetic effects), m is a vector of random maternal

Maternal
Ability

Animal Breeding, Modeling in. Figure 3
Diagram illustrating maternal genetic effects

Environment

genetic (dam) effects, and p, in this model, is a
vector of maternal permanent environmental effects
(because dams may have more than one offspring in
the data — repeated records).

The expectations of the random vectors, a, m, p,
and e are all null vectors in a model without selection,
and the variance-covariance structure is

Act Aoy O 0
Aoy AcZ, 0 0
I 0 Io, O
0 0 0 Io?

Var

om 8

where o2 is the additive genetic variance, 62, is the
maternal genetic variance, ¢,, is the covariance
between additive and maternal genetic effects, and 02
is the maternal permanent environmental variance.

Also,

and

e ~ N(0,162).

Animal Breeding, Modeling in. Table 4 Example data for
maternal genetic effects model

5 1 3 1 156
6 2 3 1 124
7 1 4 1 135
8 2 4 2 163
9 1 3 2 149
10 2 4 2 138
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In this model, a female animal, , could have its own
growth record for estimating a;. The same female could
later have offspring for estimating 1 and p;, and the
offspring would also contribute toward ;. The mater-
nal effects model can be more complicated if, for exam-
ple, embryo transfer is practiced. Recipient dams would
have maternal effects, but would not have direct genetic
effects on that calf [17].

Mixed Model Equations

The MME are represented as

X'X X'Z, X'Z,
7\ X 7ZMZ,+A'ky ZMZ,+ Ak,
7,X 7,72, +A 'k, Z,Z,+A 'k,
75X Z,Z, 757,

X'Z, b X'y

VAYVZ a Z'y

7,75 m - Zhy |
7575 + 1ks; p 7'y

where
k k 0 2 ¢ !
11 12 a am 2
k k 0 ¢ 2 ¢
12 22 am m

(5 2) @

(17192 0.4628
~\0.4628 3.2400 )"

The solutions to the MME are

0 137.8469 [ 0.0658
~ 1504864 )7 P 7\ Z0.0658 )

2.3295 ~0.3328
—2.3295 0.3328
0.1280 0.1646
—0.1280 —0.1646

A 5.1055 ) —0.6379

el RO B T
0.2375 —0.1254
2.0161 ~0.3795
0.5447 0.0136
~3.7896 0.4499

Comments

Maternal genetic models require a good data structure
to be successful [18]. That means that there should be
many females with weight records in the data who also
have several progeny with weight records in the data.
In this way direct genetic and maternal genetic effects
can be efficiently separated during estimation. In
the example data, the structure is not good because
the females that were dams did not have any weight
records on themselves. Hence the strong negative rela-
tionship between direct and maternal genetic estimates,
which means the maternal genetic estimates are based
mostly on the direct genetic estimates and the prior
genetic correlation that was assumed, which was
negative.

Sire structure is also important in that sires should
have many daughters that have also had their own
progeny. The maternal genetic ability of a sire’s daugh-
ters cannot be accurately estimated without those
daughters displaying their maternal ability on their
own progeny. In many studies or application of mater-
nal genetic effects models, the data structure is too poor
from which to estimate variances and covariances of
direct and maternal genetic effects.

Random Regression Animal Model

All biological creatures grow and perform over their
lifetime. Traits that are measured at various times dur-
ing that life are known as longitudinal data. Examples
are body weights [19], body lengths, milk production
[20], feed intake, fat deposition, and egg production
[21]. On a biological basis, there could be different
genes that turn on or turn off as an animal ages causing
changes in physiology and performance. The time var-
iable (or age) can be recorded in years, months, weeks,
days, hours, minutes, or seconds, so that, in effect, there
could be a continuum or continuous range of points in
time when an animal could be observed for a trait.
These traits have also been called infinitely dimensional
traits.

If observations were plotted on a graph where the
x-axis is time and the y-axis is the magnitude of the
observations, then a trajectory is obtained for a group
of animals. However, not every individual will follow
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Animal Breeding, Modeling in. Figure 4
Trajectories of different animals for a trait measured over
time

the average trajectory, see Fig. 4. There are variations in
the shape of their trajectory, and the breeder may wish
to change the shape for animals in his(her) production
system in order to be more profitable.

The average trajectory, in black, is given by the
equation

f(t;) = A+ Bt;+ Ct; + D¢,

where A=2, B=0.1, C=0.03, and D = —0.001.
The red and blue trajectories are extremes for
animals in the population. The assumption is that
f(#) is the average trajectory and every animal will
have its own trajectory, that means every animal will
have different A, B, C, and D values. Because these
parameters are regression coefficients, the model
becomes the random regression model, and every ani-
mal will have four regression coefficients to be esti-
mated, as deviations from the average trajectory
regression coefficients.

Regression Functions

A problem in using time covariates to various
powers is that the numbers can become very large,

very quickly. For example, if the time variable, f,
goes from 1 to 20, then #’ would range from
1 to 8,000. In least squares like equations, the
diagonal element for that variable would be (8,000)°.
Then there could be many thousands of observa-
tions. The large numbers can lead to serious rounding
errors and may cause problems in solving the
equations.

Another problem is that there will be high correla-
tions among the time variables in the function, because
they are all based on the same ¢t value. This may also
lead to near singularity and to problems in solving the
equations. A solution for the above problems is to use
Legendre polynomials which convert the time variable,
t, into covariates that are firstly scaled to be between —1
and +1, and then converted to be independent of each
other.

Scaling Time Variables Time variables have to be
standardized to the interval between —1 and +1. The
formula to standardize # is

ty — tmi
X = —1+2(—” min )
Imax — min

Legendre Polynomials
nomials are defined as

The first two Legendre poly-

Py(x) =1, and
Pl(x) =X,

then, in general, the n 4 1 polynomial is described by
the following recursive equation:

Pyt (x) = ﬁ (2114 1)xPy(x) — nPy1 (x)).

These quantities are “normalized” using

b= (5 l)o'smx).

2
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This gives the following series: ,
m =(1 —-0.32 0.1024 —0.0328 0.01048

NE —0.00336).
do(x) = <> Py(x) = 0.7071
2 Finally,
3\ 05
—0.3919
= 1.2247x
) N | 05477
P2(x) = 5 (3xPy(x) — 1Po(x)) | 07446
5\%53 1 0.0782
d,y(x) = (2> (Ex —5) —0.7961
= —0.7906 +2.3717:, The order of Legendre polynomials is equal to the

highest power of x. Research is needed to determine the

and so on. The first six can be put into a matrix, A, as ] T
best order of fit for any given situation.

0.7071 0 0
0 1.2247 0 Random Regression Model
.| —0.7906 0 2.3717 . _ ,
A= Like other animal models, the random regression
0 —2.8062 0
model (RRM) accounts for vyears, contemporary
0.7935 0 —7.9550 groups, and animal additive genetic effects, but in
0 4.3973 0 addition, it needs to account for the following:
0 0 0
e Curves for different groups of animals, such as age
0 0 0 . .
groups, month of calving groups, and breeds which
0 0 0 could have different shapes of curves. These factors
4.6771 0 0 would be fixed effects in the model. The curves may
0 9.2808 0 be fit using Legendre polynomials, or other func-
—20.5206 0 18.4685 tions of time, or as classification variables with

o ) many levels.
Now define a vector, m, containing the polynomials

) ) e Curves for each individual animal, using Legendre
of standardized time values,

polynomials, which are random factors in the

m = (1 JRN- xS). model. Each animal has a number of regression

coefficients to be estimated. For each animal, there

The covariates to use in the model are equal to are additive genetic parameters as well as perma-

A'm. nent environmental parameters.

e The possibility of residual variances changing over

To illustrate, suppose time goes from 10 to 60 days the observable time period. For example, as animals

over which animals are observed for their growth, grow, their mean weight increases and so does the
tmin = 10 and fp, = 60. An animal is observed on variance of weights at a given age.

day 43. The standardized time variable is o ) ) )
A simplified RRM for a single trait can be written

(43 — 10) as
(60— 10) Vijr = Fi+ g(8); + r(a, x, ml)

and + "(P@ X, mz)k + Cijkn:t 5
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where

Yijkn:e is the nth observation on the kth animal at
time t belonging to the ith fixed factor and the jth
group.

F; is a fixed effect that is independent of the time scale
for the observations, such as a cage effect, a location
effect, or a herd-test date effect.

g(t); is a function or functions that account for the
phenotypic trajectory of the average observations
across all animals belonging to the jth group.

r(a,x,ml), = > /" awXije is the notation adopted
for a random regression function. In this case, a
denotes the additive genetic effects of the kth ani-
mal, xis the vector of time covariates, and m1 is the
order of the regression function. So that x;j.¢ are the
covariables related to time t, and ay, are the animal
additive genetic regression coefficients to be estimated.

r(pe, x, m2), = >/ pueXije is a similar random
regression function for the permanent environ-
mental (pe) effects of the kth animal.

€jjkn:r is @ random residual effect with mean null and
with possibly different variances for each t or func-
tions of ¢.

The function, g(t);, can be either linear or
nonlinear in #. Such a function is necessary in a RRM
to account for the phenotypic relationship between y
and the time covariables (or other types of covariables
that could be used in a RRM). In a test day model, g(t);
accounts for different lactation curve shapes for groups
of animals defined by years of birth, parity number, and
age and season of calving within parities, for example.
With growth data, g(t); accounts for the growth curve
of males or females of breed X or breed Y from young
or old dams.

If the shape of the phenotypic relationship is not
known or is nonlinear, then g(t); could be a set of

classification variables. Classification variables take up
more degrees of freedom and require a large number of
observations per level, but they do not force the user to
explicitly define the shape of the trajectory.
A mathematical function, on the other hand, does not
use many degrees of freedom and gives a smooth tra-
jectory over time regardless of the number of observa-
tions. The choice of classification variables or
mathematical function is up to the researcher. If data
are very numerous, and the mathematical function fits
the data well, then either approach will generally lead to
the same results. The phenotypic relationships, g(t);,
are important to a RRM analysis and deserve care and
effort in their correct specification.

Mixed Model Equations In matrix notation, the
RRM is

y=Xb+Za+Z,p +e,

where b contains F; and g(1); effects, a contains m; + 1
additive genetic regression coefficients for each
animal, p contains #n1, + 1 permanent environmental
regression coefficients for each animal with data, and e
contains the temporary environmental effects. Also,

a ARG 0 0
Var| p | = 0 I®P 0],
e 0 0 R

where G is the variance-covariance matrix of the addi-
tive genetic random regression coefficients of order
m; + 1; ® if the direct product operator which mul-
tiplies every element of A by the matrix G; P is the
variance-covariance matrix of the permanent environ-
mental random regression coefficients of order m, + 1;
and R is a diagonal matrix of temporary environmental
variances which could vary depending on ¢, or R could
be block diagonal with an autocorrelation structure for

Animal Breeding, Modeling in. Table 5 Example data for random regression model

Age(m) Obs. Age(m) Obs. Age(m) Obs. Age(m) Obs.
1 7 5 22 224 34 236 47 239
2 7 6 30 244 42 247 55 241 66 244
3 8 5 28 224 40 242
4 8 1 20 220 33 234 44 228
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each animal’s records. The mixed model equations
(MME) are represented as

X'R-'X X'R'Z, where
ZR'X ZR'Z +A'®G!
Z,R'X Z,R'Z,
X'R'Z,
Z\R7'Z,

Z\R'Z, + 1@ P!

o

X/Rfly
=| zZRy
Z,R 'y

8>

3>

Example Data Analysis by RRM X=

A very simplified example is given below to illustrate
the degree of complexity of RRM. Four animals were
observed multiple times at different ages for a trait, as
shown in Table 5.

The model equation might be

Yiike = Vi + by + bi(A) + bz(A)z
+ (ainzo + anz + apz)
+ (piozo + pinz1 + Pinz2) + €jiks

where

V; is arandom contemporary group (visit) effect which
is assumed to follow a normal distribution with
mean 0 and variance, af = 4.

bo, by, and b, are fixed regression coefficients on (A) =
age and age squared which describes the general
relationship between age and the observations.

aio, a;1, and a;, are random regression coefficients for
animal i additive genetic effects, assumed to follow
a multivariate normal distribution with mean vec-
tor null and variance-covariance matrix, G.

Pio» Pi1» and pj are random regression coefficients for
animal i permanent environmental effects, assumed
to follow a multivariate normal distribution with
mean vector null and variance-covariance matrix, P.

29, 21, and z, are the Legendre polynomials based on
standardized ages and derived as indicated earlier.
The minimum age was set at 18 and the maximum
age was set at 68 for calculating the Legendre
polynomials.

and e;i; is a temporary residual error term assumed to
follow a normal distribution with mean 0 and var-
iance, 02 = 9. In this example, the residual variance
is assumed to be constant across ages.

—_ = e e e e e e e e e e

O O O O O O O O O = o=

SO O O O O = = = = O O O

and for animal 1,

0.7071

0.7071

0.7071

484
900
784
1156
1764
1600
400
2209
3025
1089
4356
1936

S O = = = O O O O O O ©
_— = O O O O O O O o o o

—1.0288
0
0
—0.4409
0
0
0
0.1960
0
0
0
0

The model in matrix notation is

y=Xb+Wv+Za+Zp+e,

224
244
224
236
247
242
220
239
241
234
244
228

0.8829
0
0
—0.4832
0
0
0
—0.7299
0
0
0
0

In order to reduce rounding errors, the covariates of
age for the fixed regressions can be forced to have
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a mean of approximately zero by subtracting 38 from The right hand sides of the MME are
all ages and 1642 from all ages squared.
The entire MME cannot be presented, but parts of . 2,823
the MME are given below. Xy=1 2070 |,
68, 064
30 00
W'W — 0 4 0 O 692
00 3 0} 945
Wy=17u|
0 0 0 2
3 —34 —2,758 472
wx_| 4 16 Lo | and
3021 1,397
12 5 | —287.6596
B —90.7117
XX=| 5 1,99 166,883 |, 690.1296
—1 166,883 14,415,319 249.1165
7.3023
Z'Zis composed of the following four blocks of order 3, Zly = 329.5086
for the four animals with records; ~200.1692
15 —0.9006 —0.2335 p ;628292220
Animall —0.9006 1.2912 —0.8383 |, 3513606
—0.2335 —0.8383 1.5457 _7.8918
2 0.7275 0.0259
Animal2 0.7275 2.0233 1.3612 The variance-covariance matrices of the additive

)

and permanent environmental effects need to be

0.025 1.3612 2.1815
? known for BLUP. Normally, these are not well known

1 —0.6235 —0.4902 and must be estimated simultaneously with the other
Animal3 —0.6235 0.5615  0.0648 |, effects of the model. Let
—0.4902 0.0648  0.5761
15 11085 0.0134 94.0000 —3.8500 0.03098
. G=| —3.8500 1.5000 —0.0144 |,
Animal4 —1.1085 1.5121 —1.2082 |.

0.03098 —0.0144 0.0014
0.0134 —1.2082  2.2687

and Z'X for all animal is and

2.12 —7.78 —761.55 63.0000 —2.1263 0.0447
—1.27  19.99 1516.76 P=|[ —2.1263 0.5058 —0.00486
—.33 —18.76 —1201.42 0.0447 —0.00486 0.0005
2.83 28.99 2458.59

1.03 46.44 4337.80 The solutions to MME are

7'X — 0.04 27.97 2979.60 A

141  —566 —636.39 | b =(234.9797 1.4670 —0.01399),
—.88 7.05 636.63 —0.8630

—.69 —2.14 —22.46

212 —12.02 —1061.36 oo | 1
—1.57 23.03  1684.81 0.1443

.02 —24.57 —1515.25 —0.5698
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Let the solutions for the animal additive genetic
random regression coefficients be presented in tabular

form as follows.

0.7071 —0.8328  0.3061
L= | 07071 —-0.3429 —0.6046
0.7071  0.2449  —0.6957

The results are shown in the following table.

Animal do a, az
1 —2.021529 | 0.175532 —0.002696 Animal  EBV(24) EBV(36) EBV(48) TEV
2 5.751601 —2.139115 | 0.025848 1 —1.58 —1.49 ~1.38 ~533
3 —2474456 | 2554412 —0.029269 2 5.86 478 353 18.26
4 —5376687 | —0.370873 |0.002174 3 —3.89 —261 ~1.10 -10.93
5 —1.886714 | 1.464975 —0.016963 4 —3.49 —3.68 —3.89 —1261
6 3.333268 ~1.065525 | 0.013047 5 —2.56 —1.83 —9 —7.43
7 1503398 —1.081654 | 0.012555 6 3.25 271 2.09 10.25
8 —2948511 | 0.681643 —0.008633 7 1.97 1.43 79 5.76

8 —266 —231 ~191 —858

Similarly, the solutions for the animal permanent
environmental random regression coefficients can be

given in tabular form.

Animal Po P P2

1 —0.296786 0.246946 —0.002521
2 3.968256 —730659 0.009430

3 —0.834765 0.925329 —0.008164
4 —4.505439 —441805 0.001257

Ranking Animals

The problem is to rank the

animals for selection purposes. If animals are ranked
on the basis of ap, then animal 2 would be the highest
(if that was desirable). If ranked on the basis of a;, then
animal 3 would be the highest, and if ranked on the
basis of a,, then animal 2 would be the highest. To
properly rank the animals, an EBV at different ages
could be calculated, and then these could be combined
with appropriate economic weights. EBVs were calcu-
lated for 24, 36, and 48 mo of age, and economic
weights of 2, 1, and 0.5, respectively, for the three
EBVs were used to compute a Total Economic Value
(TEV), as

2« EBV(24) + 1% EBV(36) + .5 « EBV(48).

The Legendre polynomials for ages 24, 36, and 48
mo are given in the rows of the following matrix L,

The animal with the highest TEV was animal 2. All
animals ranked rather similarly at each age on their
EBVs. Rankings of animals could change with age.
Thus, the pattern of growth could be changed.

Plotting Curves The shapes of curves of individual ani-
mals could also be plotted from the solutions, and shown
as deviations from the average curves. Figure 5 contains
animals 1 (black), 2 (red), 4 (blue), and 6 (brown).

240+
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Animal Breeding, Modeling in. Figure 5
Curves for animals 1 (black), 2 (red), 4 (blue), and 6 (brown),
in the example data
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Animal 2 had the highest TEV, but that ranking
was achieved by Animal 2 having the highest initial
deviation. However, the curve declines very rapidly
after time 18. The curves of the other animals do not
decline as rapidly, and the curve for Animal 1 actually
increases slightly. Depending on the biology of the trait
and the welfare of the animal, one may decide to select
for animals with increasing curves rather than declining
curves. The weights in the TEV could be adjusted
accordingly.

Comments

The orders of the Legendre polynomials do not need to
be equal for both the animal additive genetic and ani-
mal permanent environmental effects. The order of the
fixed regressions could also be different, and as seen in
this example can be based on a different function of
time covariates.

There are other kinds of orthogonal functions that
could be used in place of Legendre polynomials, and
some of these have been tried without much benefit to
the analyses (Yazdi?). Another alternative has been
spline (split polynomial) functions, [19, 22] in which
a curve is broken down into sections. Within each
section, a simple linear or quadratic function is suffi-
cient to fit the data within that section. The sections are
joined together by “knots,” the locations of which need
to be estimated. Spline functions have gained some
popularity lately.

Because random regression models were new to
animal breeding in 1994, [20] they were applied to
many different types of research problems. RRM have
been most successful in the analysis of dairy cattle test
day production within lactations, and in growth of
pigs, sheep, rainbow trout, and beef cattle. One limita-
tion with growth data is that animals are not usually
weighed more than three or four times in their life due
to the amount of labor involved in collecting weights
and the stress induced on the animals during the
weighing process. The orders of the regression coeffi-
cients for growth traits are usually limited to 2 or 3.

Multiple Trait Models

Animals are observed for many traits relating to pro-
duction, reproduction, conformation, longevity or

fitness, and health such that knowing the total eco-
nomic merit of an animal helps to keep costs of pro-
duction to a minimum. Most traits are genetically
correlated to each other, meaning that some genes
affect more than one trait. Because contemporary ani-
mals make their records in the same environment,
environmental correlations due to management, feed,
and temperature also exist to affect observations on all
traits. Thus, a sensible approach is to analyze groups of
traits using multiple trait models [23-26]. In this way,
information from correlated traits can be used to
improve the accuracy of all
A multiple trait (MT) model is one in which two or
more traits are analyzed simultaneously in order to take
advantage of genetic and environmental correlations
between traits.

Low Heritability Traits MT models are useful
for traits where the differences between genetic and
residual correlations are large (e.g., greater than
0.5 difference) or where one trait has a much higher
heritability than the other traits. EBVs for traits with
low heritability tend to gain more in accuracy than
EBVs for traits with high heritability, although all
traits benefit to some degree from the simultaneous

trait evaluations.

analysis(24).

Culling: Another use of MT models is for traits that
occur at different times in the life of the animal such
that culling of animals results in fewer observations on
animals for traits that occur later in life compared to
those at the start. Consequently, animals which have
observations later in life tend to have been selected
based on their performance for earlier traits. Thus,
analysis of later life traits by themselves could suffer
from the effects of culling bias, and the resulting EBV
could lead to errors in selecting future parents. MT
analyses have been shown to partially account, to
some degree, for the selection that has taken place
[25, 26]. If the percentage of missing trait observations
is high and the missing observations are not due to
random chance, then biases could be very large in EBVs
for that trait and maybe others.

The success of an MT analysis relies on the accuracy
of the genetic and residual correlations that are
assumed. Computations for MT models are more com-
plicated than for single trait analyses. If m is the num-
ber of traits and N is the number of animals in the
pedigree file, then there are at least mN equations to be
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solved rather than just N, and the same relative differ-
ence in memory space to hold solutions. However,
computer hardware advances (with gigabytes of mem-
ory) have been very rapid in the last decade. Conse-
quently, many genetic evaluation systems are now
multiple trait systems.

Models and Traits

Usually, traits are grouped together for MT analyses
because they are observed at approximately the same
point in time. For example, milk, fat, and protein yields
of dairy animals are observed on the same day, per
animal. Thus, for a group of similar traits, the linear
models associated with those traits include the same
major factors like years, ages, contemporary groups,
and animal additive genetic effects. Another grouping
of traits would be those for reproductive traits,
observed primarily on females, such as conception
rate, litter size, birthing ease, and offspring losses at
birth. The linear models used for production traits are
quite different from those used for reproductive traits,
or health traits.

Even within a group, the linear models for the traits
within a group could be different from each other.
Consider two traits with a single observation per trait
on animals. Let the model equation for trait 1 be

nij = B + a1j + ey,

where By; is a fixed effect with pg levels, a,; is a random,

animal additive genetic effect for trait 1, and e;; is

a random residual environmental effect for trait 1.
The model equation for trait 2 might be

nii = Gii + @i + e,

where C,; is a fixed effect (different from B;; for trait 1)
with pc levels, a,; is a random, animal additive genetic
effect for trait 2, and e,;; is a random residual environ-
mental effect for trait 2.

For example, y;;; could be birth weight, so that By;
could identify animals born in the same season. Trait 2
could be yearling weights and C,; could identify con-
temporary groups of animals of the same sex, same
herd, and same rearing unit within herd.

Because the two traits will be analyzed simulta-
neously, variances and covariances need to be specified

for the traits together. For example, the additive genetic
variance-covariance (VCV) matrix (between traits)
could be written as

G 81 82 _ 1 2
g2 2 15 )

and the residual environmental VCV matrix as

E — €11 €12 o 10 5
o €12 € o 5 100 /-
The genetic and residual correlations are, respec-
tively,

py =2/(15)" = 0.516,
p, = 5/(1000)"> = 0.158

with heritabilities specified as
) 1
W = — = 0.0909,
11

and

15
W = —— = 0.1304.
115

For all data, using A as the additive numerator
relationship matrix, then
Agn
Agzz

a; Agn
Var =
( a ) (Aglz

Data Example

A two trait example with three factors is given in
Table 6. Note that animals whose trait 1 observation
was below 3.0 were not allowed to make a trait 2
observation. If the true variances and covariances are
known, then this selection bias will be lessened through
the multiple trait analysis, as long as the analysis
includes the trait 1 records of animals with missing
trait 2 observations.

There were two levels of factor B associated with
trait 1, and 3 levels of factor C associated with trait 2.
The models assumed are those given in the previous
section including the covariance matrices that were
given.
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Animal Breeding, Modeling in. Table 6 Example data for
multiple trait models

1 0 0 1 1 23
2 0 0 1 2 26
3 0 0 1 3 9.8 53
4 0 0 1 1 4.7 4
5 0 0 1 2 55 63
6 1 3 2 3 25
7 1 4 2 2 84 35
8 1 5 2 3 8.2 41
9 2 3 2 1 9.0 27
10 2 4 2 1 7.8 32
11 2 5 2 2 2.8
12 6 10 2 3 74 67
Mixed Model Equations

The models are written in matrix notation below.
()= (0 ) )
YZ 0 X2 b2
Zl 0 a €
+ +
0 Zz a €
Let R be the covariance matrix of residual effects. If
observations are ordered by traits within animals, then
R is the direct sum of submatrices, one for each animal.
The submatrices depend on which traits are observed
for a given animal. If an animal has been observed for
both (all) traits, then the diagonal block is E as given

earlier. If an animal has been observed only for trait 1,
then the block is

. €11 0
El_<0 0)7

and if the animal has been observed only for trait 2,
then

0 0
E2<0 622>'

With more than two traits, the number of combi-
nations of missing traits increases. The covariance

matrix of residual effects for the example data is
a block diagonal matrix,

R=diag(E, E, EEEE, EEEEE, E).

The inverse of R is needed for the mixed model
equations, and this can be obtained by inverting the
block diagonal matrices (ignoring the zero rows and
columns when there are missing observations).

The resulting mixed model equations were of order
29 by 29. The solutions, for this example, were

By, = 5.0209

Bi» = 6.5592

Co1 = 20.0882

Cy = 49.0575

Cy; = 51.9553
1 0 0 ~03573 | -16772
2 0 0 ~00730 | 1.0418
3 0 0 0.4105 11707
4 0 0 —0.0449 | —1.4922
5 0 0 0.0646 0.9570
6 1 3 —0.1033 | -1,410
7 1 4 ~0.1975 | —2.2983
8 1 5 01410 | -9,633
9 2 3 03079 16227
10 2 4 0.1426 11273
1 2 5 01830 | 0.6418
12 6 10 0.1554 1.5089

Notice that every animal has an EBV for both traits,
even though trait 2 was missing for some animals. The
EBV for an animal with a missing trait observation is
constructed based on the genetic and environmental
correlations between traits, and based on their genetic
relationships to other animals that were observed for
both traits.

Economic Indexes

Many producers are so overwhelmed by the numerous
EBV available for so many traits that they are unable to
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visualize the relative contributions of different traits to
their overall productivity. Thus, economic indexes were
developed where trait EBVs are scaled to unit variances,
and then relative economic values are applied to the
scaled EBVs. Sometimes different types of indexes are
derived depending on the market objectives of the pro-
ducers. A beef producer, for example, may be produc-
ing animals of high carcass merit, and would use an
index that puts more weight on carcass traits of
marbling score, tenderness, and dressing percentage.
Another producer may be producing calves and may
want more weight on the reproductive ability of cows
and calf survival from birth to weaning. A particular
breed may wish to be known as the “Have Everything”
breed and would utilize a different set of economic
weights where many traits are emphasized.

Economic weights are dynamic in that they change
over time, and can often change very dramatically and
quickly, usually more quickly than a breeding program
can be changed due to the long generation intervals of
the species involved. Producers must therefore contin-
ually reassess their goals and objectives.

Economic indexes based on multiple trait EBVs
tend to be more stable over time compared to the
same EBVs computed on each trait separately.

Models for Categorical Data

Categorical data arise in animal breeding in situations
where a trait is subjectively scored by the producer or
a trained individual. For example, calves can be born
with absolutely no assistance of the producer or to the
other extreme where the producer must ask for veter-
inarian assistance to perform a caesarian section to
deliver the calf and save the cow. Between those two
extremes are different levels of difficulty of calving.
Recording programs provide four or five categories of
difficulty, and the producer must decide to which cat-
egory a calving belongs. The assumption is that one
producer assigns all calvings based on the same criteria,
but a different producer may have slightly different
criteria.

The number of calvings falling into each category
depends on the subjectivity of the producers. In most
breeds, the category for unassisted or easy births is
usually very high (from 50% to 90% of all calvings),
while the other categories are often much smaller and

the category for caesarian births being the smallest. The
categories are ordered from one extreme to the other.

In dairy cattle, cows are scored for 30 or more
conformation traits (i.e., style points) by trained
judges, and each trait has 9 or more categories. Judges
are trained and updated annually, but judges can differ
in their abilities to score traits, particularly when they
are trained to score a cow in a few minutes.

Theory

Although a trait may be scored into one of a limited
number of categories, an underlying non-observable,
normally distributed trait could be hypothesized [27—
29]. Then thresholds along the scale are where the
categories of the observed scores are defined, as
shown in Fig. 6.

Thus, when an animal’s underlying scale trait
exceeds a threshold value, then it belongs to the next
higher category. The threshold model is ideal for ana-
lyzing categorical data. The analysis follows Bayesian
concepts and is nonlinear in the solutions to this
model.

Write a model for the underlying scale variable.

Lijem = ti + bj + ak + ejjim,

where £jj,,, is an unobserved value on the underlying
scale for the trait of interest; #; is one of the threshold
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Normal distribution with thresholds for calving ease
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points; b; is a fixed factor such as age of the dam, breed,
year, or season; aj is an animal additive genetic effect;
and ejj,, is a residual error effect. The model could be
much more complex than that described here,
depending on the trait and situation.

Note that, instead of observations on the underly-
ing scale, only the category to which an animal belongs
is known. There are various quantities which need to be
computed repeatedly in the analysis, and these are
based on normal distribution functions.

1. ®(x) is known as the cumulative distribution func-
tion of the normal distribution. This function gives
the area under the normal curve up to the value of
x, for x going from minus infinity to plus infinity
(the range for the normal distribution). For exam-
ple, if x=0.4568, then ®(x)=0.6761, or if
x = —0.4568, then ®(x) = 0.3239. Note that if
there are m categories and k = m, then ®; = 1.

2. ¢(x) is a function that gives the height of the
normal curve at the value x, for a normal distribu-
tion with mean zero and variance 1. That is,

$(x) = (21) % exp —0.5x%.

For example, if x = 1.0929, then ¢(x) = 0.21955.

3. P(k) is the probability that x from a N (0, 1) distri-
bution is between two threshold points, or is in
category k. That is,

P(k) == (Dk - (I)k,I.
If k=1, then ®;_; = 0.

Begin with phenotypic values for f; based on
a normal distribution. From the t;, observations on
the underlying scale can be “created.” Each one would
have a different weight in the analysis due to the fre-
quency of a category being observed. Then new values
of bj and a; are calculated. Finally, new values of #; are
determined, and the process is repeated. Eventually, the
process converges until “solutions” for all variables do
not change. This is an overly simplified explanation.
For more details, see [30].

Solutions

Using the estimates from the nonlinear system of equa-
tions, the probability of a animal’s offspring falling into
each category can be calculated. Let a; = 0.123, and let

there be a 3 category trait. The solutions for the two
thresholds were #; = 0.376 and %, = 1.012. Then the
value on the underlying scale for the first category
would be

x=1t + ar,
=0.376 + 0.123,
= 0.499.

Then
®(x) = ®(0.499) = 0.691.

Similarly, the probability of the animal’s offspring
to be in categories 1 or 2 would be based on the second
threshold,

x=1.012 +0.123 = 1.135,

or ®(x) = 0.872. Thus, the proportion of offspring
that would fall in category 2 would be
0.872 — 0.691 = 0.181. The proportion that would be
in category 3 would be 1.0 — 0.872 = 0.128.

Animals could be ranked on their 4, or the result
could be expressed as a probability of being in
a particular category. For a trait like calving ease, for
example, one might want to maximize the probability
of having an easy birth.

Comments

While a threshold model is a theoretically best
approach to the analysis of categorical data, research
has found small differences in accuracy of ranking
animals from procedures that treat the category num-
bers as any continuously distributed trait [31]. As the
number of categories increases, the differences between
a threshold model analysis and simple linear model
analysis become smaller.

Computational problems may arise with threshold
models due to small numbers of observations in one or
more categories. This often causes two categories to be
merged into one to bypass the problem.

Categorical traits
a normal scale, and then analyzed with a usual linear
model [32]. If the threshold values on a normal
scale were 0.376 and 1.012 for a three category trait,
then all observations in category 1 would receive a score
of (0.376 — 0)/2 4+ 0 = 0.188. Category 2 observations
would be scored (1.012 — 0.376)/2 4 0.376 = 0.694,

are often standardized to
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and category 3 would be scored (3 —1.012)/2+
1.012 = 2.006. Standardization is often conducted
within years, or time periods in which the subjective
scoring was applied consistently.

Because categorical traits are subjectively recorded,
the subjectiveness can fluctuate over time. An animal
that was assessed to be category 1 20 years ago, may
now (if the animal were alive today at the same age)
belong to category 2. The standards of the observer(s)
have changed over those 20 years. The change is similar
to the change in the value of the US dollar between now
and 20 years ago. Today $1 does not buy as much as $1
back in 1990. The consequence of shifting standards (in
animal breeding) is that genetic trends cannot be prop-
erly estimated. Comparing animals many years apart is
not statistically accurate for categorical data. This is not
a major problem because producers mainly want to
compare animals that are alive today, and for this
purpose, the assumption is that subjective standards
change rather slowly and not by very much in a short
time span of about 5 years.

Methods have also been developed for multiple trait
models involving traits that are categorical and other
traits that are continuous [33, 34]. These have primar-
ily been cases of binomial traits, such as disease traits
(yes or no situations). Binomial traits have only one
threshold to be estimated, and binomial traits seem to
benefit from a threshold model.

Models for Survival Data

In animal production systems, animals remain in the
herd or flock as long as they are productive and generate
more income than expenses. Eventually, animals leave
the production unit due to natural death or injury, or
due to lowered production levels or reproductive prob-
lems such that the animal is deemed unprofitable. The
latter factors are determined by the owner, and owners
differ widely in their management skills, accounting, and
decision-making abilities. There seems to be a small
amount of genetic variability among animals in survival
rates that do not depend on productive abilities, and
genetic evaluation systems for survivability or longevity
have been developed. The heritability of survival is usu-
ally less than 0.02. Dairy sires, for example, need thou-
sands of progeny in order to have an accurate Estimated
Breeding Value for survival ability of their progeny.

Survival has been defined in many different ways. In
a binary sense, alive is equal to 1, every day until the
animal dies and thereafter becomes 0 for the remainder
of the observable time period. For example, in dairy
cattle, the observable period is from first calving until
100 months later (approximately 10 years of age) when
the majority of cows have died. The time intervals in
that range can be hours, days, weeks, months, or years.
Define a survival vector for the ith cow as s;, in terms of
months (from 1 to 100), such that the values of s; are
equal to 1 for every month the cow was alive, and equal
to 0 for the month in which it dies and every month
thereafter to the limit of 100 months after first calving.
A cow at 44 months after first calving today is still
alive, and its future death time is unknown, then the
values for months 45-100 need to be considered miss-
ing or not observed. For a cow that is still alive 100
months after first calving, then s; contains all ones. If
a cow has gone missing from the data, in the sense that
it was sold to another owner and that owner is not on
a milk recording program, then the cow has not died,
but the exact time of its death is not known. In this case,
s; will contain 1s up until the time it was sold, and all
remaining values in s are unknown (neither 1 nor 0).
Having defined s; for cow i, then let S be the average
of all s; for cows that do not have any missing values.
The elements of S are equal to the probabilities of being
alive at each month after first calving, and can be
plotted as shown in Fig. 7. The value at a given time
(month) is a probability, p;. The black points refer to
the average S for all cows, while the blue and red lines
indicate 2 standard deviations above and below the
average, respectively. Note that the variation is less
around p; and pqo than in the middle of the range.
Because a curve is involved, a random regression
model could be applied [35, 36] such that a separate set
of curve parameters could be estimated for each ani-
mal. The model would include the year-season of first
calving (with separate curves for each year-season),
random herd within year-season of first calving,
a variable that indicates whether the herd was increas-
ing, decreasing, or being stable in size at a particular
instance of time, a regression on the genetic EBV of an
animal for production, random animal additive genetic
regression coefficients, and random animal permanent
environmental regression coefficients. The model
would also need to account for different residual
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Survival curve for Jersey cattle after first calving, in months

variances for each month after first calving. Meuwissen
et al. [36] have shown links between various models for
survival analyses. Jamrozik et al. [37] did a comparison
of the effectiveness of different models for survival.

Another model is the proportional hazard model
(PHM) [38],

A(t) = os(t) exp[x B + 2/ mul,

where A(#) is the probability of a cow being culled at
time f given she was alive before time # ¢ 4(¢) is the
Weibull baseline hazard function; f contains time-
dependent covariates affecting the hazard function
with x’,,, being the corresponding design vectors; u is
a vector of random factors including herd, year-sea-
sons, and animal additive genetic effects; and 7', is the
associated incidence vector. Thus, a nonlinear system
of equations needs to be solved.

Lastly, survival could be defined as a discrete trait,
such as the survival of an animal to the end of first,
second, or third lactation. The three “traits” can be
analyzed as a multiple trait system, in which cows
need not be observed for all traits. This is similar to
the random regression approach except the number of
months after first calving is reduced to just 3 or 4
broader periods of time instead of monthly.

Because the heritability of survival is so low, and
analyses are affected by the animals that are still alive at
the time of analysis, perhaps a better indicator of

survivability would be a measure of profitability of
the animal. The traits that are part of profitability
would tend to have higher heritabilities, and would
contribute toward an animal remaining in the herd.
Further research on this area is needed.

Added Complexities
Heterogeneous Variances

In dairy cattle, the within contemporary group variation
of records was deemed to differ between contemporary
groups. That implied that the contemporary group
effects were being sampled from different populations.
Consequently, both the genetic and residual variation
could be allowed to differ between contemporary
groups. Bayesian methods were developed to simulta-
neously compute solutions to mixed model equations
and to estimate the necessary contemporary group var-
iances. Often, only the phenotypic variances within con-
temporary groups were assumed to differ such that the
heritability was constant across contemporary groups.

Robust Estimation

Related to heterogeneous variances was the problem of
outliers, records that were extreme values in the distri-
bution of phenotypes. Sometimes the extremes were
deliberately created by producers who thought they
knew how to manipulate the data so that their good
animals would receive high EBVs. Other times, the
extremes were due to errors in recording, and occasion-
ally were naturally extreme. Regardless of the reason for
their existence, the result was a bias to EBVs of one
animal or an entire group of animals. Robust estima-
tion methods were introduced to pull the extreme
records back toward the mean. Either the record itself
or the estimated residual effect of the record could be
modified toward the mean if it was beyond two and half
standard deviations from the mean. Robust methods
usually reduce the biases caused by extreme outliers,
but the method requires nonlinear estimation.

Count Data

In swine and sheep breeding, interest is in litter size,
which is not normally distributed and also not categor-
ical, but is known as count data. Another trait is number
of services to attain conception, or number of ovulations.
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Behavioral traits can also be count data, such as the
number of times an animal takes water during the day.
The appropriate distribution for count data is a Poisson
distribution, and Bayesian methods for handling and
modeling this distribution have been developed.

Hierarchical Models

Another Bayesian development was that of hierarchical
models where a trait is modeled in the usual way, but
then a component of that model has its own separate
model. Thus, two models are solved in steps, until the
solutions satisfy both models.

Model Comparisons

Methods have also been developed to compare different
models, but even further to select from among a group
of models for the better fitting model. Model compar-
isons are usually conducted using an “estimation” data
set (with which to estimate variances and solutions to
mixed model equations), and a second, sometimes
smaller, “validation” data set to judge how well obser-
vations and rankings of animals can be predicted.

International Comparisons

Some species of livestock are traded among countries,
depending on health restrictions, and this necessitates
comparing the genetic abilities of animals between
countries. Usually the genetic evaluation of animals
within a country has enough complexities to it such
that the models used in country A are very different and
incompatible with the models in country B. Thus,
EBVs from the different countries are collated and
a multiple trait model (where each country is
a different trait) is applied to the EBVs of male animals.
Genetic correlations among countries are less than
unity and rankings of animals may differ between
countries. The Interbull organization in Uppsala,
Sweden routinely computes evaluations for dairy bulls
from 23 or more countries every year.

Future Directions

Molecular genetics will dominate animal breeding
research in the next 20 years. The discovery of millions
of single nucleotide polymorphisms as genetic markers
has forced animal breeders to restudy their basic

quantitative genetics notes. The DNA genomes of ani-
mal species are being completely mapped, and someday
soon all of the genes and their locations in the genome
will be known. This is an exciting time for animal
breeders and the opportunities for research will be huge.

Already DNA markers are being used to determine
the relatedness of individuals to each other, to measure
the amount of genetic diversity in a species, to identify
genes with major effects on production traits, and to
select future breeding animals more accurately than
previously possible and as soon as an animal is born.
Models for genetic evaluation of animals have been
modified to include genetic marker information and
are thus becoming more complicated, involving many
thousands of markers such that computing issues are
more demanding than for multiple trait models. The
result is that animals are being selected more intensely
at an early age, and the samples of progeny are no
longer a random group of all possible progeny of
a particular mating, but are highly selected. This lack
of randomness of sampling progeny may cause biases
in current genetic evaluation models. The possibility
also exists that rates of inbreeding could be increased.
Modeling of production systems and strategies for
making continued genetic change will be utilized.

Bayesian methods will likely be utilized more
heavily than the methods of Henderson [2] in order
to deal with DNA modifications to statistical models.
Structural equation models [39] will try to determine
the cause and effects of multiple traits. Statistical
models, linear and nonlinear, continue to be required
background training for animal breeders. The com-
plexity and usefulness of models will grow even with
the emergence of genomics.
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Glossary

Genotype by environment interaction It exists when
the difference between the phenotypic values of two
genotypes is not the same in two environments.

Plasticity The ability of an individual to respond to
changes in the environment.

Reaction norms The phenotypic expression of
a genotype as a function of the environment.

Definition of the Subject

The existence of genotype by environment interaction
(GxE) makes animal breeding more complicated. It
means that the same genotype is not the best in all
environments, and it implies that separate breeding
programs might be needed to cater for these different
environments. However, separate (and therefore,
smaller) breeding programs might be less efficient
than one large program. Small breeding programs
might also encounter problems with inbreeding
depression, but on the other hand, several populations
with different breeding programs and breeding goals
might increase the overall genetic diversity. Therefore,
GXE is an important factor to consider when creating
breeding programs for animals, especially in a global
setting.

Introduction

The ability to respond to changes in the environment is
a vital characteristic of all organisms. This ability is
called phenotypic plasticity or sometimes, environmen-
tal sensitivity. Genetic variation in plasticity will lead to
genotype by environment interaction. This paper starts
by describing the phenomenon of plasticity, a term
which is not well known in animal breeding. To
describe it, several situations will be illustrated, with
and without plasticity, by use of reaction norms. This
will be followed by a description of various statistical
models that can be used to study Gx E, including a brief
description of genetic heterogeneity of residual vari-
ance. Finally, some consequences of GXE for breeding
programs will be discussed.

Plasticity, Environmental Sensitivity, Reaction
Norms, and Genotype by Environment
Interaction

A reaction norm describes the phenotypic expression of
a genotype as a function of the environment. One can
say that the reaction norm translates the environmental
values into phenotypic values. In Fig. 1, the reaction
norm for a genotype is shown. The horizontal x-axis
describes the environment, for simplicity let’s assume
a continuous scale, e.g., ambient temperature for
a certain organism. The vertical y-axis gives the pheno-
typic value for this genotype for each environmental
value. In this example, the reaction norm is linear, but
it could have any form.

In Fig. 2a, genotypes that show no plasticity are
depicted. Note that there is still variation in the level
among genotypes, so there is genetic variation in the
trait. In Fig. 2b, genotypes showing plasticity are
presented. However, all genotypes react in the same
way to an environmental change, i.e., there is no vari-
ation in plasticity.

In Fig. 2¢, the genotypes are plastic, but some are
more plastic than others. In other words, there is also
variation in plasticity. Now, the genotype with the
highest phenotypic value in the low environment also
has the highest value in the highest environment. If
high phenotypic value is desirable, which genotype to
choose would be indisputable.
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In Fig. 2d, there is also variation in plasticity; how-
ever, here the reaction norms also cross. Which geno-
type is the best, now depends on in which environment
this genotype should be used.
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Thus, differences in phenotypic plasticity between
genotypes result in genotype by environment interaction.
Strictly speaking, GxE means that the difference
between the phenotypic values of two genotypes is
not the same in two environments. If the difference
changes sign between environments, there is re-ranking
of genotypes (Fig. 2d). If the difference changes in size
only, there is a scaling effect (Fig. 2c). Note, however,
that if the environmental scale had been drawn further
to the left in Fig. 2¢, there would have been re-ranking
also here.

Comparison with the Usual Genetic Model

The most common quantitative genetic model is P =
G + E [1]. In this description, G is defined as the
genotypic value and E as the environmental deviation.
“We may think of the genotype conferring a certain
value on the individual and the environment causing
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a deviation from this, in one direction or the other” [1].
This might already from the beginning give the impres-
sion that G is the central factor, whereas E is just
a nuisance, the contribution of which should be
decreased as much as possible.

This standpoint actually makes
a traditional animal production point of view. The
intention is to give all animals as good and standard-
ized treatment as possible in order for them to produce
in the best possible way. Therefore, as little as possible
should be out of human control (E). Then it can be
considered that all animals have the same macro-
environment (same production system, same kind of
feed, etc.) and are only affected by microenvironmental
effects. To the microenvironmental effects, one might
count the effect of the individual farmer (within the
rather standardized system), season of production or
parturition, etc. These factors can be adjusted for, if
known. Thus the environmental or residual variation
(6%) can be decreased. However, there are always some
unknown microenvironmental effects (e.g., that the
cow is standing close to a door with a cold draft during
winter). This will end up in the residual. Therefore,
given a certain phenotypic variance, the more that can
be adjusted away, the higher the heritability of the trait,
and the higher the expected selection response.

sense from

Expressed in a graphic way, this traditional model
(P =G +E) is described in Fig. 2a, the genotypic value
only gives a shift in the level of the curve. There may be
environmental effects affecting the phenotypic value
(as in Fig. 2b), but they affect all individuals in the
same way. After adjusting for them (e.g., by
a regression), Fig. 2a still applies.

If there are sufficiently different environments (e.g.,
Northern hemisphere vs. tropical environments), one
would still be able to use the traditional model, or
rather, two of the traditional models. One would
assume that the trait expressed in the tropics is actually
a different trait genetically from that in, say, Europe.
However, within each environment 7, the model P; =
G; + E; would still apply.

The difference between this viewpoint and that
embodied in the reaction norm and phenotypic plas-
ticity approach is quite substantial, certainly in
a conceptual way. In the reaction norm approach, the
environment and the genotype are on equal standing —
there is no way a phenotype can appear without an

environment. Philosophically, this makes a lot of sense;
a genotype without its environment is nothing, or at
least not a phenotype. Certainly, the environment is
not something to be “adjusted away” [2, 3].

Staying on the rather philosophical level, it might
even be somewhat hard to define what “the environ-
ment” is. Obviously, the external environment will
qualify (temperature, climate, amount and quality of
food etc.). However, the internal environment within
an organism is also an environment for the genome.
If Richard Dawkins were asked, the whole organism
(except the genome) could be considered as the envi-
ronment (for the genes) [4]. In animal breeding, these
fine distinctions are usually disregarded; it is difficult
enough to define the external environment!

As stated earlier, the P = G + E model can be said
to make sense from an animal (and plant) breeding
perspective, at least given certain conditions. It is clear
why this model was developed within this setting.
The same applies to the reaction norm model and
the developments related to phenotypic plasticity.
These models were developed mainly within evolution-
ary biology and genetics, where the focus is on organ-
isms living under natural conditions. Here, there is no
way to standardize the environment — the environment
is what it is and it is up to the organism to adapt (or die).
Populations may adapt (to a changed or variable envi-
ronment) by changing genetically, i.e., individuals with
higher fitness give rise to more offspring that in turn
survive better and so on. After some generations, the
population has a different genetic constitution (gene
frequencies have changed), which is better suited to
this environment, and fitness is higher than before [2].

However, changing genetically is not an option for
a given individual. So, what an organism really needs is
plasticity! If it can change its phenotype — at least
somewhat — it will have a better chance of surviving.
Now, it is not necessarily so, that even though plasticity
would be good for the individual, that it would occur:
there has been a lot of discussing in evolutionary genet-
ics literature about when plasticity is expected to
develop in natural populations, but that will not be
covered here [2, 5]. Students of natural populations
and evolutionary genetics from very early on discov-
ered that there is phenotypic plasticity in all organisms
studied, at least for some traits. Therefore, it is a reality,
and it should be modeled somehow.
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Canalization, Homeostasis, and Plasticity

There are some terms that have been used in the evo-
lutionary literature that need some explanation
because they are sometimes referred to as the opposite
of plasticity [2, 5].

Canalization means that a genotype can buffer
against small changes in the environment and in its
own genotype (mutations). The buffering means that
even if small changes occur, the resulting phenotype is
more or less the same. These terms are most commonly
used for developmental traits, e.g., even if the environ-
ment is somewhat variable developmental plan is still
followed and the resulting body, say, is still the same. It
is, for instance, canalization that makes sure that cows
have four legs whether they are born in Sweden or in
Africa. In developmental genetics, if the environment
has an effect on the phenotype, it is usually an either-or
effect, i.e., one type or another, and not a gradual effect.

Homeostasis
Homeostasis measures the degree of (in)variance in the
phenotype when the individual is perturbed by changes
either in the environment or in the genome (by muta-
tion). A more canalized genotype has higher homeosta-

is the outcome of canalization.

sis (is changed less) and shows lower variance. In his
definition of canalization, Waddington [6] defined it for
minor variations in conditions, what might be called
microenvironmental variation. As an example of cana-
lization, he used the environmentally triggered meta-
morphosis of axolotls (salamanders)! They produce
one of two distinct phenotypes; which one is defined
by a large change in environment. Once the develop-
mental pathway is chosen, however, small variations in
environment do not affect the outcome, and within each
phenotypic outcome, there is canalization.

Models to Describe Genotype by Environment
Interaction

There are basically three different models to describe
the extent of Gx E. For all methods, observations on the
same or related individuals in two or more different
environments are needed to study GxE. In some
organism (e.g., some plants), it is possible to use clones
(i.e., numerous copies of the same genotype) and put
them in different environments. With animals, that is
generally not possible. However, the common use of
artificial insemination in, e.g., dairy cattle makes it

possible to compare the performance of daughters of
the same sires in different environments [7].

In the following, the three methods will be
described, not with the intent of understanding how
to estimate Gx E using these models (which is relatively
straightforward), but more to understand the interpre-
tation of these models, and the type of GXE that is
detected.

Interaction Term Model

The traditional genetic model (e.g., as in [1]) is usually
written as: P = G + E, where the phenotype P is made
up of a genotypic value and an environmental devia-
tion (a residual term) (The mean is either assumed to
be included in G or that P is expressed as a deviation
from the overall mean). This model corresponds to
Fig. 2a, where the effect of the genotype is just to shift
the level by a certain amount, regardless of the envi-
ronment. In this terminology, the genotype by interac-
tion is often simply written as P = G + E + GXE. This
terminology is incorrect and confusing: it doesn’t make
sense to have an interaction with the residual.

The model can be rewritten slightly such that the
phenotypic value of an individual is described as the
sum of the genotypic value, an environmental value,
and a residual:

P=G+E+e (1)

The environmental value E could, e.g., be classification
into herds, herd production classes, production sys-
tems or countries. When interaction between genotype
and environment exists an interaction component,
GXE, is added to the equation:

P=G+E+GxE+e (2)

The phenotypic variance (6%) of the observed pheno-
types (P) can be derived from Eq. 2 as:

0p =06 +0p+ 05+, (3)
assuming all covariances being zero, and that all main
effects are random (E might normally be considered as
fixed, having only few levels).

If this model is compared to the graphs in Fig. 2, it is
seen that in neither Fig. 2a nor 2b would this model
detect any GXE (correctly so). The phenotype in
Fig. 2b can be exactly described by the sum of the
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genotypic values and an environmental value, which is
the same for all genotypes. However, in both Fig. 2c and
2d, a nonzero GXE term would show up, simply as
a deviation from main effects model. Whether the GXE
would give rise to re-ranking or not is not directly seen
from the size of the GXE term (GZGE), however.
One would have to add G + E+ GXE for each genotype
and check whether there is much re-ranking for the
environments chosen.

From this model, one could define the amount of
GXE as a “heritability” of plasticity as 0%;/0%. This
measure is similar to a heritability in that it is a variance
ratio; however, it is not useful to predict response to
selection for plasticity in the same way as the “additive,”
narrow sense heritability [2, 8-10].

There is no specific limitation to the number of
environments that can be defined in the term E in
Eq. 2, e.g., this type of model has been used to estimate
sire by herd interactions.

Multiple-Trait Model

The second method used to describe G E is based on
phenotypic values in different environments and
genetic correlations (r,) between these. The phenotypic
expression in the two environments is seen as two
separate traits and r, can be studied to see whether
GXxE exists. When r, between the phenotypic values
of the same genotype expressed in different environ-
ments is high, the phenotypic expression is considered
as the same trait in the different environments. In other
words, if 7, between the phenotypic expressions of the
trait in two different environments is close to 1, there is
no Gx E. When r, is low, the phenotypic expressions in
the different environments are not the same trait and
this is an indication of GXE [1, 11].

The genetic correlation (7,) can be estimated using
a multiple-trait analysis based on grouping herds with
similar production environments to clusters and
treating the observations from the different clusters as
separate traits.

By just considering the genetic correlation between
two environments, the GXE of interest is that type
which gives rise to re-ranking (Fig. 2d). However, one
could also use the estimates of genetic variances
from the multiple-trait analysis to describe the kind
of GxE that only gives rise to a scaling effect (Fig. 2c).

The genetic correlation is not affected by scaling if the
scaling is purely multiplicative.

This method can be used even if the environments
cannot be ordered according to some meaningful
scale. However, if there exists a continuous underlying
scale and the environments chosen are just some repre-
sentations of that scale (e.g., herd production levels:
low, medium, and high), this approach can be modified
to describe, by a covariance function, an infinite num-
ber of separate traits over a continuous gradient. The
covariance function model was developed to model,
e.g., growth trajectories, morphology, and reaction
norms [12, 13]. Briefly, this method is based on apply-
ing a function to the estimated (co)variance compo-
nents from a limited number of traits. Using this
function, one can predict the variance for any environ-
ment (normally within the range studied in the data)
and also covariances between two environments.
Further developments make it possible to estimate the
covariance function directly without first using a MT
approach (review in Gilmour and Thompson [14]).

Reaction Norm Model

When the production environment can be described as
a continuous variable, a third method, called the reac-
tion norm model, is possible to use [15]. The definition
of the reaction norm (RN) has already been given: the
phenotypic expression of a genotype as a function of
the environment [16].

In population and evolutionary genetics, this
model has often been statistically analyzed using
a fixed regression approach as genotypes have been
placed in the different environments. However, in ani-
mal breeding, predicting breeding values as random
effects is a common practice, and therefore it is natural
to estimate the parameters of the RNs for each geno-
type from a random regression approach [17]. A simple
model based on ordinary polynomials with a fixed set
of regression coefficients (an average RN) and a ran-
dom set for each individual is:

nf—1 ni—1

y:H+Zﬁfo+Zbimxi+e (4)
f=1 i=0

where x is the environmental value for the phenotypic
value y, u is the overall mean (fixed intercept), f3 are
fixed regression coefficients, and b;, are random
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regression coefficients for animal (or sire), m: by, is the
BV for level, b;,,, is the BV for slope, etc. GX E is defined
by variation in linear and higher terms.

If the (co)variance matrix for the random coeffi-
cients is defined as G (order n; X n,), then the genetic
covariance between environments x; and x; can be
written as x';Gx;, where x; is a column vector with
elements {x]?} for i = 0...n;-1. For the linear RN, the
vector x; = [1 xj]". The genetic correlation between
environments j and k is x';Gx¢//X'jGx; X'y Gx; and
the genetic variance in each environment is x';Gx;.
These can then be used to describe the re-ranking and
scaling Gx E. The heritability in each environment can
be estimated as h* = x;Gx;/(x';Gx; + 02), where 62 is
the residual variance from Eq. 4.

Using phenotypic average as environmental scale.
In the ideal situation, the environmental scale is deter-
mined by the researcher, e.g., by subjecting the animal
to various temperature, light, or nutrient conditions,
and the trait measured is some phenotypic character.
Although this situation may occur also in animal
breeding situations, more often the environmental
scale is directly related to the phenotypic values stud-
ied. The simplest example is probably the use of herd
(or herd-year) average milk yield as the environmental
scale when analyzing the phenotype milk yield [18, 19].

The herd average is most likely a combination of
many factors, but it may give a good overall description
of the type of environment the cow is exposed to, and
the herd average is a practically useful description of
the environment. However, the same trait occurs as
both dependent and independent variable. To avoid
a direct relation, the individual’s own phenotypic
value could be excluded from the herd average used
for that individual. But a further problem is that the
phenotypic herd average contains also the genetic com-
ponent of those animals’ phenotypes and is not only
a measure of the environment. If the genetic material is
not used randomly over herds, one would expect some
bias to be introduced. One suggestion is to use an
iterative procedure, either in a repeated REML [20] or
a Gibbs sampling approach [21], in a model where the
fixed regression in Eq. 4 is replaced with a herd effect.
Simply expressed, this effect is estimated, used as the
x-value, estimated again, and so on. It has been shown
that this method gives more unbiased estimates of G
than using the phenotypic herd averages. The latter

approach results in more uncertainty in the x-values,
which gives an underestimation of variance of the
slopes of the reaction norms [21].

Group size. The group size used as basis for the
calculation of the environmental values is also of
importance. Naturally, a large group size is desirable
to get as precise estimate of the environment as possi-
ble. Imprecise values for the x-values in a regression
analysis is expected to lead to lower regression coeffi-
cients, which in this situation means lower variance of
slopes and Gx E may be underestimated [20]. However,
increasing the group size (e.g., using herd average over
several years rather than herd-year average) may also
mean that the same environment is not measured any-
more, leading to the same problem as above. These two
factors must be balanced in a pragmatic way.

Improved environmental scales. There has been
some work on defining environmental scales that are
not directly dependent on the trait analyzed. Climate
and weather conditions (temperature, humidity, rain-
fall), herd-year SD of production, replacement rate,
persistency of lactation curves, calving patterns, and
other measures of management practices have been
studied [22-26]. This work should continue, and factor
or principal component analysis might be of help in
defining few but distinct environmental scales [e.g.,
27]. Improved farm and animal data (e.g., manage-
ment practices, feeding system, and intensity) would
be of great value in this respect.

Heterogeneous residual variance. In model (4), it was
assumed that the residual variance was constant over all
environments. For many traits and environmental
scales, this is not reasonable. For a sire model, it
makes even less sense. By including the random regres-
sion, it is assumed that % of the genetic variance is
dependent on the environment, but the remaining %
(included in the residual) are not. A rough description
of the residual variance structure can be found by
saving the residuals from fitting model (4), dividing
them into groups along the environmental scale, and
calculate the residual variance within each group. If this
heterogeneous should be
accounted for [e.g., 28].

Multiple environmental scales. A given phenotypic
trait may be influenced by several environmental
scales. One can accommodate this by extending
model (4) to:

indicates variance, it
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ni—1 ni—1 nj—1

y:u+2ﬁixi+zbimxi+chmzi+e (5)
i=1 i=0 =1

In a linear reaction norm, there is one intercept, and
one slope for each environmental scale, x and z. The
genetic covariance and correlation between environ-
ments can now be depicted as a function of both
environmental scales, i.e., as three-dimensional graph
[18, 22].

Multiple-trait reaction norms. Reaction norm
models, as other models, can be analyzed for more
than one trait at a time. The G-matrix would then
contain off-diagonal sub-matrices pertaining to the
covariance between the traits, and the diagonal
sub-matrices would have the meaning as before.
As an example, in Fig. 3, the genetic correlation
between the traits protein yield and fertility (days
open) is shown [18]. It can be seen that the genetic
correlation changes with the environment. Note that
traits could share the same environmental scale but also
have specific scales. That a certain trait shows Gx Ewith
respect to a certain environmental scale does not mean
that all traits will do so.

Type of reaction norm function. In the example
given, ordinary polynomials were used with the origin

set to the environment. It 1is also

average
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Animal Genetic in Environment Interaction. Figure 3
Genetic correlation between protein production and
fertility (days open) in dairy cattle, in relation to
environmental conditions (Data from Kolmodin et al. [22])

recommendable to standardize the environmental
scale(s); this makes (co)variance parameters easier to
interpret. Another common approach is to use Legen-
dre polynomials. These often make convergence easier
than ordinary polynomials. The resulting regression
coefficients are only defined within a predetermined
interval (usually from minimum to maximum envi-
ronmental value, redefined from —1 to +1). This means
that the level is defined in the middle of this interval,
which is not necessarily the average environment. For
other purposes, splines have been successfully used.
Regardless of the approach used, it is vital to describe
exactly what was done, otherwise parameter estimates
may be difficult to interpret.

The shape of the reaction norm and the shape of the
variance function are strongly connected. For a linear
reaction norm,
0% + 20,1 x + 07, x°. Because the term in front of the
quadratic term is always positive, the variance curve
will always be concave with an intermediate low point.
In a certain data range, it may be increasing or decreas-
ing as the minimum may be outside the range. How-
ever, it will never have a maximum intermediate point.
This is a rather limiting feature of the linear reaction

the wvariance function becomes

norm approach. With higher polynomial terms, the
variance function becomes less constrained. The
covariance function or character process approaches
in a way work in the other direction and estimate the
shape of the covariance function first. The shape of that
function could be an indicator of what shape the reac-
tion norms should be allowed to have. In most appli-
cations, only linear RNs have been found; however,
there are exceptions where also higher-order RNs
have been found [29-31].

Scaling can give re-ranking. It can be shown that
even if there is only the scaling type of GXE for the
traits, there can be re-ranking in the total merit index.
A simple example is given in Fig. 4. Therefore, scaling
GX E should not be considered irrelevant until the total
evaluation has been done [32]; however, generally re-
ranking GxE for traits is expected to be much more
important.

The indication of GXE is that there is variation in
the coefficients of the reaction norms. For linear reac-
tion norms, this means that there is variation in the
slopes. This definition would pick up plasticity of the
kind shown in Fig. 2c—d. As for the interaction term
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Animal Genetic in Environment Interaction. Figure 4
Breeding values for two individuals for two traits and total
merit index (TMI) in two environments. There is scaling
GXE for both traits, but re-ranking GxE for the total merit
index (TMI =1 x trait 1 + 3 x trait 2)

model, this variation does not directly tell us how much
re-ranking there is: in order to find out, one could
calculate the predicted performance in various envi-
ronments and get the correlation (or rank correlation)
between these values.

Genetic Heterogeneity of Residual Variation

The discussion so far has been related to macro-
environmental sensitivity, i.e. the reaction of genotypes
to large and known changes in the environment. How-
ever, as already mentioned, there is always unknown
microenvironmental variation, variation that cannot
be adjusted away or analyzed with any of the above
methods, because it is not associated with any known
factor. If there is genetic variation in how animals react
to this variation, then there is genetic heterogeneity of
residual variation (GHRV).

There are several different models possible to ana-
lyze GHRY, well summarized in Mulder [33]. The sim-
plest additive model draws the residual not from
a distribution with a constant variance but where
it also depends on an additive breeding value, A,.
Thus, each individual has two breeding values, one
(usual) breeding value for the mean (A,,) and one for
the residual variance (A,) [34]. One perhaps slight
drawback with this model is that A, is drawn from
a normal distribution, and the sum of the average
residual variance and A, could become negative. The
exponential model overcomes this problem: here the

residual distribution is an exponential function of both
the average residual variance and A,, thus ensuring
positive values [35]. Yet another option is to envision
the microenvironmental sensitivity to be a special case
of the reaction norm model, assuming an unknown
environmental x-variable.

Selection for decreased heterogeneity is of interest
for traits where large variation is undesirable. This
might be true for, e.g., carcass traits where uniformity
is favorable for the slaughtering process, but in general
for traits with an intermediate optimum. When the
mean performance is close to the optimum, more of
the selection pressure will move toward reducing the
residual variance [36]. Selecting for reduced residual
variation might also be a way to select for more robust
animals, animals that can cope with unknown changes
in the environment [33]. It would also be interesting to
study the relationship between macro- and microenvi-
ronmental sensitivity.

Consequences for Breeding Programs

The first obvious consequence of re-ranking GXE
(Fig. 2d) is of course that if you select individuals to
become parents based on information from one environ-
ment and plan to use them in another environment, you
have partially selected the wrong animals. One example
of this could be a nucleus herd with very good environ-
ment but where the production animals are used under
less optimal commercial conditions. The equally obvious
solution is to include information from the production
environment into the genetic evaluation. Mulder and
Bijma [37] showed that the loss in genetic gain (com-
pared with if there was no GXE) was lowest when
progenies of males were tested in the production envi-
ronment, and that this system was better than testing of
sibs in that environment, and both systems were supe-
rior to testing only in the selection environment.
Another question is whether two breeding programs
should cooperate even if their breeding goals differ to
a certain extent. This could apply to two countries or to
different production systems, e.g., organic and conven-
tional production. It has been shown that long-term
cooperation was beneficial if the correlation between
breeding goals were higher than 0.8—0.9. However, initial
cooperation was beneficial even when the correlation
was as low as 0.4-0.6, but after some generations,
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the two populations had diverged so much that selection
was practiced only within population. Furthermore,
small breeding programs benefited from long-term
cooperation at values of genetic correlation also below
0.8 [38]. It was also shown that for dairy cattle breeding
programs, the genetic correlation had to be lower than
0.6 before it was beneficial to run two separate breeding
programs rather than progeny testing bulls in both
environments. If the selection intensity was high, the
genetic correlation increased to 0.7-0.8, below which
separate programs were optimal. Again, for a small pop-
ulation (e.g., organic or niche production), the genetic
correlation had to be even lower before two programs
were optimal [39].

So, in summary, it seems that even if there is GXE, it
is beneficial to cooperate and use information from
other environments, unless the GXE is extremely
large. This is not the same as ignoring the existence of
GXE, rather it is to acknowledge its existence as some-
thing natural, and then adapting to that reality.

Future Directions

The trend toward globalization of breeding will empha-
size the importance of GXE. A breeding company that
wants to be successful in a global setting must also take
into account what environment the animal is going to
encounter. This might be even more problematic with
the advent of genomic selection because it requires ref-
erence populations with phenotypic observations from
the appropriate environments, if GXE exists. And, in
a global setting, there is no doubt that GXE exists to
a large extent, e.g., between the industrialized produc-
tion systems in Europe or USA and systems in tropical
environments in Africa. Because an increase in produc-
tion efficiency in developing countries is both a key
factor in poverty alleviation and to decrease the eco-
logical footprint, it is important that genetic improve-
ment is aimed at the appropriate traits expressed in the
appropriate environments.
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Glossary

Additive genetic variance is usually the largest part of
genetic variation in the quantitative trait and is due
to average effects of genes. The change in mean
caused by selection is proportional to the additive
genetic variance.

BLUP is a short name for Best Linear Unbiased Pre-
diction. It is now a norm in estimating breeding
values within populations. It uses information on
all kind of relatives and corrects the data for differ-
ences in production environment.

Breeding value of an individual is the expected
value of its progeny relative to the population
mean.

Candidate gene is a possible mutation underlying
the mapped QTL. A positional candidate is a
gene located in the same region as a mapped
QTL. A biological candidate for a QTL is a gene
which has a function related to the quantitative
trait.

Effective population size (N,) is the number of indi-
viduals that with random mating result in the same
rate of inbreeding as the population itself.

Genetic marker is a specific detectable sequence of
DNA with a know location in the genome.

Heterosis Is the extent to which the performance of
crossbred animals is better than the mean of two
parental populations.

Infinitesimal model assumes the genetic variation ofa
quantitative trait is due to infinitely many unlinked
genes each with an infinitesimally small additive
effect, so that selection produces negligible changes
in gene frequency and variance at each locus.

Linkage disequilibrium is a non-random association
of alleles across loci. Recombination between loci
will gradually reduce the associations, more slowly
the closer the loci are to each other. Adjacent
markers with correlated allele frequencies could be
used for mapping and selection.

Marker-assisted selection is selection on a quantita-
tive trait where also the information on associated
markers is used as a selection criterion. Gene-
assisted selection is a special case where the marker
is at the major gene causing the variation.

Mixed model equations are providing a method to
simultaneously solve the predicted breeding values
(random effects) for animals and estimate the
fixed effects due to differences in production
environment.

Morgan is the unit for a map distance in the genome.
Quantitative trait locus (QTL) A short genomic
region with a large effect on a quantitative trait.
Single nucleotide polymorphism (SNP) is variation

caused by a mutation at a single nucleotide.

Definition of the Subject

Animal breeding is a major contributor to the vast
improvements in animal production over decades.
The main tool in breeding operations is selection;
now, more and more attention is also paid to the
amount and nature of genetic variation. It is on these
topics that the chapter is built on. It starts from the
fundamental methods in determining the genetic value
of animals.
methods stemming from the concept of large number
of loci with tiny effects causing variation are the base
line. For quite some time, there have been observations
on major loci causing deviation in linear prediction of
genetic values. There is a part introducing methods to
get around such cases and turning them advantageous

The normal distribution and linear
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by directly utilizing the variation mediated by major
loci. The longest section is on introducing molecular
genetic tools to find areas in the genome harboring
such major loci and to further characterize the actual
underlying genes. The most recent development in
DNA technology is the availability of high throughput
analysis of individual genomes with tens of thousands
of signposts or markers. Without knowing the causal
factors, the extensive marker panels can dissect the
variation for named markers and recompose the piece-
wise information for prediction and selection for indi-
viduals with respective marker information. Thus,
with a sufficiently large number of genotyped and
phenotyped animals, selection decisions can be made
immediately after birth and very speedy genetic pro-
gress is achieved. The same marker panels could be
used to have a detailed picture on the state of genetic
variation in a population and genome areas causing
heterosis in crosses between populations. The theory
of animal breeding is thoroughly introduced and
discussed in many books, for example those by Fal-
coner and Mackay [1] and Lynch and Walsh [22]. The
recent developments in the utilization of DNA markers
in characterizing the variation is well covered in the
textbook by Weller [2].

Introduction: From Infinitesimal Model to
Major Genes

Animal breeding has been very successful in improving
production efficiency through utilizing genetic varia-
tion between animals. Most of the economic traits are
measurable and require own type of approach in ana-
lyzing the genetic variation, that is, quantitative genet-
ics. Quantitative genetics theory provides a statistical
description of the genetic and environmental variation
affecting a particular measurement in a random breed-
ing population as it is at the moment and allows some
short-term predictions of the response to selection. In
essence, the additive genetic variance and its related
concept, heritability (W), give a coherent framework
into which observations on individuals and popula-
tion, such as the effect of selection or the similarity
between relatives, can be fitted.

When there is additive gene action across loci and
random mating, the contributions from different loci
will be independent, so that their sum will become

asymptotically normal as the number of loci increases
(while each locus has an infinitesimally small effect).
This is referred to as an infinitesimal model. Also, the
joint distribution of parent and offspring — or of any
related individuals — will be approximately normal when
the number of loci is large. Therefore, linear methods
could be used for prediction. Animal breeding data
is typically influenced by many nongenetic factors.
The Best Linear Unbiased Prediction (BLUP), due to
Henderson [3], has been developed to simultaneously
handle both fixed (environmental) and random (mainly
genetic) effects in a mixed model. In symbols, denoting
individual performance record by y, production envi-
ronment effects by f and individual animal’s genetic
value by , there is an equation for the genetic value of
the 7jth animal (with known sire and dam and # prog-
eny of varying genetic value u, with known mates)

[))i + (1 + 2k + l/zkn)ulj - k(usire + udam)
S (ot — )=y (1)

progeny

where k= (1 — h*)/H*. The conventional breeding value
estimation model for a large number of animals would
contain the observation vector y explained by u of
random additive genetic effects and e of random resid-
ual effects simultaneously correcting for the fixed envi-
ronmental effects B. The fixed effects and random
genetic effects are connected to observations with the
incidence matrices X and Z, respectively, and y = X3 +
Zu + e. The genetic values are made of additive effects
within and between loci, dominance deviations due to
interaction within loci, and epistatic deviations due to
interaction between loci. The covariance matrix of
additive genetic effects can be expressed with the addi-
tive relationship matrix (A) as Ac?. For solving the
mixed model equations, one needs A" which is actually
easier to form than the matrix itself [4]. From the
inverse elements, one can extract equations like (1).
Indeed, an approximate BLUP based on the consider-
ation of a chosen set of close relatives gives satisfactory
accuracy in comparing different selection schemes [5].

Matings between relatives inbreeding
(increased probability for homozygosity) and inbreed-
ing depression in loci with segregating recessive alleles
with undesirable effects. In order to improve the
genetic evaluation, the mixed model equations should

cause
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also include dominance effects, although the inverse of
the joint covariance matrix of additive and dominance
effects is very challenging under inbreeding [6]. It is
indeed the inbred populations where the influence of
dominance is more pronounced, or the crosses of
inbred animals recovering from inbreeding depression
or showing heterosis.

Selection at the Locus Level

All the concepts of quantitative variation can be
expressed at the gene level [1], and therefore it is
possible to describe how selection is altering allele
frequencies of any locus causing variation in the quan-
titative trait. The genetic variance is made of contribu-
tion from individual loci. The change in mean or
response to selection is proportional to the additive
genetic variance. Hence, the contribution of any locus
(or several loci) to the genetic progress under selection
will be in proportion to its (their) contribution to the
overall additive genetic variance. If a locus contributes
10% of the genetic variance, it will explain the same
10% of the total response to selection. Modifying the
illustration in Alan Robertson’s unpublished lecture
notes at the University of Edinburgh, assume that in
a dairy cattle population, there is an additively acting
biallelic locus where the difference in average milk yield
between two homozygotes is 2a = 400 kg. Further
suppose that the two alleles have the same allele fre-
quency of 0.5. If the selection lifts the mean milk yield
by 500 kg, how much has the frequency (x) of the allele
with increasing effect changed at the locus. Before
selection, the locus contributes to the additive genetic
variance by %2 x (1 — x) (2a)* = 20,000. The total
genetic variance is — say — 250,000, so that the current
locus controls 8% of the total variance and will there-
fore be responsible for a selection change of 40 kg. This
kind of change could be caused by a change 0.1 in allele
frequency so that after selection the allele frequency in
the progeny generation is 0.6.

The relationship between individual loci and selec-
tion response could be described yet another way. The
population must respond to selection with an increase
in the frequency of those alleles which increase the trait
value. The population genetic theory says that the
change in gene frequency caused by selection is %2 s x
(1 — x) where s is the selective advantage of one

homozygote over the other. The aim is to find in the
quantitative genetic context the selective advantage of
the desirable homozygote compared to the other
homozygote after imposing a certain selection intensity
(7) for a measured trait. Or to know what is the rela-
tionship between a genetic effect on the quantitative
trait and the consequent selective advantage caused by
the selection on the trait. Falconer and Mackay [1] are
showing that there is a linear relationship between
the two so that s = i 2a/0, where ¢, is the phenotypic
standard deviation, so the change in the popula-
tion mean is equal to 2a times the change in allele
frequency = 2ia’*x (1 — x)/g,. Since 2 a’*x (1 — x) is
the additive genetic variance due to the locus, the
response produced by a change in allele frequency at
the locus is proportional to the additive genetic variance
caused by the locus. Summing over all loci to compute
the total response yields again the classical formula for
the selection response 4G = io? /0.

Regarding the example and writing o, = 1000
(assuming K = 0.25), if the selection response of
500 kg had taken place in just one generation, it
would have to be caused by an intensity i = 2. The
expected change of frequency at the studied locus then
equals /2 i 2ax (1 — x)/a,= 0.1. The example has been
on a simple additive locus. The same exercise could be
done for dominance — or even for epistasis — considering
the average effect of allele substitution on the mean of
individuals within the population and the effect of small
changes of allele frequency on the population mean.

Major Genes

Genes with smaller effects may have their gene frequen-
cies altered less by Highly
populations might therefore be expected to be segre-
gating for loci with smaller effects on a selected trait
compared to those with no previous history of selec-
tion. For loci with a tiny effect on the characteristic,
directional changes of gene frequency due to selection
will be low and changes will occur mostly by chance,
depending on the number of parents used each
generation.

Loci with very large effects on the trait will have
their frequencies changed much more by selection.
Since their contribution to the genetic variance
depends on the allele frequency, the genetic variance

selection. selected
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will also change. The immediate effect will depend on
the starting frequencies in the population. When the
allele effects are large, it is necessary to include also
second-order terms of a/c, for the allele frequency
change (e.g., [7]) and the respective response would
have a quadratic terms of phenotypic values (or selec-
tion intensity). These effects would be more pro-
nounced when there are dominance effects between
the alleles. In case of carrying selection in one sex
only, for example, if the variance is due to a locus
with complete dominance and x = 0.9 and a/ o, = .5,
the response upward is going to be overestimated with
linear prediction by up to 31% and 21%, when the
proportion selected is 10% and 20%, respectively [8].
Also the mixed model equations would work less effi-
ciently when the variation is caused by a small number
of loci [9].

Over the decades, there have been findings on
major genes segregating in farm animal populations:
the halothane gene mutation causing stress syndrome
and leanness in pigs [10], dwarf affecting body size in
chicken [11], double muscling in beef cattle [12],
booroola lifting prolificacy in sheep [13]. There is
clear evidence that the contributions from the loci
affecting the quantitative variation are vastly unequal,
there being a small number of major loci and a larger
number of minor loci. Such an understanding has
generated research on developing tools to utilize
major genes and to detect them with new available
mapping tools made available by molecular genetics.

Improvement Schemes Utilizing Major Genes

The previous discussion shows that segregating major
genes may bias the linear prediction of response in
selection. On the other hand, a direct selection on
a gene with large effect should give higher overall
gains in a selection scheme. If one is able to type the
different genotypes at the major locus, it is possible to
carry out gene-assisted selection. Until recently, this has
not been possible and selection has been based on
marker loci close to the actual gene, therefore the
term “marker-assisted selection” (MAS). Earlier the
markers were typed by utilizing protein variants, now
the markers are solely based on DNA polymorphism.
While conventional selection is favoring desirable
alleles in an indirect way, it should be beneficial to have

a tool which can influence the allele frequencies in
a much more direct way. The ordinary selection with
intensity i would change the mean by i hg,. Denoting
the variance due to the major locus with 6%, and its size
relative to the total additive genetic variance as R, it is
possible to assess the advantages of exploiting the
marker information in selection.

Lande and Thompson [14] used the selection index
methodology in investigating the influence of gene or
marker-assisted selection. The selection can be based
both on phenotype (P) and marker genotype (M). First
step is to compute the selection weights b; and b, in the
index

by phenotype + b, marker genotype = b;P + b,M

This could be used to generate equations for the
covariance of the index with P and M (the genotypic
value of the trait is denoted with G).

by cov(P, P) + b, cov(M, P) = cov (G, P)

bicov(P, M) + bycov(M, M) = cov(G, M)

where cov(P, P) = a;,cov(G, P) = a7, cov(P,M) =

cov(G, M)= cov(M, M) = o3,. The weights in the
selection index are b; = h*(1 — R)/(1 — RW?*) and
b, = (1 — h*)/(1 — RK?). The correlation between the
index and genotypic value is approximately
h+/14 R/HK. In conclusion, the marker information
would be useful, when R is high or when a major part of
the variation is due the QTL and when the heritability
of the trait is low (Fig. 1). Therefore, the selection of
low heritability traits such as longevity traits (fertility
or disease resistance) would benefit if useful genes or
linked markers could be detected.

There are traits which are expressed only in one sex.
The use of markers would be useful for such traits.
Dairy cattle breeding is a good example: markers
would allow pre-selection of bulls on milk traits
which would mean savings in progeny testing. Selec-
tion could be carried out as early as the embryo stage,
resulting even higher reductions in generation interval.

Genes or markers are also beneficial for traits that
are difficult to improve under traditional selection.
Good examples on such are carcass traits that require
slaughtering before they can be measured. Meat pH,
tenderness, and color are typical carcass traits. Traits
that are available late in life, like longevity and lifetime
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efficiency
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Animal Molecular Genetics from Major Genes to
Genomics. Figure 1

Efficiency of marker-assisted selection relative to
conventional phenotypic selection with the same selection
intensity in large population with respect to the proportion
of variance explained by a major gene, for different
heritability values of the trait

fecundity, would benefit from MAS. The measurement
and data collection of some traits, for example, disease
resistance, is very expensive and therefore there is much
interest in finding major genes for them.

In general, MAS has advantage over conventional
selection for alleles that are initially rare and for alleles
that are recessive. It is customary to think that the
variation in a quantitative trait is caused by a large
number of nongenetic factors. However, the marker
genotype would be accurately known without environ-
mental noise.

The consideration of gene or marker-assisted selec-
tion could therefore include the following points: diffi-
culties of collecting performance records, heritability of
the trait, proportion of variance explained by the major
gene, and the availability of performance in the life

cycle. Methods and applications of MAS are compre-
hensively reviewed by Dekkers [15].

The marker-assisted selection has also drawbacks.
The direct selection on a gene would be efficient only
for a short time. The desirable allele would quickly
become common and new beneficial alleles should be
found or new potential markers should be searched for
useful segregation. If the selection is not directly on the
gene, it is possible that the recombination between
the used marker and QTL would gradually weaken the
association. The use of markers would even be harmful
if the association is not properly validated and effi-
ciency of selection reduced compared to conventional
selection.

There are also consequences for the overall genetic
variation. The larger the effect of the QTL is, the
faster it is fixed by selection and the more it will also
reduce the variation in the surrounding genome area
(e.g., [16]). An accelerated increase in the marker allele
frequency may be accompanied by very unbalanced use
of family lines. This is increasing the risks for the
reduction of variance and enrichment of harmful
recessives.

Introgression from Other Populations

Many local breeds carry interesting genetic variants
that are considered beneficial to be introduced to
a commercial main stream breed. The former is termed
as a donor breed and the latter one as a recipient breed.
The operation is usually done by an introgression pro-
gram. It consists of forming an initial cross between the
breeds followed by repeated backcrosses to the recipi-
ent one to recover the economically important
genome. The target gene is maintained in the backcross
generation through selection of donor gene carriers.
After some generation of backcrossing the program
will finish by a generation of intercrossing to make
the population homozygous for the desired allele.

Genetic markers could be useful in introgression
programs in two ways [17]. First, markers can be used
to select individuals at each backcross generation which
are heterozygous for the desired allele or homozygous
in the last generation of intercross (foreground selec-
tion). Secondly, markers can be used to enhance the
recovery of the recipient genome (background
selection).
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The introgression strategy is a popular genetic
improvement method in plants, while there are still
very few applications in domestic animals. An example
is the naked neck gene in chicken which reduces plum-
age in chicken and makes animals more tolerant to
heat. It was introgressed from low body weight land-
race chickens into a commercial meat-type Cornish
chicken [18].

Most of the economic traits in farm animals are
complex ones with polygenic variation. One of the
most promising cases of introgressing exotic germ-
plasm to commercial production populations has
been the impact made on western pig production by
the Taihu breeds of the Shanghai area (China). The
background for the interest and the results have been
reviewed by Knap and Neeteson [19]. Some of these pig
breeds (Meishan and Jiaxing) were imported into
France, the UK, and the USA in the 1980s. The interest
is in reproductive traits: low age at puberty, high ovu-
lation rate and embryo survival resulting in high litter
size, and high teat numbers. The disadvantage is in
high body fat levels and slow growth rates.

Several commercial breeding organizations in
France, UK and Canada have invested in the introgres-
sion of Jiaxing and particularly Meishan pigs into
their dam lines. This was accompanied by studies
into the trade-off between improved fertility and
reduced leanness (e.g., [20]). These suggested that the
feasible way to commercially exploit these genotypes
would be to have commercial sows with 12.5% Taihu
genes [21].

While the fertility is improved, as a compromise,
leanness is reduced in Taihu-based genotypes, which is
a serious obstacle toward large-scale commercial
exploitation, although persistent genetic improvement
in the latter trait obviously would solve the problem.
A complicating factor here is that a few years after the
Taihu imports, large data bodies and improved statis-
tical methods allowed for a faster genetic change of
reproductive traits in pigs, while genetic improvement
of leanness continued at the same rate as before.

Western commercialization of the Taihu breeds
has been successful so that almost 100,000 Taihu-
based parent gilts are currently sold per year in Europe
and North America. It represents less than 1.5% of the
total market volume. A good working example on
successful introgression of exotic genotypes into

advanced animal breeding program is still missing for
a polygenic trait.

QTL Mapping
Markers and Linkage Maps

Better understanding and utilization of major genes
would benefit from the location of genes or genome
areas responsible for the variation in quantitative traits.
The prerequisite for this is to have a reasonable skeleton
of the genome sites to survey and locate the findings.
The genome is made of chromosomes. There are two
homologues of each chromosome in a typically diploid
animal genome. One homologue is originating from
sire (paternal chromosome) and the other one from
dam (maternal chromosome). The alleles at the loci on
the paternal (maternal) chromosome tend to be
inherited together or they are said to be linked. The
genome is full of variable sites which could be used as
markers to construct a detailed map of locations for
further work. The closer the markers are to each other,
the more likely they are inherited together or the tighter
is the linkage between them or the rarer are the
recombinants between them. The distant markers are
on the other hand showing independent segregation.
Physically, recombination is seen as a crossing over of
chromosome strands. The chromosomes could be
termed as linkage groups.

The linkage is measured as recombination fre-
quency (¢) or the proportion of recombinant ones
among all the gametes. If markers are very far from
each other, they may be several crossing-overs between
them. When the loci are freely combining, the number
of recombinant and nonrecombinant gametes is
equal and ¢ = 0.5. The map distance is expressed in
Morgans (M) with its hundredth being cM (centimor-
gan). A low recombination frequency 1% corresponds
to 1 cM. For longer distances, the possibility of several
crossing-overs should be considered, as, for example,
two crossing-overs between distant markers would
often result in nonrecombinants of the marker pair itself.

The detection of linkage or computing map dis-
tances would require variable sites and use of hetero-
zygotes. Ideal mapping are the
(codominant) loci with alleles not showing dominance
(or recessivity). Linkage could be demonstrated with
different mating options. For example, there can be

markers for
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double heterozygote M; N;/M> N, mated with
a double homozygote M; N;/M;N;, in which case
the offspring numbers in different genotype classes
would give a straightforward measure for linkage. Inbred
lines are homozygous for all loci and the first generation
cross F; heterozygous, respectively. When F; animals
are crossed with one of the parental lines, the resulting
backcross animals would give direct estimates on
recombination inbred
line terminology, the mating is called double backcross.

Although there are often heterozygotes available,
only a limited number of cases are informative on
possible recombinants and determining the amount
of linkage. There are five different cases with respective
information content.

frequencies. Using

%: xl ® %: x: Not informative

% m ® %: m Not informative

%; %; ® %: %: Informative (double backcross)
% ® % Informative (single intercross)
% ® % Informative (double intercross)

From the last mating type, there are nine different
progeny classes with respective expected numbers
according to the recombination frequency.

Before a marker is used, its suitability is assessed
studying the allele frequencies (x;). So far it is obvious
that homozygous parents are of no use and among the
progeny of heterozygous parents only the homozygotes
(or for multiple alleles, the heterozygotes M;/no M, or
M,/no M;) would signal which allele of the parent has
been transmitted to the progeny. So the quality of the
marker is based on polymorphism information content
(PIC), which is the probability of identifying which
homologue of a given parent was transmitted to
a given offspring, the other parent being genotyped as
well, or in other words, probability that the parent is
heterozygous x probability that the offspring is infor-
mative. Summing over alleles, the PIC for a multiallelic
marker would be 1 — >-x7 — 23537, x7x7.

Mapping Function

In order to fill the linkage map with markers and genes,
there is a need to have a good measure for the map
distance. As there can be several crossing-overs between

distant markers, recombination frequency as such is
not an appropriate measure. If there are markers M,
N, and O (with respective recombination frequencies
v Cvo and cno) and crossing-overs in the adja-
cent genome regions would be independent, then
the recombination frequency cyo = cun + Cno—
2 cpyneno- In other words, the recombination frequen-
cies are additive only if they are small enough so that the
product term could be ignored. A map distance is
required that would give the total number of
crossovers between even very distant markers. The mea-
sure should be additive so that the number of crossovers
between M and O is the number of crossovers in the
interval M—N plus those in the interval N-O.

The probability of no crossovers is ¢ * (from the
Poisson distribution) and the probability of at least one
recombinant gamete is ¢ = ¥%4(1 — ¢ 7). The latter is
true, because for each crossover event only one-half of
the gametes will be recombinant types there being only
two of four strands involved in a crossover. The map
distance is then —%2 In(1 — 2¢) in Morgans for an
observed recombination rate ¢. For short chromosome
segments (¢ < 10%), the map distance equals the
recombination rate, while 50 ¢cM corresponds to
recombination rate 32%. The approach is called
Haldane mapping function and is valid when the cross-
ing-overs across the genome occur independently. If
some degree of interference needs consideration,
Kosambi mapping function should be applied. For
more details, see Lynch and Walsh [22].

The number of chromosomes varies quite much
over the animal species:

30 39 17 |27 52 23 32

When there are so many chromosomes in livestock
species, the average recombination across the genome
is very high. In comparison, the well-known lab organ-
ism Drosophila has only four chromosomes and no
recombination in males.

The genome in mammals is about 3 X 10° b (base)
and 3 M. The chicken genome is only about 1 x 10” b,
while the linkage map is still around 3 M. The well-
known lab organism Drosophila has only 275 <M and
0.13 x 107 b.
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DNA Markers

Ideal markers for mapping purpose should be widely
distributed over the genome. At the same time, it is
important that there are several markers available
within short genomic regions allowing high-resolution
mapping. Good markers should have many alleles, and
with frequencies as equal as possible. The alleles should
be codominant to allow easy detection of heterozy-
gotes. The allele typing should be straightforward
with satisfactory repeatability across analyses. Alleles
should also be stable from generation to generation
with a low mutation rate. The cost of genotyping
could be reduced if the genotyping could be done
simultaneously for many loci and the analysis could
be easily automatized to provide high throughput.
The most
microsatellites (based on loci which have a variable
number of repeats of a same short sequence) or single
nucleotide polymorphism (SNP, which is a nucleotide
site in the genome sequence, predominantly biallelic,
but possibly having four alleles with each of the four
nucleotide bases appearing in the same location). Both
these marker types are widely distributed and codom-

common markers are either

inant. Microsatellites are now less popular because
their repeatability is lower and there is a limited num-
ber of them for a high-resolution mapping in a chosen
short region. SNPs have gained popularity and it is
nowadays possible to have very large SNP panels
typed moderately cheaply in a single analysis with
a small microarray chip.

Microsatellites are still used when sufficient infor-
mation is delivered by only few markers (e.g., as
required for parentage testing), and in some applica-
tions, this will offset the relative disadvantage of
throughput in comparison to SNP markers.

From Segregation Analysis to Use of Markers

Since the genes affecting quantitative genetic variation
are behaving like genes with classical discrete geno-
types, there have been attempts to characterize them.
Ifin the population there is segregation at a major locus
mediating quantitative trait variation, alleles with very
large effect and extreme frequency could be causing
a skewed phenotypic distribution. Even if allele classes
are equally common, the distribution may have several
peaks. The consequences due to major gene can be

studied with segregation analysis (e.g., [23]). Segrega-
tion analysis is full of factors which are hard to be
itemized and tested as the effect of several major
genes, extreme allele frequencies and dominance gene
action produce similar distribution patterns and are
therefore hard to separate. Segregation analysis is his-
torically important and would still be used for provid-
ing preliminary understanding about the inheritance
pattern, especially for human familial diseases.

If one wants to demonstrate the existence of a major
gene, it is better to anchor the analysis of distribution
features to a known locus with visible genotype classes,
and hope that the locus is a useful marker to demon-
strate the existence of a linked major gene. Thereby, the
analysis could be narrowed down to investigating one
gene (or marker) at the time (Fig. 2). The statistical
model could include the location of the gene, the effect
size, dominance, and frequency of the alleles. Only the
availability of marker loci supporting the localization
was for a long time restricting the possibility for such
a work.

It was half a decade ago when the blood group
alleles became immunologically identifiable and possi-
ble signposts for analyzing quantitative genetic varia-
tion in farm animals. These markers were followed by
electrophoretically (molecule size and electric charge)
detected protein. The number of markers was still very
low and even their rough location was not known.
Enthusiastic researchers were facing frustrating results
in hunting major genes, although the possibilities and
optimum designs for analyzing quantitative traits were
clearly envisaged by some groups (e.g., [24]).

The research chances improved a lot when molec-
ular genetic techniques opened completely new kind of
possibilities for mapping. With a lot of markers avail-
able all around the genome, it was soon rather reward-
ing to detect regions responsible for the variation. Also
a new term, QTL or quantitative trait locus, for such
genomic regions was coined.

QTL Mapping from Crosses of Inbred Lines

Inbred lines would be ideal resource populations for
QTL mapping. They are homozygous for most of the
genome, including, hopefully, the used marker locus
and putative QTL, in which case the crossbred F; pop-
ulation would be heterozygous at both the loci. In other
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MM,

Animal Molecular Genetics from Major Genes to Genomics. Figure 2
Two chicken lines differing in body weight and plumage color are fixed for a marker allele (M; or M5). The lines are crossed
to follow the possible co-segregation of the traits and also of the marker locus in the F, animals where all possible

combinations of phenotypic classes and marker alleles are appearing. The animals are grouped by the genotypes M;M;,
MiM,, and M,M,. The M;M, animals are the heaviest, while the M,M, ones are the lightest with the M;M, ones being

intermediate. This would suggest that the marker is close to a QTL related to body weight. However, the plumage color
which is also showing a simple pattern of inheritance, is segregating independently as the color types occur with equal

frequencies in the different weight classes

words in the F; generation, there is a very high corre-
lation of allele frequencies across the loci, or using
population genetic terms, the linkage disequilibrium
between the marker and possible QTL is maximized.
Linkage disequilibrium is reduced over generations as
recombination is gradually breaking the associations.
However, very little of linkage disequilibrium will be lost
within short map distances in producing backcross and
F, generation. Starting from inbred lines, it is easy to
follow the variation in the marker loci and the allele
phases across marker and QTL would remain the same
over further generations. While the use of line crosses is
enhancing marker variation, it is also beneficial to
choose lines that are phenotypically very divergent.
Such a starting point would increase the chances of
finding QTL.

Assume there are parent lines (P; and P,) homozy-
gous for marker locus (two alleles M; and M,) and QTL

(B and b). The crossed generations are mixtures of
distributions with respect to the marker genotypes.
The line differences could be associated with the
marker classes using alternative crossing designs.
Then the expected distribution and contrasts for the
marker genotypes between the lines are

Expected distribution among marker
genotype classes

MM, | MyM, | MaM, | Contrasted
classes
Backcross with Py | 2 Y2 MiM-M M
Backcross with P, 173 Ya MiMy-M>My
F, A % A MiM-MM,
MyMy=MyM,
MiMy-MM,
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The efficiency of associating the computed pheno-
typic differences with the marker variation depends on
how closely the analyzed single marker is to a gene affect-
ing the variation. The F, generation (produced by
intercrossing F; animals) is better than the backcrosses
(crossing F; with one of the parent lines) as it is possible
to estimate also the dominance effect via comparing the
heterozygote class with the homozygote ones.

Random Breeding Populations

Typically, farm animals are forming a random breed-
ing population. Such a population has many limita-
tions for successful QTL mapping. The available
phenotypes are within a relatively narrow range of
variation and would generate much smaller class dif-
ferences than in crosses from diverse inbred lines. The
markers would also show less systematic polymor-
phism than crossbred populations, since in a large
random breeding population the linkage disequilib-
rium is expected to be very low over moderate map
distances. In that situation, the only chance to find QTL
is to have a detectable marker at the gene itself or its
immediate neighborhood. Still, some families or parent
individuals may be useful for mapping studies as by
chance they have marker and QTL variation phased
in a useful manner. Although there is no linkage dis-
equilibrium at the population level, there may be
partial disequilibrium within families depending on
the recombination rate. Such a linkage disequilibrium
could be exploited in QTL screening. Assume sires
that are heterozygous for the marker (M;M,) and
have large progeny group of half-sibs with phenotype
and marker genotype data. The data could be modeled
for an analysis of variance around the average level u
as performance record = pu + marker genotype +
residual.

Using the notation above, at the QTL locus the
separation of two homozygotes is 2a, the frequency
of B allele in the population is x and the recombina-
tion rate between the marker and QTL is c¢. The
analysis could be extended to include dominance by
allowing the heterozygotes to deviate from the mean
of the two homozygotes by da (d = 1 dominant, d =0
additive, d = —1 recessive gene action with the inter-
mediate values indicating partial dominance or
recessivity).

Therefore the frequency of different progeny types
would be across heterozygous sires with different QTL
allele configuration as follows:

QTL genotype in progeny
BB Bb bb
0 (1+da 2a
Sire M; allele from sire
genotype
M,B/M,B X 1—x 0
M,b/M»b 0 X 1—x
M,B/M5b (T—ax| (1 =1 —x)+cx|c(1 —x)
M,b/M,B X c(1—x)+(1—0ox|(1 -0 —x)
M, allele from sire
M,B/M,B X 1—x 0
M,b/M»b 0 X 1—x
M,B/M,b X c(1—x)+(1—0ox|(1 -0 —x)
M,b/M,B (T—ox| (1= —x)+cx|c(l —x)

From these frequencies, one can compute for dif-
ferent progeny groups across the population:

M,B/M,B |0
Mib/Mob |0
MiB/Myb | (1 =201 + (1 — 2x)dla

M6/MyB - | —(1 — 29)[1 + (1 — 2x)dla

Hence, the difference between subgroups disap-
pears when recombination between the marker and
QTL is 0.5 (or when the marker is very far from
QTL). In general, it is not possible to separate the effect
and location, for example, QTL which is 25 cM away
from the marker would have an estimate like with the
marker with half of the effect locating exactly at the
QTL position. On the other hand, the frequency and
dominance action will also affect the estimation and
obviously the detection of rare recessives is very hard.

When at the population level there is no linkage
disequilibrium, the occurrence of informative haplo-
types in progeny depends on the allele frequencies at
the marker and QTL. The heterozygous sires M, M, are
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investigated for the difference in performance between
M, /no-M, and M,/no-M, progeny classes. In principle,
the analysis should pool the results across sires to
improve the power of the analysis. However, there are
sires (like M, B/M, B, M, b/M, b) where the marker
genotype contrast is zero. In some cases, the difference
is positive (M; B/M, b) and in other cases negative
(M, b/M, B). Therefore, the analysis is carried out
within sires. Thereby, it is possible to include all the
possible existing gametes (and alleles) with different
combinations of marker and QTL alleles, and at the
same time eliminate the spurious association caused by
between sire variation [24, 25].

Interval Mapping

When the QTL screening is done marker by marker
over the genome, the available information is utilized
in a suboptimal way, and, for example, the effect and
location of QTL cannot be separated. On the other
hand, when there are many markers, some of them
may by chance give a statistically significant result at
the chosen risk level. If the significance threshold is 5%,
then five out of hundred analyzed map positions may
give a “significant” result. This could be taken into
account by having a more stringent rejection criterion
and have for testing each individual marker a statistical
significance level of 1/(no. markers) times what it
would be if only one hypothesis were tested (so called
Bonferroni correction). When there are several (linked)
markers available on the same chromosome, one
should consider utilizing all the markers jointly and
screen the whole chromosome interval by interval for
existing of QTL.

Assume that the QTL is at the marker locus or in its
immediate neighborhood. Therefore, it is possible to
ignore how the recombination may reduce the estimate
on the effect. When several linked markers are used, the
localization part could be sharpened by the adjacent
markers and subsequently, the estimation of QTL effect
would receive better attention. Such an approach is
called interval mapping. It was first developed for ana-
lyzing inbred lines [26].

Suppose there are now two markers M and N to test
a case where B locus affecting the quantitative trait
variation is assumed to be in the interval between
them. Further, the alleles at Brecombine with the alleles

of M at the rate ¢; and with N with c¢,. If the parental
lines P, and P, are homozygous M; B N;/M, B N; and
M, b N,/M, b N, respectively, then in the backcross to
P, the expected progeny mean computed with respect
to inheritance probabilities at the Blocus is

prob(B) x effect of B allele + prob(b)
x effect of b allele = effect of b allele 4+ prob(B)
x (effect of B allele — effect of b allele)

In terms of different combinations of M and N
alleles in the backcross progeny, the probability for
them having B allele from F; parent is (recalling that
the recombination rate ¢ between M and N can be
expressed as ¢; + ¢, — 2 ¢1 ¢3)

MN, 1—-¢qa/(1-c¢)

MN, (1-g¢)a/c (2)
MN, 1—(1-aq)g/c

MN, ¢a/(1-c)

The prob (B) varies across the different positions
between M and N. Different map positions could be
converted to recombination rates in finding the map
positions and allele effects that best explain the obser-
vations. The estimation could be done with computing
the regression [27] at several positions between M and
N with the model: performance record = intercept +
regr coeff x prob (B) + residual. The regression coeffi-
cient is an estimate of the average effect of allele sub-
stitution at (biallelic) QTL. This is illustrated in Fig. 3.
Like for any regression analysis, fitting the regression
could be assessed with Ftest at different positions of the
interval. If there are more markers along the studied
chromosome, the analysis could be repeated over all the
possible intervals.

When there is a reasonable coverage of the genome
with interval mapping, the analysis is screening the
whole genome for QTL. The same type of QTL analysis
could be carried out for F, cross animals. In that
case also the dominance deviations could be estimated
for QTL.

In farm animals, the closest to an inbred line is
a breed. The first major genome scan utilizing breed
differences was reported in the mid-1990s in pigs from
a cross between the Large White breed and the wild
boar [29]. Large QTL effects were found influencing
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Animal Molecular Genetics from Major Genes to Genomics. Figure 3

QTL interval mapping via regression for backcross setting. The backcross (BC) population is produced by crossing
phenotypically diverse “light” and “dark” parental lines (P, and P,). The light line animals of P; have a higher phenotype.
The BC population is genotyped with a marker panel covering the shown genomic region at regular intervals of 20 cM.
Markers are represented by shaded bars. The BC population is formed by crossing F; animals with the P, animals. When all
the transmitted P, markers are black, the BC animals are illustrated with the chromosomes from F, parents, with possible
recombinants. Marker intervals are considered one by one for the presence of QTL. The probability that individual has
received the “light” QTL allele from F; parent is computed (values in the brackets between the markers) and used as an
explanatory variable to compute the regression of phenotypic value on it. The regression coefficient provides an estimate
of the allele substitution effect. The QTL is in the first bracket and leads to higher regression coefficient than in the last (5th)
bracket, far away from the QTL, both examples shown on the right. The illustration is modified from Georges [28]

both growth and fatness. After that study, several
genome scans have been developed involving the com-
mercial and exotic breeds.

In random bred populations, there is less regularity in
many respects and the interval analysis should be

preceded by the examination of allele phases across adja-
cent markers in heterozygous (say M;/M,N,/N,) sires.
The phase determination would require a large
genotyped half-sib family from the sire. The non-
informative heterozygous progeny M;/M, cannot be
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automatically used for the analysis but the considered
interval should be extended until an informative locus
in the progeny is found. If the sire chromosome phases
over the markers are M;N,/M,N, and there is
a progeny that has inherited the combination M;N,;
(and assuming that the QTL allele B is on the same
chromosome with M; and N ), the progeny has Ballele
with probability 1 — ¢; ¢,/(1 — ¢). The other probabil-
ities could be derived and would resemble the ones
listed for the backcross case above at (2).

The interval analysis is again performed within
a family. The power of the analysis could be improved
(or residual variation reduced) by analyzing several
families and pooling the results at the end. The statis-
tical model for progeny mean is therefore average level
+ sire; + regr coeff; X prob (B) + residual. The sum of
squares due to the regression is then obtained by pooling
the sum of squares due to regression across sires as Y SS-
regr/number of sires. The degrees of freedom in the F
test for the residual variation are the total number of
observations minus twice the number of sires. The anal-
ysis is repeated at several positions, say at cM intervals,
between M and Nand further across other intervals. The
highest value for the test parameter is indicating the
likely position for QTL with the regression coefficient
itself giving the substitution effect. The first genome-
wide screening for QTL was done in the outbred half-sib
design for dairy cattle by Georges et al. [30].

Design of QTL Mapping Studies

It is important to understand what would be an opti-
mal design and number of observations (n) for QTL
mapping studies. First consider the regression with
a single marker for a crossbred population (or single
family). The explanatory variable (prob) is made of
probabilities for the inherited QTL allele. For simplic-
ity, there are so many observations (>50) that one can
formulate the test for the regression coefficient as regr.
coeft./its standard error = regr coeft/ (ai / SSpmb)l/ z_
V1 Gprop,  regr. coeff./g. In other words, the test
parameter depends on the number of observations,
variation range of explanatory variable, size of QTL
effect and residual variation(a,).

Considering the type I error rate o and test power
1 — B, then in terms of the respective standardized
variates (z) of normal distribution, the number of

observations required to detect a QTL with an effect
a/o can be deduced from (z,_, + z1_p )2/(aprob ala)?.
For the 5% risk and power 90% with the effect sizes

0.1 04 0.7 1.0

the required number of animals (with observation and
marker genotype) in a backcross is

4,202 262 85 42

Compared to backcross, the explanatory variable
would double its variation in F, and therefore the F,
cross would have twice the efficiency given the same
number of genotyped individuals. So far it is assumed
that in the single marker analysis, the marker is at QTL
itself. When this is not so and the recombination
between marker and QTL is ¢, then with the same
criteria the number of genotyped individuals should
be 1/(1 — 2 ¢)? times higher (for more details see [31]).

In conclusion, a cross between divergent lines is
very powerful to detect QTL because the statistical
power is high and a reasonable number (200-300) of
animals is sufficient to detect a major gene. Experimen-
tal cross is also a useful approach for QTL screening as
the production could be controlled in a small scale
study and uncommon traits (disease resistance and
quality traits) can be monitored. However, in farm
animals, uniform lines are not common and rarely
inbred enough to fully exploit the crossbreeding advan-
tages. It is also very costly to maintain such lines or find
facilities for generating and maintaining experimental
crosses.

The random bred populations should be analyzed
pooling within family results across families. When
there are several groups in the analysis, the testing
should follow the framework for the analysis of vari-
ance (Fratio). The test is improved with a large number
of progeny. When there are s sires, the family size
requirement could be computed from F?62 s/ 2 SSy/p.
On the other hand, the more sires there are, the
higher are the chances of finding a family with a segre-
gating QTL.

With the half-sib design, the number of genotyped
animals could be reduced by moving from daughter
design to granddaughter design [32]. Instead of
genotyping daughters for markers, the progeny tested
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sons of the sires are now typed and their evaluation
results are used in the analysis. Thereby the number of
genotypings can be kept reasonable and the accurate
genetic value of sons reduces the residual variation and
thereby increases the power of analysis. The sons are
genotyped for markers that are heterozygous in their
sire. The analysis for a single marker is carried out
within sires with the model: progeny test result value
of son j from sire i = u + sire; + son’s genotype;; +
residual.

With a given number of genotypings the test would
be more powerful than the daughter design. When
there are 200 daughters per sire versus 200 sons per
sire and 100 daughters per son, one can compare the
test power (risk 5%) with different effect sizes for
daughter/granddaughter design.

Number of

sires/paternal

grandsires No. genotypings

5 1,000 3/48 50/97
10 2,000 5/73 76/99
20 4,000 7/95 95/99

In order to reach the power of granddaughter
design, the daughter design would need large progeny
groups which — in terms of collecting DNA samples and
carrying out genotypings — are workwise almost
impossible.

For the interval mapping, both the variance of the
explanatory variable and residual would be reduced
while in general the aim should be to push down the
residual variation as low as possible while keeping
a wide range of alternatives for the explanatory vari-
able. If only animals with extreme phenotypes are
genotyped, the latter could be increased and the effi-
ciency enhanced. Ultimately, genotyping only the very
highest and lowest phenotypes, the variance of the
explanatory variable is increased, and in the best situ-
ation the analysis would have only the extreme homo-
zygotes for QTL. It is important to notice that the
selective genotyping should be done within families
to make sure that the selection is targeted on the QTL
instead of the general genetic background. Selective
genotyping has its drawbacks, as it would focus on
a single trait at a time.

Genes Underlying QTL

In farm animals, the QTL mapping has been very
popular since the microsatellites and later SNPs
became available as mapping markers. Depending on
the species, two designs have been used: crosses mainly
in pigs and chicken and half-sib families in dairy cattle.
The QTL investigations have been carried out with
marker sets of 100-300 microsatellites covering the
whole genome. This would correspond to a marker
density of some 10-30 cM. QTL mapping in farm
animals has been very prolific as it has been possible
to have sufficiently large experiments or population
samples to yield an adequate statistical power for QTL
detection. Until today, thousands of QTL for numerous
traits reported (see  http://www.
animalgenome.org/QTLdb/).

have been

Number of QTL (number of traits in brackets)

Cattle Pigs Chicken
2006 630 (89) 1,287 (246) 657 (112)
2011 4,682 (376) 6,344 (593) 2,451 (248)
Fine Mapping

A successful marker-assisted selection requires that the
applied marker is at the QTL itself or very close to it.
Otherwise there is a need to resort to linked markers
which may differ across families, depending on how
they are showing linkage disequilibrium with the
targeted QTL. There are other reasons for the interest
to find the underlying genes, as the general aim is to
understand more about their function and utilize them
in further studies and applications. It is hard to resist
the temptation of trying to find the genes, the allelic
variants within them, the allelic effects and frequencies,
co-effects with the alleles of other loci, and effects on
other traits. Moreover, the never-ending curiosity
drives research to distinguish coding areas and regula-
tory elements (e.g., [33]). In a typical QTL study, it
is possible to locate a QTL only within a fairly wide
region of a chromosome. A region of 10-30 cM
may still contain 100-300 genes which is making diffi-
cult to identify and characterize the responsible
mutations [28].
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There are several factors that affect fine mapping.
An obvious criterion is high marker density. The design
consideration showed how the sample size of animals
contributes substantially to the mapping resolution. As
high as 5,000 individuals are required to increase the
resolution down to 5 ¢cM in crossbreeding designs.
Therefore, it is necessary to think about ways to pro-
duce new recombinants. It is easier with experimental
laboratory strains serving as model organisms where
with a short generation turnover it is possible to have
intercross populations F3, Fy, Fs, . . . In that context, by
generation t the confidence interval for the QTL loca-
tion is reduced to 1/t of the F, one given the same
number of animals per generation [31]. In farm ani-
mals, such operations would be money and time con-
suming and practically unfeasible.

It is easy to produce a large number of markers for
an interesting QTL area and find the markers with the
best association with QTL alleles. Usually, combining
individual marker variation over the area and assessing
the association between haplotypes and QTL alleles
may be more fruitful than analyzing single markers

one by one [34]. In farm animals, the density of observ-
able recombinants could be increased by exploiting
historical recombination events in comparing the
same genomic region within population or even across
breeds (Fig. 4). Many breeds are originating from
a small number of founders or have experienced bot-
tlenecks alternating with periods of population growth.
These events affect sampling of haplotypes and thereby
cause linkage disequilibrium which can be used in fine
mapping QTL regions. Linkage disequilibrium extends
over longer genome stretches in young populations
which hampers localizing causal mutations. In modern
dairy breeds, linkage disequilibrium is seen as long
haplotype blocks [35]. The older haplotypes shared
by breeds can be exploited in high-resolution mapping.

In a QTL analysis one is following the transmittance
of the variants over a chromosome section and com-
puting probabilities for assumed QTL in the marker
bracket. The more detailed variation within the chro-
mosome interval is ignored and further it is assumed
that the variants of the interval are unrelated. The
intervals could be filled with more markers, especially
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Animal Molecular Genetics from Major Genes to Genomics. Figure 4
The decay of linkage disequilibrium over generations for different values of recombination rate (c) between loci. It

is noticeable that with a recombination rate 1% it takes some 80 generations to halve very high linkage disequilibrium
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around the found QTL, to classify the relationships
between the interval variants given the linkage disequi-
librium. When there is evidence for a QTL from linkage
analysis and from linkage disequilibrium around the
putative QTL position, the linkage and linkage disequi-
librium analysis could be combined [36]. The analysis
would eliminate QTL effects from distant regions of the
chromosome and other chromosomes because they do
not appear as linked QTL. Therefore, the combined
analysis would produce a clearer signal for the QTL
position compared to the two separate analyses [37].
Such a combined linkage and linkage disequilibrium
approach has been successfully exploited in cattle to
map QTL within less than 1 cM [38].

The discussion above shows how important it is to
eliminate the spurious associations due to linked genes
or other genetic background. One approach is to use
transmission disequilibrium test or TDT [39]. This
compares the effect of the two alternative types of
gametes from a common parent. For example, a sire
heterozygous for a studied marker (or a putative gene)
may have a large progeny group allowing a test to find
how regular the difference is between progeny
inheriting the alternative alleles. Such an analysis is
extended over sires by treating them fixed.

Few Examples on Causal Mutations

The characterization of mutations underlying QTL is
very hard in any species, and it is not too surprising that
there are only few validated examples on such muta-
tions in domestic animals. The work has usually started
from a genome-wide screening for QTL and then
proceeded to find genetic and functional support for
possible causative mutations.

Many independent QTL mapping studies in dairy
cattle have shown that there is QTL for milk traits on
chromosome 14. After lots of effort and international
collaboration it has been shown that the associations
could be explained by the DGATI gene that is coding
acyl-coenzyme A: diacylglycerol acyltransferase. The
enzyme is known to catalyze the last step in the triglyc-
eride synthesis and a missense mutation (K232A) influ-
ences milk fat content in cattle (e.g., [40]). The fine
mapping and gene identification took some 7 years.

The second example is from pigs. A single-
nucleotide substitution of IGF2 (insulin-like growth

factor 2) is a causal gene behind a major QTL for
growth [41]. This is a regulatory mutation. It has
been present in four different breeds selected for lean
growth and a major reason for the successful detection
is the finding of an ancestral haplotype that differs only
by one nucleotide substitution from the mutant hap-
lotype [42].

Another example is a single nucleotide substitution
in the myostatin gene (MSTN) causing increased mus-
cle mass in Texel sheep [43]. This mutation creates
a new target site for two microRNAs expressed in
muscle which leads to down regulation of MSTN
transcripts.

The findings have a clear message: farm animal
populations have a high haplotype diversity allowing
successful genetics research to locate genes underlying
QTL irrespective of the mode of action. The examples
show that the molecular nature of a QTL can be as
simple as a missense mutation in a coding sequence or
a single nucleotide substitution in noncoding DNA. It
is also impressive how in farm animals the genes
behind the found QTL are regulatory mutations. The
regulatory factors are much more challenging in show-
ing the effect on gene function than mutation changing
the protein sequence and structure.

There are others reported but in many cases more
work is needed to demonstrate their effect in indepen-
dent samples. The number of actual genes in the QTL
seems very low so far but is comparable with the mod-
est findings in man and mice where the work volume is
more substantial. One obvious reason for a small num-
ber is the poor resolution in QTL mapping experi-
ments. The confidence interval for a QTL is at best
very wide and may contain hundreds of genes. Another
reason is that many QTL will not have such a simple
explanation as the examples described above. Some
QTL will be due to several mutations present in one
or many genes. Such QTL may break up into several
linked loci for the fine mapping. Mutations in noncod-
ing DNA make their detection and functional charac-
terization also very difficult (see [28, 42] for more
discussion).

Candidate Gene Approach

In the characterization of genetic factors, there are
basically two types of approaches. The linkage studies
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are aiming to locate genomic regions or QTL that are
important sources of variation, or biological knowl-
edge is used to deduce the genes most likely responsible
for the variation. The examples above are indicating
that studies to identify positional candidate genes
have a rather limited success. It is not therefore surpris-
ing that many researchers have restricted their studies
to investigate the role of biologically deduced candidate
genes in explaining the variation in the available
data. This approach is much more economical, on the
other hand there is very little new knowledge to be
discovered as the analysis only spotlights the chosen
gene or genes. Sometimes, the studies have switched to
candidate approach after the linkage approach has
failed or included candidate genes as a marginal part
of wider analysis not originally designed to explore
individual genes. The research angle is naturally highly
subjective in choosing candidates from numerous
promising ones.

The report on functional candidates should provide
full details why the particular genes were chosen, where
the genotyped group of animals is originating, what
kind of marker set was used to eliminate the other
associated effects in the genome, etc. For any gene,
the combined data on its vicinity should be used to
convince others about hitting the true gene in the face
of too much interfering information from dozen other
genes. A good design in such studies should be aiming
at balanced genotype frequencies. If a gene is picked up
because of ease of genotyping, the only hope is to have
much luck to hold marker variants that are in linkage
disequilibrium with the alleles causing a trait deviation.
There is also the trick of having a “significant” result
surface from the data by permuting several genes and
traits (see [44, 45]).

Itis a common problem that candidate genes are not
providing consistent evidence when exposed to valida-
tion in subsequent generations of the same population
or more importantly, in other populations. The most
beautiful investigations are finalized by functional
mutation studies (knock-out or in) or complementa-
tion tests in a modeled mouse experiment, practically
impossible in livestock species. One way to improve the
analysis is to define a trait more explicitly. For example,
calving interval could be itemized to several sub-traits,
which in turn may prove to be more rewarding objects
for QTL analysis. Likewise with the markers, instead of

associating gene variants, it is now possibly to go a level
deeper and excavate the respective gene expression
patterns. The difficulties are not over when it comes
to deciding which tissues and which developmental
stage would provide appropriate samples for expres-
sion studies and how to plan a comparable and uni-
form production environment for such studies. The
expression profiles are obviously an outcome influenced
by several factors and their interactions are ever so hard
to interpret (for more discussion, see [28]).

The complex traits in medical studies have experi-
enced similar disappointing conclusion, and there are
hardly any major genes manifesting the familial multi-
factor diseases. Researchers have voiced this by talking
about missing explanations for the observed genetic
variation or heritability [46]. In quantitative genetics,
it is more and more obvious that the variation is simply
caused by lots of genes with tiny effects and variants
that are not appearing among the prior candidates
[47]. With the rapid growth of high throughput marker
typing and re-sequencing, there is now a possibility
with very large population samples and concerted
actions to detect reliable associations even for the
small effects [48]. Different techniques, such as detailed
mapping and functional studies, could be combined
[49]. What remains is the requirement for large bodies
of data, as has always been in analyzing genetic varia-
tion for animal breeding purposes.

Genomic Revolution

The very fast development of molecular genetic tech-
niques has resulted in exploitation of the existing
nucleotide diversity. The genome sequence is available
for chicken [50] and cattle [51]. The sequences of the
whole genome in pig and sheep are still on the way. The
sequence information is indicating that a typical ani-
mal genome has almost endless amount of potential
variable sites. Several descriptive measures are used to
summarize polymorphisms of DNA sequences. Under
a neutral model, the expected level of diversity can be
deduced from the generation of new alleles by muta-
tions and from the elimination of alleles by drift (which
is inversely proportional to effective population size),
that is, 4 N, X mutation rate. For comparison, in
a human population two randomly chosen individuals
differ at ~1 in 1,000 nucleotides (1 SNP per kilo base).
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The genetic diversity of mankind is low compared to
other (older) species. In cattle and sheep the mean
nucleotide diversity is 2-2.5 SNPs per kilo base [52],
whilst for chicken the estimate is 4-5.5 [53]. With
modern DNA chip technology up to hundreds of thou-
sands of loci across the genome could be used to geno-
type animals with a reasonable cost. These possibilities
have opened up completely new kind of possibilities to
understand and utilize the genetic variation.

MAS with More Markers

When there are several markers available, the mixed
model equations for breeding value estimation could
be extended to accommodate several markers with
a vector of QTL effects. Using the previously intro-
duced notation (Fig. 5), the use of several markers is
with matrix presentation y = X8 + Za + Qq + e, where
Q is the incidence matrix for q [54]. Var (q) = G 031
where 0'2 is the variance due to QTL and Gis the matrix

u (polygenic) additive effects
q QTL effects

g marker effects

e residual

conventional selection
additive genetic values

y=Xp+Zu+e

}

marker assisted selection

B fixed non-genetic factors

incidence matrices for

X fixed effects
Z additive effects
Q QTL effects
l M marker effects

y=Xp+Zu+Qq+e

genomic selection

y=XB+ Mg+e

Animal Molecular Genetics from Major Genes to
Genomics. Figure 5

The mixed model methodology is a flexible tool to
accommodate the models ranging from simple breeding
value prediction with polygenic model to QTL effects
associated with known markers. The effects of genome-
wide marker sets are computed through a straightforward
summation over the genome. X, Z, Q, and M are the
incidence matrices linking the observations to respective
effects

of probabilities for QTL alleles being identical by
descent. These probabilities can be computed from
the pedigree, marker, and linkage map information.
So far QTL mapping has produced fewer useful genes
or markers for MAS than was anticipated when the
QTL screening work started. The found QTL are con-
tributing much less to the variation than would be
satisfactory for a successful use of MAS, as its efficiency
is affected by the proportion of variation due to a major
locus [55]. Much caution should be also taken in MAS,
as most of the found QTL have an overestimated effect
(so-called Beavis effect). The availability of vast
amounts of SNP markers should improve both these
aspects: a dense marker panel covering the whole
genome would be able to wrap all the genetic variation
and avoid the problems of few overemphasized
markers.

From MAS to Genomic Genetic Values

For the future practical application in estimating the
genetic values, the most promising approach seems
to be simultaneous utilization of a vast number of
markers over the entire genome [56]. The map density
is so high that the recombination between markers and
QTL can be ignored. With a genome-wide set of
markers, the estimate of individual’s genetic value or
genomic estimated breeding value is obtained by esti-
mating effects associated with the markers from ani-
mals with both the phenotype and marker genotype
information and summing the marker effects for
recently genotyped animals available for selection.
With genome-wide marker panel one can hopefully
catch most of the genetic variation and produce
a more attractive way to exploit markers.

The process of predicting the breeding values utiliz-
ing genomic information could be described in three
steps:

1. Use a genome-wide marker panel to genotype ani-
mals. It is now a norm to use densely mapped SNPs
as markers. The SNP variation is seen as two alleles
(potentially with four). When the marker panel is
very dense and genome-wide and each marker is
wrapping the genetic variation for a measured trait
in its neighborhood, the whole panel is covering all
the genetic variation. With additive gene action the
biallelic marker is assumed to have a substitution
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effect. As the whole genome is covered with the
dense map, the effects of the n SNP loci would
sum the genetic value of the animal.

2. Estimate the effects of each marker locus. The
model for the phenotype of animal i is y; =
Xn: mj;g; + e; where m;; (2, 1 and 0) is representing
=1
the marker genotypes in the ith animal, g; is half of
the substitution effect at the marker locus for the
quantitative trait and e is the residual. The pheno-
type and genotype data could therefore be used to
estimate the marker effects (ignoring all the
nongenetic factors) with the model in matrix nota-
tion y = M g+ e. The new method could be seen as
part of the development in mixed model method-
ology (Fig. 5). The first two steps are carried out in
a sufficiently large reference population with infor-
mation on both marker genotypes and trait
phenotypes.

3. The genomic breeding value could be computed for
genotyped selection candidates by summing the
estimated effects over the markers.

There are several options how the equations could
be solved. Treating the marker effects as random, it is
customary to assume that their variance is constant
over the genome or that there are few loci with large
effects with the majority having small effects. In addi-
tion, there are options for the distribution of the effects.
The case of normally distributed effects with constant
variance is interesting because the breeding value pre-
dictions would be equivalent with BLUP where the
pedigree-based relationship matrix A is replaced by
a relationship matrix estimated from the marker infor-
mation [57]. The latter is also called genomic relation-
ship matrix and is technically MM’ The genomic
information has also been successfully used to incor-
porate the realized relationships into the A matrix used
in BLUP [58].

It is the Bayesian methods that are able to cope with
situations where an allowance for graduated effects of
markers is made. This is beneficial as the QTL screening
works is clearly showing that there are genomic regions
having relatively large effects. Many distributions have
been tried: a case where most markers have a small
effect and very few a large effect, alternatively assuming
0 for several markers and nonzero for few markers.

These were studied in the original paper [56] and the
former approach is known as BayesA and the latter one
as BayesB. Meuwissen and Goddard [36] also presented
an alternative where the variances of marker effects are
sampled from a mixture of two distributions allowing
the variation in the effect size across markers. Simple
methods are possibly favored so far, as pure Bayesian
approaches would require more computing time.
Related to this, the rapidly increasing number of
markers — hundreds of thousands — and availability of
sequence data and larger number of genotyped animals
would also challenge the computing capacities.

The accuracy of genomic breeding values depends of
course on the number of records and proportion of
genetic variation or heritability h*. Small effective
population size is generating linkage disequilibrium.
Related to linkage disequilibrium, the genome contains
regions of reduced haplotype diversity, termed haplo-
type blocks [59], separated by blocks of higher diver-
sity. Within such blocks the frequencies of marker
alleles may be highly correlated across loci. The genome
blocking sets limits to the estimation even if the marker
density is very high. The number of independent seg-
ments for a chromosome of length L (in Morgans) is
2 N, L/An(4N, L) [57]. So, a chromosome of 1M has
some 33 independent segments and the whole genome
of 30 such chromosomes would have 1,000 indepen-
dent segments. If the effective population size is small,
increasing more markers would not improve the accu-
racy or resolution in explaining the genetic variation
and the best one can do in that situation, is increasing
the number of animals in the analysis [57, 60]. In
conclusion, the accuracy of genomic breeding values
would depend on the number of animals in the refer-
ence population, the heritability of the trait, the marker
density, the number of independent genome segments
(or effective population size) and the total length of the
genome.

With best linear unbiased prediction and Bayesian
method, the accuracy of predicting genetic values for
offspring of the recorded animals has been shown to be
of the order 0.7-0.8 [56], comparable to that of the
progeny test. The genomic selection method was
presented in 2001 and did not receive much attention,
as at that time the required coverage of the whole
genome with markers was not feasible, at least in
terms of costs. When the high throughput genotyping
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of SNPs with microarrays became available and
Schaeffer [61] pointed out the remarkable returns and
savings that the genomic selection could produce in
dairy cattle breeding, the breeding companies rushed
out to exploit the tool with unparalleled enthusiasm.
He compared genomic selection with conventional
progeny testing and assumed that there were marker
effects available with accuracy 0.75 to select bulls and
bull dams. As much less bulls would be kept after
genomic “pre-selection,” the cost of the marker-based
improvement would be only 10% of the traditional
one. Another radical feature of genomic selection, is
the sufficiently reliable evaluation of young animals
which would reduce the generation interval drastically,
for example, in the bull-bull path from 6 years down to
less than 2 years. When it takes 5-7 years to have the
progeny test result for a dairy bull, the genomic genetic
value is available at birth. Putting the slightly lower
accuracy and shortened generation interval together,
the annual genetic change is predicted to be doubled.

Much of the work on assessing the advantages of
genomic selection has been done by simulation. The
reliabilities of genomic breeding values could be
assessed by dividing the real data into two parts, usually
over birth date and compare how the predictions based
on older animals compare with the estimates obtained
for the more recent ones with all the data. VanRaden
et al. [62] concluded that the reliability is proportional
to the size of the reference population while the incre-
ments in marker density had a smaller impact. They
were implying that a reference population of few thou-
sand progeny tested bulls is required to arrive at
a satisfactory accuracy of genomic breeding values.
Only the Holstein breed has such numbers and even
there the breeding companies would need collaborative
efforts across countries for reaching a sufficient num-
ber of accurately known sires.

Breeds with smaller populations (and progeny
tested bulls) could in principle resort to the marker
effects estimated in a large population. If the marker
density is very high, genomic breeding values estimated
in one breed may support the estimation in the other
breed [63]. They may be some common linkage dis-
equilibrium within a short distance across the breeds
otherwise recombination has broken associations since
the divergence. Selection and drift have also changed
the genotype frequencies over time.

Management of Variation

Very intensively selected populations may suffer from
losing variation or, in a more extreme case, from
inbreeding depression and appearance of recessives
defects. This is due to the reduced number of selected
parents to generate the breeding bulls. The risk for
inbreeding and drift is expressed with effective popula-
tion size or rate of inbreeding (AF = 1/(2N,)). The safe
areas for these would be over 50 and less than 1%,
respectively (e.g., [64]). In dairy cattle, the awareness
on rate of inbreeding was triggered by the breeding
schemes utilizing multiple ovulation and embryo
transfer (MOET). It was shown that the schemes
could be optimized with respect to genetic progress
and costs, by concentrating the MOET operation on
cows in a nucleus of few hundred cows only. The
apparent small number of parents and larger full-sib
families accompanied by early selection would easily
mean risks for higher rates of inbreeding. This kind of
worries generated lots of research and now the better
understanding about the related risks in selection pro-
grams has resulted in new tools. The most important
aspect is to maximize the variation in selected groups of
males and females while the formation of mating pairs
is less relevant. Meuwissen [65] has developed so-called
optimum contribution method which yields the guid-
ance in choosing parents and their progeny numbers to
maximize the genetic gain while minimizing the
coancestry. The constraining on the coancestry is
based on the relationship matrix and therefore the
optimum contribution method could be easily inte-
grated with the information needed for BLUP
evaluation.

Genomic breeding values are based on information
on the individuals themselves and are therefore better
than BLUP breeding values which may more often lead
to co-selection of sibs due to family information [66].
So the genomic selection has short-term advantages for
the management of genetic variation. In the long-term
an efficient genomic selection is automatically reducing
variation. The genomic information is on the other
hand giving an accurate estimate on the relationship
between individuals. While the pedigree based matrix
gives the expected relationships, the marker-based
matrix yields the realized relationships. The earlier
work (e.g., [67]) showed that tens or even hundreds
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of markers (e.g., microsatellites), is of limited value in
estimating the relationships and in controlling the rate
of inbreeding. The use of genome-wide SNP panels has
changed the situation and molecular similarities could
be calculated very accurately and used like the genea-
logical information. Just like the relationship matrix in
the BLUP context is improved by the genomic infor-
mation, in the same way the genomic relationship
matrix could enhance the management of variation.
There are only preliminary results [68] which are indi-
cating that high benefits could be anticipated from the
use of genomic relationship matrix in promoting the
sustainable use of genetic variation.

Genetic Correlation

It is a common observation that there is a negative
genetic correlation between production traits and lon-
gevity, made of such traits as disease resistance and
fertility. It is widely accepted that such a correlation is
caused by pleiotropy so that the same genes would have
opposite effects on the two sets of traits. This could be
understood as a consequence of allocating limited met-
abolic resources to competing physiological compart-
ments within an animal. If a genetic correlation
between two traits is positive, it can be thought that
the effects on the two traits are on average influencing
to the same direction. On the other hand, if the major-
ity of effects are of opposite “sign,” a negative correla-
tion would be seen. However, there should be some
variation over the pleiotropic genes in the genome,
there being also some with positive effect on both the
traits. Therefore, selection could be differentiated over
the genome to avoid undesirable effects in longevity
traits while improving the production efficiency. This is
something one is going to learn when multiple trait
analysis are thoroughly investigated with the dense
genome-wide marker information.

Extensions to a Pair of Populations

The introgression of multifactor traits from one popu-
lation to another should enjoy the powerful genomic
tools in making the procedure more precise and
diminishing the compromises of receiving undesirable
sections of the donor genome. @degard et al. [69]
showed that genomic selection results in an efficient

introgression of desirable QTL alleles from a donor
line, as the genome of the donor apart from the QTL
could be selected against. Lots of data is obviously
needed for separating the beneficial and unattractive
genome parts in a candidate exotic breed.

Heterosis or hybrid vigor in crosses has been long
observed. Predicting which lines will give good crosses
is a hit and miss affair. Simple dominance is sufficient
to give crossbreds better performance than either par-
ent provided that both parents are fixed for the dom-
inant allele at some locus at which the other parent is
fixed for the recessive one — that is with one parent
being Bc/Bc and the other bC/bC, where B and C are
the dominant alleles.

Several breeding procedures have been suggested
and used in order to make best use of the heterosis,
among them the reciprocal recurrent selection, pro-
posed by Comstock et al. [70] makes the most use of
quantitative genetic principles. The benefits from
crossbreeding are highest with widely deviating allele
frequencies between the breeds. There is a need for
efficient methods with immediate returns to evaluate
the most promising breed crosses jointly with the most
potential mating pairs.

Starting from the results by Smith and Maki-Tanila
(6], theory and methods to compute genotypic means
and covariances in a two-breed population under dom-
inance inheritance have been presented by Lo et al.
[71]. They showed that the genotypic mean is a linear
function of 5 location parameters and that the geno-
typic covariance between relatives is a linear function of
25 dispersion parameters. These would include the
additive (and the corresponding heritability) and dom-
inance variance in both the purebred populations and
the variation of contributions from the breeds to the F,
individuals. Clearly simpler and more parsimonious
methods are needed.

Genomic research has proven to be a powerful
approach in quantifying the genetic distances between
populations, in revealing history of
populations, number and sites for domestication, pop-
ulation expansions and contractions, selection, origin,
and mixing of maternal and paternal lineages (see
[72]). Because heterosis is proportional to the differ-
ences in gene frequencies in the parental lines, it is
possible to make marker-based prediction of hybrid
performance based on genetic distances, despite having

animal
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only indirect estimates of allele frequencies for the
interesting traits via the anonymous markers.

Xu [73] stimulated by the elegance of genomic
selection has extended a Bayesian analysis to the F,
population of inbred lines and has successfully also
estimated the dominance deviations. However, the
cases starting from random breeding populations — in
subdivided population or in crossbred animals, typical
in animal breeding — need research. Toro and Varona
[74] have investigated the use of genomic information
in predicting also dominance effects and the advan-
tages of designing matings to have a full advantage of
the extra component in the evaluation. First of all, the
genomic approach was possible compared to the
overcomplicated polygenic parameterization. Sec-
ondly, the prediction of additive effects had a higher
accuracy. Finally, the immediate response was higher
when dominance effects were estimated, although the
subsequent progress stayed very much the same. If the
cost of genotyping is reasonable, the estimation of
dominance effects could be seen as a new tool in uti-
lizing heterosis in chicken and pig production where
crosses of different lines are a norm.

Research on Beneficial and Harmful Genes

Along the use of genome-wide marker sets in large
reference populations, it is possible to map medium
to large size QTL. This would yield genomic predic-
tions that are stable across families and generations. If
the genes underlying QTL are found, they may be
further studied for the pleiotropic effects on other
traits, dominance effects, interactions with other QTL
(epistasis), or response to environmental changes.
Information derived from such studies will lead to
better models and better predictions and even manage-
ment of phenotypes, which can be used for selection
and production planning.

There are several Mendelian defects identified in
farm animals. Recessive disorders are a problem in
efficient improvement schemes, because healthy car-
riers can spread the disease allele quickly to a large
number of progeny. A good example is BLAD (bovine
leukocyte adhesion deficiency) causing a severe immu-
nodeficiency. The mutation got widely distributed in
the Holstein cattle due to a famous bull few decades
ago. The missense mutation is now identified [75] and

the eradication program has been successful. Charlier
et al. [76] reported fine-scale mapping of five recessive
disorders in cattle using large SNP panel. Between
25,000 and 50,000 SNPs were used in the discovery
populations. Homozygosity mapping is used to detect
mutations that cause disease when both copies are pre-
sent (recessivity). Three disorders were mapped with
a sufficient resolution so that the molecular basis could
be characterized and effective eradication tools were
established and used in mating planning. A prerequisite
for finding recessive disorders is a well-organized record-
ing of defects and diseases in the population. In general,
molecular genetic techniques could be used to develop
diagnostic tests. On the other hand the disorders are
providing animal models to study human diseases.

Future Directions

The conventional prediction methods based on infini-
tesimal model have produced very impressive results in
quantitative traits of animal production. There is, how-
ever, plenty of evidence on the existence of major genes
mediation the variation in such measured traits. For
some time now, it has been possible to map such genes
in the genome using molecular genetic markers. The
accurate localization is needed for estimating the gene
effects and integrating their direct selection into
methods predicting the polygenic effects. There has
been extensive genome screenings for QTL carried
out all the farm animal species, either with crossbreed-
ing or half-sib design. The outcome is thousands of
QTL while the high-resolution localization has yielded
only very few causal mutations underlying the found
QTL. Also the variation contributed by these QTL is far
too low for efficient marker- or gene-assisted selection.
The molecular genetic technology has in the mean time
taken further leaps and now there are available micro-
array chips containing thousands or even hundreds of
thousands of SNPs to allow genomic selection. Geno-
mic selection is in principle genome-wide marker-
assisted selection. As it covers all the genetic variation
in the genome, the estimated of marker effects would
give sufficiently reliable predictions of genetic values
for young animals. Hence, the genetic improvements
programs could be accelerated and high savings could
be done in testing schemes. Genomic information
could be further used for management of genetic
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variation, mating planning utilizing non-additive var-
iation, understanding genetic correlation architecture,
etc. The animal breeding industry has quickly adopted
the new technology and is now widely exploiting the
latest SNP panels in the selection schemes. As a side
product, the systematic genome-wide screening is pick-
ing up harmful and beneficial mutations for further
research and applications. It is very tempting and cer-
tainly very challenging to try to model the variation via
complicated pathways and interactions due to individ-
ual genes and regulatory factors. No doubt many would
try. Luckily animal breeding research has a long and
flourishing history of sophisticated mathematics and
statistics. Hence, much research will be devoted to the
area. The main test for a new method in animal breed-
ing would consist of questions like: how it is going to
help us in understanding variation, how would it help
to improve prediction of breeding value, what gains are
made in efficiency of selection programs, what kind of
savings could be made in testing, etc. Finally, to have
firm ground in analyses and decision making, there is
a continuous need to have lots of information, both on
the genomes and the measurable traits.
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Glossary

Aquaculture Following the definition of the FAO
[1, 2], aquaculture is the farming of aquatic organ-
isms, including fish, molluscs, crustaceans, and
aquatic plants with some sort of intervention in the
rearing process to enhance production, such as reg-
ular stocking, feeding, and protection from preda-
tors. Specifically, marine aquaculture, also called
mariculture, concentrates on aquatic organisms cul-
tivated in brackish or marine environments.

Integrated Coastal Zone Management (ICZM)
A process for the management of the coast using
an integrated approach, regarding all aspects of the
coastal zone, including geographical and political
boundaries, in an attempt to achieve sustainability.
The EU Commission [3] defines ICZM as a
dynamic, multidisciplinary, and iterative process
to promote sustainable management of coastal
zones. It covers the full cycle of information

collection, planning (in its broadest sense), decision
making, management, and monitoring of imple-
mentation. ICZM uses the informed participation
and cooperation of all stakeholders to assess the soci-
etal goals in a given coastal area, and to take actions
towards meeting these objectives. ICZM seeks, over
the long term, to balance environmental, economic,
social, cultural, and recreational objectives, all within
the limits set by the natural dynamics.

Mariculture See “aquaculture”.

Offshore aquaculture A culture operation in a fre-
quently hostile open ocean environment exposed
to all kinds of sea states as well as being placed far
off the coast.

Offshore co-management A dynamic partnership
using the capacities and interests of different stake-
holder groups for managing cross-sectoral activities
in cooperation with governmental authorities in
the open sea.

Offshore wind farms A group of wind turbines in the
same confined area used for production of electric
power in the open ocean. Moving off the coast to
the offshore, wind turbines are less obtrusive than
turbines on land, as their apparent size and noise is
mitigated by distance. Since water has less surface
roughness than land (especially in deeper waters),
the average wind speed is usually considerably
higher over the open water. Therefore, the capacity
factors are considerably higher than for onshore
and nearshore locations [4].

Open ocean aquaculture See “Offshore aquaculture”.

Definition of the Subject

“Fisheries have rarely been sustainable.” This statement
by Pauly et al. [5] was based on the recognition that this
lack of sustainability was induced by a serial depletion
of wild stocks worldwide. Causative for this trend is
due to the improved fishing technology, geographical
expansion, and exploitation of previously spurned spe-
cies lower in the food web. In exchange, aquaculture
was often either regarded to bridge the gap between
supply and demand or, in contrast, even to exacerbate
this scenario.

Since the 1970s, aquaculture production has grown
quite rapidly and is by now one of the fastest growing
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aquatic food production sectors in the world [6].
Besides the rapid development of this sector, the wide-
ranging decline in fisheries yields has been enhanced by
an increase in public demand for aquatic products. With
an annual share of more than 15% of total animal
protein supplies, the production of captured fisheries
and aquaculture plays a significant role in the global
food security [6]. In 2007, approximately 160 million
tons of aquatic organisms were produced worldwide
(Fig. 1). From that, the share of global aquaculture
production amounts to almost 47%, totaling about
60 million tons annually of aquatic organisms [7, 10].
A wide range of aquatic species is raised in various
systems, onshore as well as in the ocean. According to
the FAO [6], approximately 300 different species, rang-
ing from fish to shellfish, crustaceans and algae are
produced in aquaculture systems. Most of these aqua-
culture enterprises are concentrated in well-protected
and therefore favorable inshore water areas [11].

Even probably though over-reporting its aquacul-
ture production [12], the People’s Republic of China
has contributed approximately 70% to the world’s
aquaculture production in 2004. It is nevertheless
debatable, whether this production can compensate

for the global deficiency in aquatic food. In addition,
the intensive traditional aquaculture of carnivorous
species does not automatically relieve pressure on
ocean fisheries [13]. Salmon farming, e.g., requires
large inputs of wild fish as fish oil and fish meal for
the production of fish feed for aquaculture. Hence, the
farming of non-carnivorous species that is not depen-
dent on fishmeal-based feeds is considered a sustainable
way of producing food. However, the global increase in
production originates from herbivorous species. Fur-
ther, the balance between carnivorous and non-carniv-
orous species in aquaculture production is heavily
skewed towards herbivorous species [14].

On top of this issue, an increasing limitation of
favorable coastal sites for the development of modern
aquaculture is evident in various countries, such as
Germany, the Netherlands, Belgium, as well as others
[15]. This spatial limitation is mainly caused by the
lack of protected nearshore areas and by the fact that
regulatory frameworks that assign specific areas for
aquaculture operations are diverse and still emerging.

Further, the utilizations of coastal marine waters are
manifold and quite competitive, such as shipping
(trade or private), recreational activities, extraction or
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disposal of gravel, marine missions, fisheries, maricul-
ture, offshore wind farms, cable and pipelines, estab-
lishment of nature reserves, and other marine
and coastal protected areas. In addition, overlapping
use of coastal habitats adds to the increasing pollution
of coastal waters in various situations and gives rise to
spatial conflicts, thus leaving little room for the expan-
sion of modern coastal aquaculture systems.

This situation in most industrialized countries is
often in contrast to the production progress in devel-
oping countries. Here, the installation of aquaculture
systems benefits from the often weak enforcement of
integrated coastal management schemes, which regu-
late equal access to the coastal resources [16, 17]. Thus,
the rise of aquaculture production has specifically
taken place in developing countries, especially in Asia,
which holds approximately 91.4% of the global pro-
duction share [10, 18, 19]. In contrast, the number of
competing users within offshore regions is relatively
low, thus favoring the offshore environment for further
commercial development, such as offshore wind farm-
ing and open ocean aquaculture. So far, spatial regula-
tions offshore are scarce and clean water can be
expected [20]. Thus, there is an enormous economic
potential for extensive marine aquaculture in offshore
areas.

Introduction

Aquaculture has been increasing dramatically in most
parts of the world and now accounts for more than
47% of the total global seafood supply [7]. Many peo-
ple generally assess aquaculture positively as a potential
alternative to global fishery resources, which are glob-
ally under stress as a result of overfishing. However, it
also raises concerns over pollution, disease transmis-
sion, and other socio-economic impacts. Almost all
efforts to develop marine aquaculture have focused
on state jurisdictional waters of the coastal sea, which
are generally situated within 3 nautical miles off the
shore [21, 22]. With the convergence of environmental
and aesthetic concerns, aquaculture, which is already
competing for space with other more established and
accepted uses, is having an increasingly difficult time
expanding in nearshore waters [23]. Therefore, alter-
native approaches are needed in order to allow the

expansion of the marine aquaculture sector to make
a meaningful and sustainable contribution to the
world’s seafood supply.

The political recognition — on a national as well as
on EU level — that the implementation of integrated
coastal zone management (ICZM) is still fragmentary,
acted as incentive to investigate in more detail how this
could be overcome [e.g., 24]. This lack was recognized
and led to the operation of a EU-Demonstration
Programme on Integrated Coastal Zone Management
from 1996 to 1999. This Programme was designed
around a series of 35 demonstration projects and six
thematic studies. In 2002, based on the experiences and
outputs of the Demonstration Programme, the EU-
Commission adopted a recommendation concerning
the implementation of Integrated Coastal Zone Manage-
ment in Europe (Recommendation of the European
Parliament and of the Council, 2002/413/EC). In
Germany, this generated a call of the Federal Ministry
of Education and Research to the various federal states to
develop projects that address ICZM on a regional level.
In 2004, the program Coastal Futures [25], which tied
up various administrative and scientific bodies and the
public along the west coast of the State of Schleswig-
Holstein, was granted funding. This program focused
primarily on two issues: [1] to develop the future of the
coast as a living, working, and recreational space for the
local population, and [2] to consider the potential
contribution of coastal resources to the sustainable
development on the national and EU/global level, i.e.,
by providing regenerative energy by wind power. In
order to sustain sufficient open space for future devel-
opment, the idea of combining offshore wind power
generation with other uses, such as aquaculture opera-
tions, emerged [26]. Marine aquaculture is a growing
enterprise in Germany as well as in the whole of
Europe, strongly motivated by the decline of fisheries
production and the search for alternative income
options for rural peripheral coastal regions.

In order to stimulate multifunctional use of
marine space, it was decided to develop a project on
a showcase basis, which deals not only with different
scientific fields but also with private—public partner-
ships and the relevant institutional bodies. In the fol-
lowing, an overview on the current state of research
undertaken within this focus is provided. Offshore
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wind farms will hereby act as a case example for
renewable energy systems in the open ocean.

Offshore Aquaculture — A New Addition to
Marine Resource Use

Farming in the open ocean has been identified as one
potential option for increasing seafood production and
has been a focus of international attention for more
than a decade. Offshore aquaculture or open ocean aqua-
culture are operations in a marine environment fully
exposed to all kinds of oceanographic conditions [27]
as well as located at least 8 nautical miles off the coast
[15] to avoid the many stakeholder conflicts in nearer
coastal areas [28]. The procedures and applied tech-
niques for the cultivation of organisms mainly depend
on the species; their life cycle determines the phases of
cultivation and the location for the grow-out, where
market size will be reached. First trials of cultivation
were based on extensive marine aquaculture, which — in
contrast to intensive aquaculture — is a line of produc-
tion with little impact on the marine environment.
These aquaculture operations are characterized by
(1) alow degree of control (i.e., environmental control,
nutrition, predators, competitors, and disease agents),
(2) low initial costs, (3) low level technology, (4) low-
production efficiency, and (5) high dependence on
local climate and water quality (natural water bodies,
such as bays, ponds, embayments) [29]. Mostly, they
are regarded as a sustainable line of production.
Moving to the open ocean has been considered as
a means for moving away from negative environmental
impacts and negative public perception issues in the
coastal zone. Favorable features for the transfer to open
ocean waters include ample space for expansion and
thus reduced conflicts with other user groups, lower
exposure to human sources of pollution, the potential
to reduce some of the negative environmental impacts
of coastal fish farming, and optimal environmental
conditions for various marine species through the
larger carrying and assimilative capacities. However,
this move should not be seen as an “out of sight, out
of mind” attitude, as open ocean development will also
come under scrutiny by the institutional bodies as well
as by a more and more educated public. It is expected
that, because of economies of scale, the open ocean

farms of tomorrow will be larger than the present
nearshore farms. Therefore, higher levels of waste can
be generated. Even if greater residual effects occur,
deeper waters and lower nutrient baselines are expected
to reduce impacts from open ocean operations through
wider dispersion plumes of nutrients, as compared to
similarly sized nearshore operations. However, there
will be a point when open ocean ecosystems will even-
tually reach their assimilative carrying capacities [30].

Offshore Wind Farms as a Case Example for
Renewable Energy Systems

Wind energy continues to be the world’s most dynam-
ically growing energy source [31]. Drawing on the
example of Germany, the first initiative toward an
economy based on renewable energy resources was set
by the governmental decision in the year 2000 to grad-
ually reduce the use of nuclear energy and to respond to
the gradually diminishing fossil- and nuclear-energy
reserves. Simultaneously, the output of CO, to the
atmosphere would be reduced in accordance with the
Kyoto protocol as well as the dependence on conven-
tional fossil-energy resources is lowered.

As high and reasonably steady wind speeds are
characteristic in Northern offshore areas, these areas
are prime candidates for renewable energy production
by wind-energy farms. For instance in the North Sea,
a major political incentive exists currently to install
large offshore wind farms [32, 33]. Thus, the emerging
branch of offshore wind farms appears as a new stake-
holder on the list of users [34, 35].

So far, this development has been successful to such
an extent that around 7.2% of the total energy con-
sumption in Germany is covered by this technology. At
the end of 2007, Germany had an installed capacity of
22,247 MW, generated by 19,460 mainly land-based
operating wind turbines [36]. Within Europe, as the
leading market for wind energy with over 57 GW,
Germany thus accounted for 39% in terms of the
total installed capacity and still remains the world’s
leader. However, with the North American market
currently experiencing a strong growth, it is expected
that the US market will soon overtake Germany [37].

At present, 60 project applications for wind farms in
the Exclusive Economic Zone (EEZ) of the German
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North Sea: Offshore Windfarms
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North Sea and in the Baltic Sea are in the planning process
stage with the total number of wind turbines per farm
ranging between 80 and 500 [26] (Fig. 2). In November
2001, the Federal Maritime and Hydrographic Agency
(BSH) granted the first approval for the installation of
a pilot offshore wind farm. Since then, a total of 23 wind
farm development projects have been approved in Ger-
man waters, most of them planned seaward of the 12
nautical miles zone [38]. Currently, a larger test farm of
about 12 wind turbines (5 MW class) at the “Borkum
West” site are in operation (Fig. 3) [39]. Experience
gained in this project should give developers practical
knowledge in the construction and operation of off-
shore wind farms at depths (down to 50 m) and at
distances from the shore (up to 50 nautical miles and
more) that are beyond comparison to those anywhere
in the world [31, 33].

In contrast to neighboring European states, the
prospect of moving wind energy developments

a

b

offshore stagnated in Germany for years mainly due
to a very complex licensing procedure and the high
environmental constraints [33, 40]. A further obstacle
roots in the spatial competition of offshore wind farms
with other utilization of the marine waters in the Ger-
man Bight [41, 42]. However, despite the number of
competing users within offshore regions being lower
compared to coastal areas [43], the quest for spatial
efficiency remains to be a key incentive also for offshore
developments in the future.

Moving Offshore: The Multiple-Use Concept

The plans for the massive expansion of wind farms in
offshore areas of the North Sea triggered the idea
of a combination of wind turbines with installations
for extensive shellfish and macroalgae aquaculture
[15, 26]. Offshore wind farms provide an appropriately
sized area free of shipping traffic as most offshore

Aquaculture and Renewable Energy Systems, Integration of. Figure 3
Offshore wind farm Alpha Ventus. (@) Shows the transfer of the windmill tripods to the harbor of Wilhelmshaven and
(b) displays the setup of an offshore windmill (REpower Ml 068 [39])
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wind farms are designed as restricted-access areas
due to hazard mitigation concerns. Concurrently, the
infrastructure for regular service support is readily
available, and hence such sites provide an ideal oppor-
tunity for devising and implementing a multiple-use
concept [42, 44]. However, in contrast to coastal
inshore areas where beaches and their adjacent near-
shore zones act as buffers to absorb wave energy, off-
shore regions are high-energy environments, fully
exposed to waves, weather, and currents. Numerous
studies have demonstrated that waves can reach
remarkable heights (up to 10 m) in the offshore areas
of the North Sea [e.g., 45, 46]. In this context, the solid
foundation structure of wind turbines provides sup-
port for anchoring cultivation devices that can with-
stand the harsh oceanic conditions [47]. Furthermore,
offshore structures are well known for their artificial
reef function, thus supporting biodiversity in the eco-
system. The offshore water quality, which is a major
issue in all kinds of aquaculture operations, is regarded
to be excellent in comparison to inshore areas [48, 49].
Finally, the multifunctional use of offshore areas
reduces conflicts between stakeholders if activities are
concentrated and conjointly managed within so-called
multiple-use marine areas. This, in turn, increases the
amount of open ocean territory free of utilization by
man. All of the above issues are considered as key
incentives to move offshore with aquaculture
operations.

In view of the many interests for the offshore move,
different suggestions for technical structures for open
ocean aquaculture were proposed (see proceedings of
various OOA-Conferences [e.g. 50, 51]), which could
cope with the harsh environmental conditions that
place an enormous stress on the employed materials.
It would be advantageous for the global offshore
aquaculture development to plan for a combination
of uses. While windmills use the wind above the
surface to produce energy, their fixed pylons, com-
monly concrete fundaments (gravity foundation),
metal jackets, tripods, or triples offer a possibility to
connect systems used in aquaculture (Fig. 4). The com-
bination of the respective two industries has to
cope with the forces generated by the high-energy
environment.

Since 2000, when the co-use of wind farms for oft-
bottom offshore cultivation [26] in the German Bight
was proposed, several studies have been conducted to
elucidate the potential as well as constraints of this
offshore alternative for extensive aquaculture. Two

Aquaculture and Renewable Energy Systems, Integra-
tion of. Figure 4

Potential multifunctional use of fixed underwater
structures of wind turbines for the operation of
aquaculture facilities: 12 years ago and today (2010).

(@) First drawing ever for the multi-use concept,
including alternative solutions of oyster cages and mussel
collectors attached to longlines in the inner section of
the wind farm or offshore-rings (collar systems) attached
directly to the pylon. The latter system can be submersed
in case of wind-turbine maintenance. (b) Presents

a design of a single mussel plot within a group of four
wind turbines (not to scale) (Modified after [52], Buck
personal drawing)
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pioneer studies, the project Roter Sand and Offshore
Aquaculture were conducted between 2002 and 2004
by the Alfred Wegener Institute for Polar and Marine
Research, Bremerhaven, Germany. These two projects
followed a complex approach to obtain data about
suitable indigenous candidates for the offshore cultiva-
tion [15], the technical requirements of longline
systems for the cultivation of mussels or oysters [8, 9]
and algal cultivation systems [53]. Insights into the
feasibility of offshore seed and mussel production
concerning larval, nutrient, and phytoplankton
concentrations [8, 9, 54] were provided, and the
existing legislation and regulations concerning
marine aquaculture in Germany were listed [21]. In
addition, all stakeholders potentially involved in
a multifunctional use of offshore wind farms for aqua-
culture were identified [42]. This successful multiface-
ted approach helped to disperse many concerns and
doubts on the offshore idea and initiated a sequence of
and relations between various following projects,
which are displayed in Fig. 5.

Candidates and Techniques for the Multi-Use
Concept

In general, the cultivation process should consider only
indigenous species for marine aquaculture operations
to avoid the disruption with the local marine flora and
fauna. This limits the economic opportunities of
marine aquaculture enterprises since in certain sites
only a few indigenous candidates are regarded as
high-value species. Following a feasibility study by
Buck [26], in Germany only culture species with mod-
est service needs can be considered as favorable candi-
dates for offshore aquaculture. In the offshore test trials
in Germany, most suitable candidates suggested and
tested were the sugar kelp (Laminaria saccharina),
oarweed (L. digitata), dulse (Palmaria palmata), the
blue mussel (Mytilus edulis), and two oyster species,
the Pacific oyster (Crassostrea gigas) and the European
flat oyster (Ostrea edulis). Mussels and seaweeds, for
example, are cultured mainly in extensive systems
throughout the world [8, 56, 57]; the latter occurs for
historical and traditional reasons mostly in Asian
countries.

According to Tseng [58], the cultivation procedure
of brown can be divided
separate steps: In step (1), the seedling phase, spores
are artificially released from mature sporophytes
and seeded on a given substrate (ropes wrapped
around plastic frames), where germination of
gametophytes, the sexual maturation of male and
female gametophytes, and finally, the development of
zygotes into juvenile sporophytes takes place. In step
(2), the grow-out phase, culture ropes with juvenile
sporophytes are transferred to the open sea. In
the grow-out phase, the macroalgal sporophytes
grow on ropes for one season to a frond length of
approximately 2 m.

When natural reproduction of mussels occurs,
gametes are released into the water column where fer-
tilization takes place [59]. The larvae undergo all
trochophore and veliger stages when settling on
a given substrate to start metamorphosis. According
to Pulfrich [60] and Walter and Liebezeit [61], this
process normally takes place at spring time (larval
peak in May) in the German Bight. The cultivation of
blue mussels can be divided into two steps: in step
(1) the naturally occurring spat collection is achieved
by deploying artificial substrates [62]. Usually, spat
collectors are made out of unraveled polypropylene

seaweeds into two

lines or sisal ropes, to offer the mussel’s post larvae
substrate for settlement [56]. After several months
(step 2), collectors are retrieved and mussels thinned
out and reseeded on ropes to provide space to improve
growth and allow fattening [63, 64].

To operate culture phase (2) of both species,
macroalgae and bivalves, an appropriate system design,
such as suspended longlines or floating ring-structures,
have to be deployed and securely moored in order to
resist the stress forces of incoming waves and tidal
currents, as well as swell. In addition, it was necessary
to assess what kind of technical structure supports best
the growth of the organisms (e.g., prevention from loss
or mortality) while also assessing whether such systems
provide reasonable production returns. Finally, poten-
tial combinations with offshore wind turbines had to
be assessed.

However, currently even candidates requiring
a semi-intensive as well as intensive cultivation process
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Aquaculture and Renewable Energy Systems, Integration of. Figure 5

Chronological order of conducted and ongoing research projects dealing with the combination of offshore wind farming
and open ocean aquaculture. Project No. 1, the feasibility study, constituted the basis for all subsequent research. The
Coastal Futures Project acts as a key node project to which the other projects either have contributed or by which they have
been stimulated because of its transdisciplinary approach. It is visible that: (a) calls the wind farm developers’ attention to
offshore aquaculture; (b) and (c) include authorities and fishermen into the planning process for site-selection criteria of
appropriate aquaculture sites; (d) involves offshore engineers and wind farm developers/operators into the technical part
of an offshore aquaculture enterprise; (e) introduces (mussel) fishermen to the co-management idea and appraises the
economics of mussel cultivation; (f) supplies authorities with maps and tools to limit regional stakeholder conflicts,

(g) establishing an inshore reference station to support the data collected offshore, and (h) testing the first fish cage

mounted within a tripile construction (Modified after [55])

are in the testing phase. Salmon (Salmo salar), seabass
(Dicentrarchus labrax), seabream (Sparus aurata), or
some flatfish species are discussed for aquaculture in
fish cages below windmill platforms at different off-
shore sites worldwide. Fish will firstly be reared in

land-based facilities and will then be transferred as
fingerlings to the offshore site and released into the
submergible fish cages. After reaching market size, the
fish will be harvested and removed to the land and will
undergo normal processing procedures.
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Relocating cultivation systems offshore into high-
energy environments requires the development of suit-
able culture techniques able to withstand the harsh con-
ditions and minimize risk of economic loss [65].

Several techniques exist to cultivate mussels and
seaweed either in co-culture or in single culture. Basi-
cally, both organisms are cultured in a suspended man-
ner in the water column, floating or submerged. The
use of rafts, longlines, and ring methods dominate. The
latter two were the main cultivation techniques used in
test trials offshore wind farm areas [8, 53, 56] (Fig. 6).

Major difficulties in the development of suitable
techniques for open ocean aquaculture are — as men-
tioned above — the harsh environmental conditions
which place an enormous
Depending on the acting hydrodynamic forces, differ-
ent technical setups can be distinguished. One of the

stress on materials.

interesting possible linkages of aquaculture is the com-
bination with offshore wind farms as these would pro-
vide stable fixing structures for the cultivation systems.
This is especially relevant from an economic point of
view as so far the costly infrastructure for offshore

marker
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i

aquaculture systems is one of the major drawbacks in
the development.

Status Quo of Offshore Aquaculture Research
Activities in Wind Farms

Only a few scientific studies dealing with the prospects of
offshore aquaculture were available before 2000, and little
was known about the biotechnological requirements,
economic potential, or the socio-economic influence on
the general feasibility of offshore aquaculture. Very few
long-term experiments under harsh hydrodynamic con-
ditions exist, e.g., Langan and Horton for offshore mussel
cultivation [66]; Neushul and Harger [67]; Neushul
et al. [68] for offshore seaweed cultivation. However,
data on system and species performance are urgently
needed to derive methodologies for the assessment of
its environmental and economic viability. Therefore,
the assessment of the potentials and constraints for
sustainable aquaculture development in all marine
habitats requires input from various scientific disci-

plines in order to direct this development towards
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Aquaculture constructions suitable for the cultivation in high-energy environments. (a) Offshore ring design for the

cultivation of macroalgae (here: harvesting after grow-out in the harbor of Helgoland), (b) example of a nearshore,

submerged longline design for mussels and oysters, (c) schematic drawing of a submerged longline suitable for exposed
sites, and (d) a technical illustration of the ring design and its mooring system (Modified after [8, 9, 53])
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a successful aquaculture undertaking. In particular, this
holds true for offshore aquaculture, where little practi-
cal experience is available to date, although research in
this area is evolving rapidly (e.g., Buck [15], Turner
[69]; Pérez et al. [70]; Bridger and Costa-Pearce [51];
Dalton [71]; Naylor and Burke [72]).

The offshore wind farm and aquaculture investiga-
tions initiated an integrated assessment of theoretical
and practical challenges of aquaculture operations in
the North Sea. Several studies were carried out, all of
which contributed to specific aspects
a combined utilization of offshore space. These were:

of such

(a) Biological studies, in which the focus was placed on
cultivation and subsequent performance characteris-
tics of indigenous bivalve, seaweed, and fish species
exposed to extensive offshore aquaculture farming
conditions. Further, the health status and infestation
rates with parasites, bacteria, and viruses of candi-
dates were determined to gain reliable predictions on
where the highest growth rates and best product
quality for consumers can be achieved. In nearshore
intertidal areas, mussels and oysters are particularly
exposed to high concentrations of pollutants, pesti-
cides, near surface agents, estuarine run-offs, etc. that
can pose a threat to consumer health. Buck [8, 9, 15]
reported high growth rates for mussels cultivated
in the German Bight. The scope of growth, i.e., the
energy available for growth, is usually directly and
positively correlated to a good overall health con-
dition of the respective organism [73]. But organ-
isms with high growth rates and a healthy
appearance are no guarantee of a healthy food for
human consumers. For instance, in coastal waters,
eutrophicated by urban sewage, mussels show
good growth performance. The microbial status
of these mussels, however, mostly excludes them
from consumption since they might carry various
human pathogens. Even in developed countries
with strict legislation for the treatment of waste-
water, mussels can function as carriers of vector
diseases. Whether this is also true for offshore
cultivated mussels, where the environment is
cleaner due to dilution of contaminants, remains
open. Data for offshore-produced mussels, gener-
ated according to the analysis protocols of control-
ling authorities, are not readily available for all

(c)

cultivation sites. However, new regulations are in
the implementation process in all of the EU states
and will fulfill the prerequisites for an official sam-
pling design and assessment (i.e., sanitary survey).
To evaluate the significance and comparability
of the employed parameters in a broader geograph-
ical context, the area of investigation was extended
along the Atlantic coast from southern Portugal to
northern Denmark. Further on, the closely related
Mediterranean mussel Mytilus galloprovincialis was
included in the analysis to test the effectiveness of
all the parameters in different species.
Investigations on fish species for submerged
cage-systems included aspects on growth, welfare,
stress in exposed environments, and health.
Physical and technical studies investigated the effects
of the prevailing hydrodynamics on candidates and
culture constructions at specific offshore sites. At the
same time, the necessary technical requirements for
farming structures in high-energy environments and
their possible combination with offshore wind farms
were assessed. New system designs for offshore farm-
ing were developed and prototypes (e.g., offshore
ring, offshore collector) were tested. Technical
details about the microstructure of artificial sub-
strates were addressed to increase production per
meter longline under offshore conditions. In addition
to offshore seaweed and mussel cultivation, new tech-
nologies for submerged fish cages were investigated.
Management and institutional studies focussed on
the analysis of potential management approaches
to implement a multi-use concept of offshore
areas. Hereby, the various stakeholders and their
respective views and knowledge systems were inte-
grated. Against the background of the social and
institutional dimensions, particular emphasis was
given to the interrelationship between scientific
findings on the one hand and effective implemen-
tation on the other. Key aspects included the social
acceptance of combined use, as well as the possible
management strategies that would govern it. This
endorsed the examination of the prevailing case
laws and regulative and management framework
conditions, as well as a suggestion of decisive off-
shore co-management strategies to support such
activities. In this process, the continuous inclusion
of the stakeholders in a participatory manner was
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a prerequisite. To address the respective technical,
economic, social, and political challenges of mari-
culture and offshore wind farms, specific co-
management strategies were elaborated that are
either more results-oriented (e.g., for integrating
technical knowledge of the two sectors) or more
process-oriented (e.g., for establishing new link-
ages between different groups). Thus, in cooperation
with governmental authorities, co-management in
the offshore makes use of the capacities and interests
of the respective stakeholder groups and employs
these in managing cross-sectoral activities.

(d) Economic studies conducted an economic evalua-
tion of such multi-use concepts in offshore
locations that take into consideration market con-
ditions as well as investment and operating costs.

All the above listed conceptual approaches relied on
results of a theoretical feasibility study (Fig. 5) [26],
which was carried out prior to practical research in the
field. All of the results contribute to the Coastal Futures
Program and support the quest to find innovative new
approaches for sustainable use and alternative liveli-
hoods of coastal populations.

Overview of Biological and Technical Investigations

Over the last decades, substantial insights have been
gained on the terms and conditions active in the off-
shore environment. However, these data are only partly
useful for the selection of offshore aquaculture sites
because they have been gathered primarily for other
user needs and thus lack the essential specificity to
address the biological and cultivable potential of these
sites. Prior to a multifunctional development compris-
ing mariculture activities, it is therefore necessary to
determine the appropriate biological, technological,
and management requirements, as well as the perfor-
mance characteristics that would allow the employ-
ment of favorable and cost-effective methodologies.
To meet this end, special focus was placed on the
combination of extensive offshore shellfish, seaweed,
and fish farming at exposed sites within the proposed
offshore wind farm boundaries.

Due to the wide spectrum of open questions, the
outcomes are quite manifold. In the following, first
results according to their contributions towards the
main research topics involved are presented.

Biological Studies The theoretical Feasibility Study
[13, 24] was aimed to ascertain the biological, technical,
and economic feasibility of an offshore marine aquacul-
ture structure with respect to the cultivation of marine
organisms within wind farm sites in the German North
Sea. One result was that to date, in terms of commercial
marine aquaculture, Germany had little knowledge and
background in offshore aquaculture compared to many
other coastal countries throughout the world. Neverthe-
less, a synthesis of a selection of parameters (e.g., geo-
physical and biological parameters) allowed the
identification of suitable candidates for commercial off-
shore aquaculture. These candidates include blue mussels
(Mytilus edulis) and oysters (Ostrea edulis, Crassostrea
gigas), which could be maintained extensively in the
offshore region. Moreover, labor requirement for these
candidates as well as for seaweeds, such as the sugar
kelp (Laminaria saccharina) and dulse (Palmaria
palmata), is supposed to be low.

Further, the biological feasibility of cultivating
mussels, oysters, and kelp within offshore wind farm
sites was assessed. The growth of these species is
excellent in the rather eutrophicated offshore environ-
ments of the North Sea, but can differ depending on
exposure sites, system designs, installation modes, and
season.

For instance, settlement of young mussels on arti-
ficial collector substrates decreases with increasing dis-
tance from the shore [74]. However, this does not limit
the economic potential if the thinning procedure will
be omitted, following a “One-Step-Cultivation” con-
cept [15]. In general it was found that mussels are free
of parasites at offshore locations due to dilution
effects and the interrupted reproduction cycles of
some macroparasites [75]. Special focus was placed
on the overall health status of mussels cultured under
different conditions, and the impact on economic
aspects was investigated [76]. Specific aims of the pro-
jects were the development of suitable offshore spat
collecting techniques, detailed knowledge about para-
sites (macro and micro), bacteria and virus infestations
at different sites, implementation of biodiagnostic
techniques for the health analysis of cultured mussels,
and collection of all relevant data (e.g., shell stability
and attachment strength of mussels), for the further
processing of mussels as a product for human
consumption.
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Hydrodynamic forces support length increase of
seaweed blades when transferring young sporophytes
to sea. These algae will adapt to the occurring loads and
develop strong holdfasts, preventing detachment of the
entire plant [77].

Modified and improved techniques for offshore
farming withstand high-energy environments, but
will certainly cause higher investment costs. Therefore,
site-selecting criteria for a culture area should be clearly
identified to assess economic risks. Important for the
cultivation success is the water quality. The analysis of
the cultured organisms with biodiagnostic tools pro-
vides detailed insights into the water conditions the
animals live in. By this approach, reliable predictions
are possible as to which locations grant highest growth
rates and best product quality for consumers. Prelim-
inary results attest offshore areas satisfying settlement
success and excellent growth rates [78], and low infes-
tations with macroparasites [79], microparasites, bac-
teria, and toxins [76]. The results on consumption
suitability show that water quality regarding the con-
centrations of pollutants in offshore areas of the
German Bight is quite good. Lysosomal membrane
stability is mostly relatively low at all tested nearshore
and offshore sites. Interestingly, growth rates of the
hanging cultivated mussels are not affected by this
low fitness parameter [58].

First results on investigations along the Atlantic
Coast show that mussels originating from offshore
habitats have a better health status regarding the infes-
tation with macroparasites and microparasites (Buck
and Brenner, unpublished data). While macroparasites
are still infesting mussels in nearshore areas in the
Wadden Sea (the Netherlands, Germany, Denmark),
microparasites are absent.
Physical and Technical Studies The results above
allowed the identification of two offshore aquaculture
systems that were best suited for offshore operations
from a biological point of view. Depending on the acting
hydrodynamic properties, different technical setups are
regarded as favorable. The first one is a floating and
submergible ring system for the cultivation of seaweed.
It withstands rough weather conditions and allows easy
handling [53]. The second system is a submerged long-
line design for blue-mussel culture [8]. The longline
should ideally be installed 5 m below the water surface

and should be connected to foundations of offshore
windmills (Fig. 7) [47]. For the longline, polypropylene
proved to be an appropriate material. The system
design is made of various connected segments allowing
an easy harvest and replacement of all parts of the
construction. However, more technical engineering
research is required to find the most cost-effective
mode of construction and the best choice of materials
(e.g., little corrosion, longevity in spite of mechanical
stress) so that easy handling can be guaranteed under
relatively harsh weather conditions (cf. construction,
deployment, retrieval, service, repairs).

The experimental design also allowed work on such
issues as the efficiency of the collecting devices them-
selves. Healthy mussels will reach market size in offshore
conditions only if they are firmly attached to their
artificial substrate. As mussels growing on suspended
substrates need about 15 months [8, 9] on average to
reach market size, they must survive one winter and
withstand storm events producing wave heights up to
several meters. Continuing investigations on the health
and quality of market-sized mussels would be moot if
mussels failed to stay attached to substrate gear.

To date, most available substrates are designed and
deployed for nearshore use under calm water condition.
However, it was found that improvement for construc-
tion of new collectors that are feasible for offshore cul-
tivation is in mandate. Research showed that new
substrates should have felt-like structures around the
core of a collector for larval attraction and long appen-
dices in high density to interweave the mussel conglom-
erates with the substrate [80]. Future investigations
should focus further on the fabrication and testing of
a prototype of this collector, concerning the results of
this study. Besides providing optimal larval attraction
and attachment for juvenile mussels even under winter
conditions, any new substrate should proof its durabil-
ity under conditions of a daily farming routine. This
would include mechanical thinning, harvesting pro-
cesses, and tests on the reusability of the material.

The technical realization and the implications of
aquaculture technical requirements on design and con-
struction of the grounding construction of offshore
wind turbines were considered. So far, modeling and
experimental validation of a submerged 50 m longline
aquaculture construction mounted between two steel
piles, 17 nautical miles off the coast, show significant
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Modeling of potential attachment points for the combination of longline connections to a tripod foundation. (a) Displays
alternative connection points, (b) shows the generation of representative loads on the wind-energy installation, including
vibrations, (c) shows the respective tripod foundation for offshore use in depths of about 20-50 m, and (d) shows the

development of a static model (3-5 MW class) [47]

forces of up to 90 kN (equivalent to 9 t) induced by
waves of up to 1.8 m significant wave height and tidal
currents of up to 1.0 m/s [81]. Given the high-energy
environment in the North Sea and the non-linear rela-
tionship between water movement and its resulting
forces, even higher mechanical loads are to be expected
within the life cycle of such an arrangement. These must
be taken into account when developing techniques for
larger-scale offshore cultivation within wind farms.
Finally, a new cage design project has been initiated,
where it will be investigated whether aquaculture of fish
in between a tripile construction below a windmill has

the potential to enlarge the diversity of candidates to be
grown offshore (next to bivalve and seaweed) as well as
widening the potential of offshore farming within wind
farms. First insights are shown in Fig. 8 [82, 83].

Management and Institutional Considerations

From a spatial planning perspective, the ocean space in
the Exclusive Economic Zones (EEZ) cannot be consid-
ered any more as “commons’ in the sense of Ostrom
et al. [84] wherein individuals or groups have the right
to freely consume and return any kind of resources.



166

Aquaculture and Renewable Energy Systems, Integration of

Open space for l

the installation

of aquaculture
devices

Aquaculture and Renewable Energy Systems, Integration of. Figure 8

Tripile construction for the secondary use for fish cages. (a) Shows the open space within a tripile foundation to be
used for aquaculture purposes, (b) displays a lateral view of the Bard Windmill and the access to the fish cage, and (c) is
a photo animation and gives an idea how a fish farm, such as an aquapod, could be moored below [82, 83]

As a matter of fact, the “tragedy of the commons”
situation Hardin described in 1968 [85], has already
been reached for most of the oceans today. Offshore
waters are in a process of transition, revealing diverse
and heterogenic interests in marine resources. For
instance, the development of offshore renewable-energy
systems is an international priority driven by the need to
reduce the dependence on fossil fuels and decrease
human impacts on the global climate regime. Simulta-
neously, the demand for high-quality seafood is acceler-
ating globally. This leads to an increased complexity and
thus to limitations in developing and managing the dif-
ferent and often spatially overlapping maritime activities
independently of one another. The upcoming new utili-
zation patterns of the German North Sea, such as wind
farms, but also Marine Protected Areas (MPAs) reported
to the EU commission in Brussels for the “European
Natura 2000 network,” reveal a trend toward the devel-
opment of permanent constructs. Both are examples for
new forms of use with a high spatial demand [86]. Not all
uses are compatible with each other and user conflicts
with existing activities, such as fisheries, maritime traffic,
or military missions are preordained. The planned large-
scale offshore wind farms as well as designated MPAs are

prime examples for the development of lasting marine
structures that take up a surface area of several square
kilometers each [55].

At the same time, the increasing demand for high-
quality foods worldwide accelerates the development of
marine aquaculture. This potential newcomer can be
expected to become an additional competitor in off-
shore waters [87], contributing to the increase in spa-
tial competition and complexity in the ocean [20].
Conflicts among the respective user groups are inevi-
table. The growing competition for space represents
a major challenge for further developing or even
maintaining all forms of marine aquaculture, as well
as freshwater fish farming. However, area choice is
crucial and spatial planning has a key role to play in
providing guidance and reliable data for the location of
an economic activity, giving certainty to investors,
avoiding conflicts, and finding synergies between activ-
ities and environments with the ultimate aim of sus-
tainable development [88]. The inclusion of all
stakeholders in this process to find synergies in the
open ocean is crucial.

Ongoing multidisciplinary social-science research
in Europe shows that it is feasible to establish spatially
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efficient and effective wind farm-mariculture co-
management regimes. A window-of-opportunity has
opened as both groups have realized that they may
benefit through the integration of operation and main-
tenance (O&M) activities vis 4 vis gaining support in
collaborative action by the current impetus of the new
EU Maritime Policy. The operation and maintenance
of any offshore installation is a major challenge due to
restricted logistics and accessibility, forming a large
part of the overall costs. A five-to-ten time more expen-
sive scale of operation and more difficult logistics for
maintenance and/or harvesting compared to nearshore
or onshore sites have to be taken into account [89-91].
Experiences with existing wind farms and mariculture
sites off the coast show that work at the sea is not only

significantly more cost-intensive, but also more time
consuming than on land [92].

There are certain rights and duties involved if pro-
spective spatial and organizational interaction of O&M
activities of offshore wind turbines and mariculture
installations are to be combined [20]. Different values,
perspectives, and demands of the stakeholder groups
need to be harmonized [93]. So far, disagreements on
the distribution of entitlements to benefits and profits
between the different stakeholder groups can be
observed (Table 1). The two potential adopters of
such a multi-use scheme illuminate different sets of
skills and capacities in terms of offers, needs, and con-
straints characteristics. These are vital resources, which
provide the basis for forming any sustainable offshore

Aquaculture and Renewable Energy Systems, Integration of. Table 1 Offers, needs, and constraints characteristics of
mariculture operators and offshore wind farmers concerning O&M activities. Interrelated aspects between the two actor

groups are indicated in bold (modified after [86])

e Specialization of personnel
e Sea-going vessels
e Service demands (man-hours)

maintenance)

maintenance)

.és_
|
Offers o Fixed offshore infrastructure e Upgradeable sea-going vessels
e Logistic platform e Offshore mentality
e Financial support (EEG amendment) e Offshore skills and experience
Needs e Specialization of equipment (construction vs | @ Specialization of equipment (construction vs

hire; “marinization” of onshore equipment)

e Suitable O&M pattern (corrective vs preventive | @ Service demands (man-hours)

e Suitable O&M pattern (opportunity vs periodic | @ Offshore skills and experience

alteration of existing oil industry/fishery vessels)
e Specialization of personnel
e Fixed offshore infrastructure
e Technical and logistic support

e Offshore mentality

e Operation costs
e Technical challenges
e Distance to farm site

Constraints

e Difficult logistics for O&M
o Reliability of offshore wind turbines

o Available working days (estimated 100/year)

e Access to farm site (uncertain regulatory and
permit requirements)

e Distance to farm site

e Available working days (estimated 30-100/year)

o Difficult logistics for maintenance and harvesting

e Reliability of culturing devices
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co-management arrangements [85]. Hereby, a fair
negotiation and bargaining process is the most essential
component to effectively orchestrate co-management
of offshore wind farmers and future mariculture oper-
ators, such as mussel harvesters. The latter already
dispose vital skills and experiences for working in the
open sea. Still, working methods have to be adjusted to
the offshore culture production mode.

If such an offshore co-management is considered as
a network activity between private actors, such as wind
farmers or mariculture operators/fishermen and public
authorities, one of its basic characteristics is the fact that
a third party can coordinate the activities of formally
separated parties [94]. Ways and means have to be
developed that balance the respective interests of
dominant and politically supported wind farming partic-
ipants with small-scale entrepreneurial mariculturists.
The key question is how institutional arrangements
could act as “boundary organizations” [95] in an
offshore co-management process. Such a process is
more likely to develop and succeed if an interface man-
agement that acts as moderator, disclosing the interests of
the actor groups and offering possibilities for concerted
action, guides it. With respect to the decision-making
arrangements at the three levels (operational level,
organizational level, and legislative level), the interface
management would thus help to determine the rules for
interaction among the actor groups and state authorities
at the organizational level. Besides, it would facilitate
organizing and decision making of the day-to-day
activities at the operational level. However, to authorize
and legitimize new co-management arrangements for
interacting offshore O&M activities, new policies must
be developed or existing laws amended. Following
a dynamic process of forming new institutional struc-
tures, the establishment of a communication arena may
(a) support a common understanding of the entire
co-management process, (b) provide the overall framing
for an improved communication among the participating
actor groups, (c) increase the level of trust among the
actor groups, and (d) promote sustainability and effi-
ciency in times of scarcity of spatial resources [85].
However, top—down induced management schemes
by, e.g., the national government, hold a high poten-
tial for failure. Involving the relevant actors improves
the social acceptability of innovative concepts and
their applicability [96]. Consequently, it appears that

for developing and implementing a wind farm—
mariculture multiple-use concept, co-management,
such as that described by Carlsson and Berkes [94],
should ideally be carried out with the participation of
different actors that typically try to find ways to learn
from their actions and adapt the behavior to the con-
sequences of their own and other’s actions. This must
be supported by the relevant authorities at all levels and
must find its way into the legislative framework at the
EU and national level.

On EU level, the issue of access to space for mari-
time activities, including aquaculture, has been recog-
nized in several communications over the past years,
e.g., in 2007 pertaining to the Integrated Maritime [97]
Policy or in 2009 concerning a new impetus for sus-
tainable aquaculture in Europe. In the latter, all Mem-
ber States are asked to develop marine spatial planning
systems, in which they fully recognize the strategic
importance of aquaculture. This Strategy also aims at
providing EU leadership and guidance to both stake-
holders and administrations to ensure consistency and
clarity in designing the necessary policies for the future
sustainable development of European aquaculture. In
this context, a partnership between public authorities
and interested parties at EU, national, and local level
play a crucial role.

Hence, European aquaculture should benefit from
an improved framework for governance; however, it is
stressed that the national authorities have a primary role
in shaping aquaculture development in their territory.
While in some countries aquaculture is defined and
regulated under the agricultural laws, in other countries
regulations are dispersed, and consequently the respon-
sibilities are in the hand of several agencies with no
clearly defined lead agency. So far, a number of impor-
tant challenges that limit the development of European
aquaculture directly depend on policies and actions
taken at national or regional level. A bottom-up
approach is therefore needed so that the public author-
ities can establish an appropriate framework for the
vision of multiple-use of offshore areas to become oper-
ational. A participatory approach contributes to lifting
bottlenecks in national legislation. This framework
needs to be transparent, consistent and cost-effective in
order to allow the industry to realize its potential. Unless
these and other regulative issues pertaining to multi-use
offshore unresolved, an

conditions  remain
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establishment of offshore co-management arrangements
may be very difficult. Still, the current lack of legislation
in the EEZ holds the potential to implement concerted
innovative concepts of offshore constructions and
thereon-interacting activities.

However, several restrictions are still needed to be
resolved. Questions pertaining to access rights within
the wind farm area have to be deciphered. So far,
approved offshore wind farm territories in, e.g., the
German EEZ, are designated as restricted area,
prohibiting any kind of public access [98, 99]. How-
ever, conveying access rights to a second party is
inevitable if wind farm O&M is performed by a
commissioned subcontractor and not by the licensee
itself. In a wind farm—mariculture multiple-use arena,
the same access and user rights have to be guaranteed to
a mariculture operator who enters the territory for
purposes not related to wind farming but for
maintaining culturing devices and harvesting proce-
dures. In this case, precise positioning of aquaculture
installations within the wind farm territory as well as
access lanes for both parties have to be specified.

In addition, the question of harmonizing the tenure or
duration of a lease for offshore resources has to be tackled.
If there is, i.e., significant discrepancy in the length of lease
tenures between the two uses to be combined, the resource
users may not be inclined to create long-term co-manage-
ment arrangements. Furthermore, cooperative manage-
ment structures also benefit if the leasing process was
combined and/or effectively coordinated, since it facili-
tates, ie., integrating O&M within a co-management
scheme once the projects are operational.

Yet, in order to define the functional structure of such
a co-management regime in detail, reliable outcomes on
economic and technical integration prospects of a joint
wind farm—mariculture venture have to be produced. The
latter is a major research demand, which was voiced by
most of the interview partners along the North Sea coast
so far [93]. Cumulative impacts of different economic
sectors, such as offshore wind farms and mariculture
need to be addressed, which provides an opportunity
to create synergies between different industrial sectors
prior to their installation.

Outcome of Economic Studies

The Feasibility Study [13, 24] provided a general over-
view on market prices, market demands, classification

of candidate species as high-value products, and the
cost of some infrastructure. The study showed possible
market value of offshore aquaculture products in com-
parison to the performance of existing conventionally
operated farms in coastal waters.

Basic data for offshore mussel cultivation in close
vicinity to a designated offshore wind farm in the open
sea of the German Bight were compiled. It contained
different case-scenario calculations to illustrate the
impact of changing parameter values on overall profit-
ability or non-profitability of this activity. Primary focus
was placed on the production of consumer mussels, but
seed mussel cultivation is also taken into consideration.
This study concluded with providing some recommen-
dations on how favorable terms or actions could further
improve profitability of offshore mussel cultivation.
Results intended to shed some light on business manage-
ment topics that future offshore mariculture operators
should follow in order to be efficient [100].

Nontheless, the economics of a joint offshore wind
farm—mariculture utilization scheme still remain to be
evaluated in more detail.

Future Directions

By setting higher value on an inclusion of stakeholder
knowledge and opinions, the initiation of the Coastal
Futures Project resulted in a stronger focus on the
practicability of multifunctional use of offshore areas.
It can be shown that such innovative new concepts are
highly complex and interdependent. First, results indi-
cate that secure technical and economic feasibility
appears to be a basic prerequisite to assure that both
offshore wind farm operators and aquaculturists will
support the multi-use concept, especially as far as the
management of joint activities is concerned.

This suggests that as soon as technical and eco-
nomic aspects are evaluated in more detail, it is
important to initialize a comprehensive communica-
tion program to provide information to the key
public and private actor groups (stakeholders). Fur-
thermore, effective and continuous participation of all
stakeholders on all levels from the very beginning of the
multi-use approach must be ensured. This supports the
orchestration of scientific and local user knowledge in
an overall approach to combine different offshore uses.
In addition, it contributes to adding a joint wind farm—
mariculture venture to their future portfolio.



170

Aquaculture and Renewable Energy Systems, Integration of

More detailed data are needed to calculate the eco-
nomic potentials and risks of a co-used wind farm area
for the production of seafood. Apart from the principal
feasibility of an area as an aquaculture site, growth rates
and product quality must be predictable. First, results on
blue mussels from test areas show that highest product
qualities can be expected from testing areas offshore.
A proven product quality ensures higher market prizes,
should compensate for higher investment costs for the
culture systems, and help to install a functioning offshore
aquaculture system in the German Bight.

Generall, science for open ocean aquaculture needs a
transformative moment. It seems necessary to learn the
skills to interact constructively with different scientific
disciplines and different stakeholders. This will require
a new science for managed marine seascapes [101].
Creating a system biology paradigm in ecosystem sci-
ence and aquaculture will require a multidisciplinary
input, with scientific interactions not just at the mar-
gins of each discipline, but focused collaboratively on
the realization of a vision of multifunctional, spatially
effective, and sustainable use of ocean space. This will
require new kinds of scientists (with new kinds of
career structures) who are trained to work in multidis-
ciplinary teams. The need for such training is now
widely recognized and is reflected in the emerging
curricula’s of many new MSc courses.

It is mandatory to discover what to do, at what
scale, in what modality — engineering, farming, legisla-
tion, social organization, economic initiatives, etc. —
and how to do it. Since the activities in the ocean
realm are concerted in integration, future activities
must also be integrated over all these modalities.
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Glossary

Biofloc A mixture of detritus, bacteria, and other
microscopic organisms that aggregates in flocs,
which are used for controlling water quality and
enhancing the delivery of natural foods to omniv-
orous species in aquaculture.

Ecosystem An area of the natural environment
in which the structure and functions of the phys-
ical (rocks, soil, etc.) and natural (all living organ-
isms) environments are considered together in
interacting food webs.

Escapees The unintended releases of cultured organ-
isms from captivity into the wild.

Polyculture The practice of making compatible the
culture of multiple species in the same physical
space by stocking or planting organisms having
different food, spatial, or temporal niches.

Resilience The ability of a natural or aquaculture sys-
tem to absorb abrupt changes or disturbances with-
out collapsing. A resilient aquaculture ecosystem
can withstand physical and economic shocks and
rebuild itself.

Stewardship An ethic that engages all affected stake-
holders in the cooperative planning and

management of the environmental quality to pre-
vent degradation and facilitate recovery in the inter-
est of long-term sustainability.

Watershed An area of land where all of the water that
is under it or drains off of it goes into the same
place.

Definition of Ecological Aquaculture

Ecological aquaculture is an alternative model of aqua-
culture development that uses ecological principles
as the paradigm for the development of aquaculture
[1, 2]. Ecological aquaculture plans, designs, develops,
monitors, and evaluates aquatic farming ecosystems
that preserve and enhance the form and functions of
the natural and social environments in which they are
situated. Ecological aquaculture farms are integrated
“aquaculture ecosystems” designed to deliver both eco-
nomic and social profit (Fig. 1).

Ecological aquaculture incorporates at the outset —
and not as an afterthought — planning for not only the
sustainable production of aquatic foods, but also for
innovation [3], community development, and the
wider social, economic, and environmental contexts
of aquaculture at diverse scales, both large and small,
and at the commercial, school, and homeowner
scales [4, 5]. Ecological aquaculture also uses the
“aquaculture toolbox” [6] to play vital roles in non-
food, natural ecosystem rehabilitation, reclamation,
and enhancement.

Introduction

The roots of ecological aquaculture are in Asia [7, 8]. In
this century, however, Asia, especially China, during
the period from 1980s to present has chosen the indus-
trial model of aquaculture development, and has dis-
mantled much of its rich ecological aquaculture
heritage, and choosing instead to intensify and import
vast quantities of feedstuffs. As a result of intensifica-
tion and the use of imported feeds, freshwater aqua-
culture yields from China have increased 10X in just
20 years, and comprise the world’s largest aquaculture
industries [9].

The FAO ecosystems approach to aquaculture [10]
creates a new code for global aquaculture development,
combining into one common framework the two most
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Aquaculture ecosystems mimic the form and functions of
natural ecosystems, but are a sophisticated, knowledge-
based designed farming ecosystem that are planned as
combinations of land and water-based aquatic plant,
agronomic, algal, and animal subunits, which are
embedded into the larger context of human social systems

important social-ecological trajectories for global
aquaculture — aquaculture for the world’s rich, and
aquaculture for the world’s poor. Knowledge of the
rich archeology and anthropology of aquaculture con-
nects this FAO code to antiquity, creating a single
development pathway for aquaculture throughout
human history.

Key Principles
There are seven principles of ecological aquaculture:

1. Ecological aquaculture systems are “aquaculture
ecosystems” that mimic the form and functions
of natural ecosystems.

Ecological aquaculture farms are designed,
farming ecosystems. Sophisticated site planning
occurs so that farms “fit with nature” and do not
displace or disrupt invaluable natural aquatic eco-
systems or conservation areas. If localized displace-
ment or degradation does occur, active support of

innovative, collaborative research and development
programs for ecosystems redesign, relocation, reha-
bilitation, and enhancement efforts are initiated
and supported by the ecological aquaculture farms
throughout the life of their farming operations.
Ecological aquaculture is integrated with com-
munities to maximize not only local but also
regional economic and social multiplier effects
in order to provide maximal job creation and
training, and create “aquaculture communities”
that are an essential part of vibrant, working
waterfronts.

Ecological aquaculture operations export to
earn profits but also promote and market products
locally to contribute to the development of society.
Ecological aquaculture operations are committed
to building the “culture” of aquaculture in order
that “aquaculture communities” can develop and
evolve as a source of innovation, education, and
local pride. Aquaculture development as a means
of community development can result in numer-
ous, innovative economic and social multiplier
effects such as aquaculture restaurants, marketing
of “sustainable seafoods” that are branded as local
and bioregional, and aquaculture tourism.
Ecological aquaculture results in economic profit
by practicing trophic efficiency to ensure that
aquaculture is humanity’s most efficient protein
producer.

Non-fed, shellfish and algae culture are pre-
ferred choices for ecological aquaculture develop-
ments. In fed aquaculture, fish meals/oils are not
used as either the major protein or energy sources,
but are included in animal diets to solve issues of
diet palatability only; and, if used, fish meals and
oils originate from certified, sustainable fishmeal/
oil fisheries only. Fed aquaculture ecosystems rely
on protein and oil sources from agricultural sources
and seafood processing wastes, and include science
innovations such as the development of detrital
food webs (“bioflocs”) to feed cultured, aquatic
organisms.

Ecological aquaculture results in social profit by
integrating aquaculture developments into global
fisheries, food, and poverty alleviation programs.

Ecological aquaculture is part of the global
movement to eliminate extreme hunger and
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starvation (Millennium Development Goal #1) by
being a part of comprehensive plans for sustainable
fisheries for poverty alleviation. Ecological aquacul-
ture uses alternative feeds to support programs to
deliver more of the world’s feed fisheries (sardines,
anchovies, mackerels, etc.) away from aquaculture
to the world’s poor.

5. Ecological aquaculture practices nutrient man-
agement by using ecosystems design, reuse, and
recycling, and does not discharge any nutrient or
chemical pollution causing irreversible damage
to natural aquatic or terrestrial ecosystems.

No harmful metals, chemicals, or pharmaceuti-
cals potentially harmful to long-term human or
ecosystem health are used in the ecological aqua-
culture production processes. Ecological aquacul-
ture farms have “sustainability strategic and
implementation plans” in place to develop compre-
hensive, full cycle reuse, and recycling systems for
all farming operations.

6. Ecological aquaculture uses native species/
strains, and does not contribute to “biological”
pollution.

Escapees from aquaculture, especially aquarium
operations, have severely impacted aquatic ecosys-
tems worldwide. Exotics species/strains can be
good choices only if long-term monitoring data
and scientific research indicate that exotic species
are unlikely to establish; if exotic species are
widely established and provide economic and social
profit without irreversible environmental harm; or,
the use of native species puts at risk indigenous
genetic diversity. Ecological aquaculture operations
ensure that innovative engineering and complete
escapement technologies are used; that control
and recovery procedures are in place; that active
research and development programs provide
alternatives and new options; and that complete,
transparent, public documentation and informa-
tion are available.

7. Ecological aquaculture is a global partner, pro-
ducing information for the world, avoiding the
proprietary.

Ecological aquaculture farms are aquaculture
ecosystems that go beyond “meeting the regula-
tions.” They are sites of collaboration, leadership

development, and innovation. They are

outstanding community citizens and models of
stewardship [4]. Successful leadership development
triggers developments of innovation and more effi-
cient aquaculture-related technology, and more
ecologically appropriate legislation and regulations.

The FAO Ecological Approach to
Aquaculture (EAA)

In 2006, the Fisheries and Aquaculture Department of
Food and Agriculture Organization (FAO) recognized
the need to develop an ecosystem-based management
approach to aquaculture similar to the Code of Con-
duct for Responsible Fisheries. FAO [10] suggested that
an ecological approach to aquaculture (EAA) would
have three main objectives: human well-being, ecolog-
ical well-being, and the ability to achieve both via
effective governance, within a hierarchical framework
that was scalable at the farm, regional, and global levels.

In 2008, FAO defined an EAA as: A strategy for the
integration of the activity within the wider ecosystem
such that it promotes sustainable development, equity,
and resilience of interlinked social-ecological systems.
An ecosystem approach to aquaculture, similar to other
systems approaches to management, accounts for
a complete range of stakeholders, spheres of influences,
and other interlinked processes. Applying an ecosys-
tem-based approach must plan for physical, ecological,
social, and economic systems as a part of community
development, taking into account stakeholders in the
wider social, economic, and environmental contexts of
aquaculture [10]. FAO developed three principles and
key issues at different scales of society:

Principle 1: Aquaculture development and manage-
ment should take account of the full range of
ecosystem functions and services, and should
not threaten the sustained delivery of these to
society.

The key issue is to estimate resilience capacity,
or the limits to “acceptable environmental change.”
A range of terms has been used to estimate the
limits to environmental change, including “envi-
ronmental

carrying capacity,’” “environmental

capacity,” “limits to ecosystem function,” “ecosys-
tem health,” “ecosystem integrity,” “fully function-
ing ecosystems,” all of which are subject to a specific

social/cultural/political context [11]. Conventional
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environmental impact assessments touch on just
some of these issues. Application of the precaution-
ary approach is important but inadequate in aqua-
culture; use of aquaculture risk assessment is
becoming widespread [12].

Principle 2: Aquaculture should improve human
well-being and equity for all relevant
stakeholders.

Aquaculture should provide equal opportuni-
ties for development, which requires its benefits to
be more widely shared especially locally so that it
does not bring detriment to any sector of society,
especially the poor. Aquaculture should promote
both food security and safety as key components
of human well-being.

Principle 3: Aquaculture should be developed in the
context of other sectors, policies, and goals.

Interactions between aquaculture and its influ-
ences on the surrounding natural and social envi-
ronment must be recognized. Aquaculture often has
a smaller impact than other human activities, e.g.,
agriculture and industry, but it does not take place in
isolation. There are many opportunities to couple
aquaculture activities with other primary producing
sectors in order to promote materials and energy
recycling, and the better use of resources in general.

Applying an Ecological Aquaculture Approach at
Different Scales of Society

There are three physical scales important in the plan-
ning for and assessment progress toward an ecosystem
approach to aquaculture: farm scale, watershed/aqua-
culture zone, and global. Each of these has important
planning and assessment needs.

Farm Scale

Planning for aquaculture farms is easily defined phys-
ically and could be few meters beyond the boundaries
of farming structures; however, the increasing size and
intensity of some farms (e.g., large-scale shrimp farm-
ing or salmon farming) could affect an entire water
body or watershed. Assessment of an EAA at the farm
scale entails an evaluation of planning and implemen-
tation of “triple bottom line” programs — ecological,
economic, and social programs — that in a comprehen-
sive manner account for impacts to the wider

ecosystem and social impacts of farm-level aquaculture
developments, including use of better (“best”) man-
agement practices, and use of restoration, remediation,
and mitigation methods. Proper site selection, levels of
production intensity, use of species (exotic vs. native),
use of appropriate farming systems technologies, and
knowledge of economic and social impacts at the farm
level should be considered.

For fed aquaculture, there are many concerns as the
current trajectory and growth of the large-scale aqua-
culture industries. Current aquaculture development
models are being modified rapidly by advances that
will affect the widespread adoption of ecological aqua-
culture, which, if projected to 2050, confirm that large-
scale aquaculture may move fully toward ecological
aquaculture approaches (Table 1). There are a growing
number of well-documented success stories in ecolog-
ical aquaculture (Table 2).

Watershed/Aquaculture Zone Scale

Planning for an EAA at watersheds/aquaculture scale is
relevant to common ecosystem and social issues such as
diseases, trade in seed and feeds, climatic and landscape
conditions, urban/rural development, etc. Assessment
of an EAA at this scale is a two-phase process and will
include, at phase I, assessments of

1. Inclusion of aquaculture as a part of regional
governance frameworks, e.g., the overall framework
of integrated coastal zone management or inte-
grated watershed, land-water resource management
planning, and implementation. Assessments take
into account existing scenarios, user competition,
and conflicts for land and water uses, and compar-
isons of alternatives for human development.

2. Impacts of aquaculture on regional issues such as
escapees, disease transmission, and sources of con-
tamination to/from aquaculture.

3. Social considerations such as comprehensive plan-
ning for all of the possible beneficial multiplier
effects of aquaculture on jobs and the regional
economy, and considerations of aquaculture’s
impacts on indigenous communities.

At phase II, progress toward a full implementation
of an EAA at watersheds/aquaculture zone scale can be
assessed by measuring the
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Aquaculture, Ecological. Table 1 Major issues with fed aquaculture today (2010) and projections of these to 2050

Feeds/no net

Schroeder [28] documents pond

Food conversion rates improve

FIFO ratios drop to 1 or less;

sustainability

damaged by high removal rates
of feed species

to rapid cost increases in meals/
oils; poverty/social concerns
recognized

gain can be a net consumer rather to ~1:1; fish in/out (FIFO) ratios |aquaculture uses ~50% of
than a producer of animal drop to ~1.7; domestication of | world’s fish meal and oil with
protein. Fishing down and farmed species turns carnivores | balance met by agricultural
farming up marine food webs into domesticated omnivores meals/oils
(Naylor et al. [29]; Pauly [30])

Feeds/ocean | Integrity of marine ecosystems | Aquaculture use dropping due | Ecosystem modeling parcels out

science-based removal rates/
allocations for aquaculture and
ecosystems

destruction

diversions disrupt nearshore and
riverine ecosystems (Macintosh
and Phillips [31]; Pullin et al. [32]

develop policies to prevent
damage by proper siting and to
rehabilitate damage of shrimp
farms

Feeds/poverty | Massive poverty and hunger in | New recognition in Peru; new Governments move to develop
fish meal/oil producing countries | international attention to role of | food products/prioritize human
meal/oil fisheries & fed needs
aquaculture in poverty
alleviation
Habitat Mangrove destruction and water | Some nations (ex. Thailand) Governments worldwide ban

developments in sensitive
conservation areas; widespread
use of carrying capacity models
(McKindsey et al. [33]) and
ecological valuation for decision-
making

Eutrophication

Intensive aquaculture operations
are feedlots producing nutrient
pollution loads comparable to
human sewage (Folke et al. [21];
Costa-Pierce [34])

Complete feeds, automated feed
delivery systems, and nutrition
research deliver less pollution;
wastes are primarily in the form
of soluble nutrients and feces,
not waste feeds

Development of land-based
recirculating systems;
widespread use of land-based
integrated aquaculture and
water-based IMTA systems

Energy

Intensive aquaculture operations
are energy intensive comparable
to industrial agriculture and
fisheries (Weatherly and Cogger
[35])

Scattered R&D in energy use,
mostly Life Cycle Analyzes in
aquaculture; little/no movement
toward use of renewables

Renewable energy systems used

Abilities of governments to implement new
methods of coastal and water governance to include
ecological aquaculture

Development of ecological aquaculture approaches
that allow agencies responsible for permitting aqua-
culture to consider and manage activities impacting
aquaculture and aquatic ecosystems (e.g., capture
fisheries, coastal zone development, watershed
management organizations, agriculture, forestry,
and industrial developments) more holistically,
such as new mechanisms to communicate, cooper-
ate, and collaborate across sectors

3. Design of ecological aquaculture management
zones and parks that encourage aquaculture educa-
tion, research, and development innovations and
partnerships, and also emphasize streamlined per-
mitting of integrated aquaculture, polyculture, or
innovative, integrated aquaculture—fisheries busi-
nesses and initiatives

Global Scale

Planning for an EAA at a global scale considers aspects
of transnational and multinational issues for global
commodities (e.g., salmon and shrimp). Assessment



Aquaculture, Ecological

179

Aquaculture, Ecological.

Table 2 Global success stories in ecological aquaculture

Asia (China, Vietnam,
Indonesia)

Rice-fish culture benefits millions of rural people; rice- | FAO [9]; Dela Cruz et al. [36]

fish aquaculture ecosystems have been designated as
a “Globally important Agricultural Heritage System”

(GIAHS)

Asia (China, Thailand,

Integrated aquaculture benefits millions of rural

Edwards [8]

Canada

Cambodia, Vietnam, people
Indonesia)
Asia (China) Integrated Multi-trophic Aquaculture (IMTA) of fish, | Zhou et al. [37]
shellfish, and seaweeds bioremediates and increases
total yields up to 50%
Egypt Integrated aquaculture produced over 650,000 tons | McGrath [38]
of tilapia in 2008, ~60% of total fish production;
provision of cheap source of fish at approx. same cost
as poultry
Canada IMTA has been adopted by Cooke Aquaculture, the | Chopin et al. [39]; Chopin [40]; Ridler

largest salmon aquaculture company in eastern

et al. [41, 42]

Canada & USA

Shellfish aquaculture has become widely accepted as | National Academy [43, 44]
environmentally friendly and socially acceptable

Tanzania

Seaweed and shellfish aquaculture

Seaweed grown by ~2,000 producers
most women; new half-pearl industry
growing

of progress toward an EAA at the global level entails
evaluation of issues such as: availabilities of fisheries
and agriculture feedstocks for formulating aquaculture
feeds and impacts on distant marine and social ecosys-
tems, the economic and social impacts of aquaculture
on fisheries and agriculture resources, impacts of
aquaculture on markets, and impacts of globalization
on social sustainability (social capital, goods, and
social opportunities). Applications of tools such as
lifecycle assessments of aquaculture commodities and
the use of innovative social enterprise management
guidelines and tools are useful to determine impacts
at the global scale.

Social Ecology of Aquaculture

Many analysts are calling for more integrated, multidis-
ciplinary ways of developing ecologically and socially
responsible food, energy, water, and waste systems to
meet society’s needs [13]. Among the first was
Lubchenco [14] who called for a new social contract

for science and society. Industrial aquaculture in its
current development phase does not have a social con-
tract or social license to expand in many areas of the
world, especially at the watershed/aquaculture zone
and global scales.

Just as important are social investments in aquacul-
ture at the individual level. Aquaculture has an urgent
need for developing and engaging leaders who are well
trained and experienced decision-makers who are
“honest brokers of policy alternatives” [15]. Keen
et al. [16] believe transformation toward more sustain-
able practices will be much more likely if the individ-
uals who make up society can accept change and
modify their personal behaviors [17]. Changes in the
behavior of individuals can “scope up” and result in
larger changes at the community and societal scales by
employing a combination of trust-building, favorable
performance, accountability, flexibility and innova-
tion, and the inclusion of stakeholders in strategic
planning [18, 19].
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Folke et al. [20] challenge our education system to
continually adapt to the emergence of such new ques-
tions and changing social compacts as aquaculture.
Any rapid progress toward an ecological approach to
aquaculture will require development of education
programs that promote broad awareness, recognition,
and implications of new approaches to aquaculture,
and the creation of new institutions. Bransford et al.
[22] suggest that for such subfields of sustainability
science as aquaculture more attention needs to be
given to educating the next generation of leaders by
teaching metacognitive skills such as practicing differ-
ent ways of thinking in a variety of contexts, with less
emphasis being placed on trying to fill students with
a large volume of facts and knowledge.

An Ecological Aquaculture Strategy for the
“Triple Bottom Line”

Aquaculture development plans will be incomplete
unless both economic and social goals are articulated,
and agreed upon, at the outset, in transparent, partic-
ipatory processes. Only then can aquaculture can “evolve”
as an integral part of — not separate from — farmers,
fishermen, sustainable community development, and
the future of “working waterfronts.” Aquaculture’s
success cannot simply be defined as having successfully
developed the hatchery, feed, and marketing compo-
nents of a business plan — the old alignment of the
“seed, feed, and the need.” Rather, sustainable, ecolog-
ical aquaculture nurtures “society’s success” for the
“triple bottom line” of economic, environmental, and
social profit [23].

Adversarial social processes occur in jurisdictions
where aquaculture is not being developed using
a social-ecological “ecosystem approach.” In these
places, the blue revolution is being televised, tweeted,
and blogged. Adversarial processes (conflicts) occur
when stakeholders do not recognize each other’s inter-
ests as legitimate. These processes increase conflict;
thrive on uncertainty; have poor communication; are
exclusive, divisive, opaque, and closed, and lack trust.
Collaborative processes must be created that create
trust through shared learning and ownership, creative
problem solving, joint fact finding, and employ adap-
tive management. Robertson and Hull [24] call this
a “public ecology” that has both process and content

that emphasizes the participation of extended peer com-
munities of research specialists, policy-makers, and
concerned citizens. Dasgupta and Maler [25] have used
tools developed by economists and ecologists to valuate
choices in the midst of this complexity. In general, since
aquaculture is such a dynamic, evolutionary field,
managers, policy-makers, and community leaders
need to participate to allow understanding of new
and emerging problems and to stimulate multidis-
ciplinary research; as analysts report that such work is
the highest impact science being published today [26].

Clear, unambiguous linkages between aquaculture
and the environment must be created and fostered, and
the complementary roles of aquaculture in contribut-
ing to environmental sustainability, rehabilitation, and
enhancement must be developed and clearly articu-
lated to a highly concerned, increasingly educated,
and involved public. New aquaculture operations
must plan, at the outset, to:

1. Become an integral part of a community and
a region.

2. Plan for community development by working with
leaders to provide needed inputs and recycle wastes.

3. Create a diversity of unprocessed and value-added
products, and provide local market access, since in
rich societies, aquaculture products are high-value
discretionary purchases that can easily be rejected
by the public.

4. Plan for job creation and environmental enhance-
ment on both local and regional scales.

It is well documented that most aquaculture jobs
are not directly in production, rather in the affiliated
service industries. In the USA, Dicks et al. [27] found
that aquaculture production accounted for just 8% of
the income and ~16,500 jobs. Aquaculture goods and
services accounted for 92% of the
~165,500 jobs (most jobs were in equipment, supplies,

income and

feeds, fertilizers, transport, storage, processing). How-
ever, most aquaculture development plans focus almost
exclusively on production concerns and have little/no
comprehensive plans for localization of seed, feed,
markets, or other aquaculture service industries that
produce the most benefits to local economies — to say
nothing about employing local professionals (most
industrial aquaculture operations import high paying
professionals from the outside). In the vast majority of
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cases, feed and services are imported to sites, and local
people cannot even buy the produce!

An ecological aquaculture development model will
create new opportunities for a wider group of profes-
sionals to get involved in aquaculture since new
advances will be needed not only in technology but
also in information, community development, and
facilitation. Ecological aquaculture as a “new” field,
and one that is important for the future food security
and environment of the planet, requires the much more
comprehensive planning in order to evolve a new social
contract with society.

Future Directions

By 2030, fed aquaculture will turn from the ocean to
land-based agriculture to provide its feeds and oils. As
such, more sophisticated, ecologically designed and
integrated aquaculture systems will become more
widespread because they better fit the social-ecological
context of both rich and poor countries. Ecological
aquaculture provides the basis for developing a new
social contract for aquaculture that is inclusive of all
stakeholders and decision-makers in fisheries, agricul-
ture, ecosystems conservation, and restoration.

The wildly optimistic scenarios for aquaculture’s
expansion will not occur unless alternative ecological
approaches and ecological intensification of aquacul-
ture are widely adopted. Aquaculture needs to be better
integrated into overall fishery societal plans for secur-
ing sustainable seafood supplies and restoring dam-
aged, supporting fisheries ecosystems.

The overuse and degraded state of nearly all of the
world’s aquatic ecosystems, combined with public con-
cerns about adding any “new” uses or sources of
aquatic pollution to already overburdened natural
and human systems, require aquaculture to develop
ecosystems approaches; sustainable operating proce-
dures; and to articulate a sustainable, ecological peda-
gogy. The fact that an ecological aquaculture approach
can ensure aquaculture is a net gain to humanity; and it
could be the key organizing paradigm to form a new
social contract for aquaculture worldwide.

The massive globalization of seafood trade has
meant less dependence on local natural and social
ecosystems, and has resulted in some virulent opposi-
tion to aquaculture development, especially as

industrial aquaculture has removed the local sources
of production and markets, and jobs have been exter-
nalized. One major consequence of this globalization
has been the increased dependence of industrial, “fed”
aquaculture on the southeastern Pacific Ocean marine
ecosystem for fish meals and oils. The global implica-
tions for the Humboldt ecosystem, for local poverty,
and the scoping of this unsustainable situation to the
entire global protein food infrastructure are profound,
and are still largely unrealized.

Aquaculture sites are not only economic engines of
primary production that meet the regulations of
a society, but can be sites of innovation and pride if
they can be well designed as community-based, aqua-
culture farming ecosystems. A review of the progress
toward such an ecosystems approach to aquaculture is
necessary to inspire planners and environmental deci-
sion-makers at many societal scales (national, regional,
local) to make use of such innovative approaches.
Sophisticated site planning of aquaculture can occur
so that farms “fit with nature” and do not displace or
disrupt invaluable natural, aquatic ecosystems, or con-
servation areas; but contribute to the local economy
and society [5].

An ecological aquaculture approach to comprehen-
sive planning for aquaculture at many different scales
will integrate aquaculture into plans for not only envi-
ronmental benefit and the restoration of coastal eco-
systems, but also local market developments and the
future of coastal communities. As such, ecological
aquaculture can move aquaculture beyond endless
user conflicts, and could stabilize the regulatory envi-
ronment and ensure a more equitable process of eco-
social design of aquaculture for the future.
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Glossary

Biomitigative services provided by extractive aqua-
culture The environmental, economic, and socie-
tal services and benefits received by ecosystems — in
their broad definition which includes humans who
depend on them — from the conditions and pro-
cesses of cultivated species, such as seaweeds
extracting inorganic nutrients and suspension-
and deposit-feeders extracting organic particles
recaptured from the activities of fed aquaculture
(e.g., fish or shrimp aquaculture), to maintain
their health. Biomitigative services can also be pro-
vided by natural populations of similar organisms.

Integrated multi-trophic aquaculture (IMTA) The
farming, in proximity, of aquaculture species from

different trophic levels, and with complementary
ecosystem functions, in a way that allows one species’
uneaten feed and wastes, nutrients, and by-products
to be recaptured and converted into fertilizer,
feed, and energy for the other crops, and to take
advantage of synergistic interactions between
species. Farmers combine fed aquaculture (e.g., fin-
fish or shrimps) with extractive aquaculture, which
utilizes the inorganic (e.g., seaweeds or other
aquatic vegetation) and organic (e.g., suspension-
and deposit-feeders) excess nutrients from fed
aquaculture for their growth. The aim is to ecologi-
cally engineer balanced systems for environ-
mental sustainability (biomitigative services for
improved ecosystem health), economic stability
(improved output, lower costs, product diversifica-
tion, risk reduction, and job creation in disadvan-
taged communities) and societal acceptability (better
management practices, improved regulatory
governance, and appreciation of differentiated and
safe products).

Definition of the Subject

Fulfilling aquaculture’s growth potential requires
responsible technologies and practices. Sustainable
aquaculture should be ecologically efficient, environ-
mentally benign, product-diversified, profitable, and
societally beneficial. Integrated multi-trophic aquacul-
ture (IMTA) has the potential to achieve these objec-
tives by cultivating fed species (e.g., finfish or shrimps
fed sustainable commercial diets) with extractive spe-
cies, which utilize the inorganic (e.g., seaweeds or other
aquatic vegetation) and organic (e.g., suspension- and
deposit-feeders) excess nutrients from fed aquaculture
for their growth. Thus, extractive aquaculture produces
valuable biomass, while simultaneously rendering
biomitigative services for the surrounding ecosystem
and humans. Through IMTA, some of the uneaten feed
and wastes, nutrients, and by-products, considered
“lost” from the fed component, are recaptured and
converted into harvestable and healthy seafood of com-
mercial value, while biomitigation takes place (partial
removal of nutrients and CO,, and supplying of oxy-
gen). In this way, some of the externalities of fed
monoculture are internalized, hence increasing the
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overall sustainability, profitability, and resilience of
aquaculture farms. A major rethinking is needed
regarding the definition of an “aquaculture farm”
(reinterpreting the notion of site-lease areas) and
regarding how it works within an ecosystem, in the
context of a broader framework of Integrated Coastal
Zone Management (ICZM). The economic values of
the environmental/societal services of extractive species
should be recognized and accounted for in the evalua-
tion of the true value of these IMTA components. This
would create economic incentives to encourage aqua-
culturists to further develop and implement IMTA.
Seaweeds and invertebrates produced in IMTA systems
should be considered as candidates for nutrient/carbon
trading credits (NTC and CTC) within the broader
context of ecosystem goods and services. Long-term
planning/zoning promoting biomitigative solutions,
such as IMTA, should become an integral part of
coastal regulatory and management frameworks.

Introduction: Aquaculture Is Needed But Some
Practices Need to Evolve

The global seafood industry is at a crossroads: as cap-
ture fisheries stagnate in volume, they are falling
increasingly short of a growing world demand for sea-
food. It is anticipated that by 2030, there will be a 50-80
million ton seafood deficit [1]. This gap will likely not
be filled by capture fisheries but by aquaculture opera-
tions, which already supply almost 50% of the seafood
consumed worldwide [1]. Consequently, it is impera-
tive to design the ecosystem responsible aquaculture
practices of tomorrow that maintain the integrity of
ecosystems while ensuring the viability of this sector
and its key role in food provision, safety, and security.

Without a clear recognition of the industry’s large-
scale dependency and impact on natural ecosystems
and traditional societies, the aquaculture industry is
unlikely to either develop to its full potential, continue
to supplement ocean fisheries, or obtain societal accep-
tance. The majority of aquaculture production still
originates from relatively sustainable extensive and
semi-intensive systems [2]; however, the rapid devel-
opment, throughout the world, of intensive marine fed
aquaculture (e.g., carnivorous finfish and shrimp) is
associated with concerns about the environmental,
economic, and social impacts that these, often

monospecific, practices can have, especially where
activities are highly geographically concentrated or
located in suboptimal sites whose assimilative capacity
is poorly understood and, consequently, prone to being
exceeded. There are also some concerns with shellfish
aquaculture, especially at high density, as shellfish
occupy an intermediate trophic level and often play
a dual role of organic filtering organisms and waste/
nutrient generating organisms [3].

For many marine aquaculture operations, mono-
culture is, spatially and managerially, often the norm.
Species are cultivated independently in different bays
or regions. Consequently, the two different types of
aquaculture (fed versus extractive) are often geograph-
ically separate, rarely balancing each other out at the
local or regional scale, and, thus, any potential synergy
between the two is lost. To avoid pronounced shifts in
coastal processes, the solution to nutrification by fed
aquaculture is not dilution, but extraction and conver-
sion of the excess nutrients and energy into other
commercial crops produced by extractive aquaculture.

To continue to grow, while developing better man-
agement practices, the aquaculture sector needs to
develop more innovative, responsible, sustainable,
and profitable technologies and practices, which
should be ecologically efficient, environmentally
benign, product-diversified, and societally beneficial.
Maintaining sustainability, not only from an environ-
mental, but also from economic, social, and technical
perspectives, has become a key issue, increased by the
enhanced awareness of more and more demanding
consumers regarding quality, traceability, and produc-
tion conditions. Integrated multi-trophic aquaculture
(IMTA) has the potential to play a role in reaching
these objectives by cultivating fed species (e.g., finfish
or shrimps fed sustainable commercial diets) with
extractive species, which utilize the inorganic (e.g.,
seaweeds or other aquatic vegetation) and organic
(e.g., suspension- and deposit-feeders) excess nutrients
from aquaculture for their growth (Fig. 1).

IMTA: A Flexible and Functional Concept

The IMTA concept is extremely flexible [4]. To use
a musicology analogy, IMTA is the central/overarching
theme on which many variations can be developed
according to the environmental, biological, physical,
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Conceptual diagram of an Integrated Multi-Trophic Aquaculture (IMTA) operation including the combination of fed

aquaculture (e.g., finfish) with suspension organic extractive aquaculture (e.g., shellfish), taking advantage of the
enrichment in small particulate organic matter (POM); inorganic extractive aquaculture (e.g., seaweeds), taking advantage
of the enrichment in dissolved inorganic nutrients (DIN); and deposit organic extractive aquaculture (e.g., echinoids,
holothuroids, and polychaetes), taking advantage of the enrichment in large particulate organic matter (POM) and feces
and pseudo-feces (F&PF) from suspension-feeding organisms. The bioturbation on the bottom also regenerates some DIN,

which becomes available to the seaweeds

chemical, societal, and economic conditions prevailing
in parts of the world where the IMTA systems are
operating. It can be applied to open-water or land-
based systems, marine or freshwater systems (some-
times called “aquaponics”), and temperate or tropical
systems. What is important is that the appropriate
organisms are chosen at multiple trophic levels based
on the complementary functions they have in the eco-
system, as well as for their economic value or potential.
In fact, IMTA is doing nothing other than recreating
a simplified, cultivated ecosystem in balance with its
surrounding instead of introducing a biomass of
a single type one thinks can be cultivated in isolation
from everything else. Integration should be understood
as cultivation in proximity, not considering absolute
distances but connectivity in terms of ecosystemic
functionalities.

It should be made clear that in the minds of those
who created the acronym “IMTA,” it was never con-
ceived to be viewed with the minimalist perspective of

only the cultivation of salmon (Salmo salar), kelps
(Saccharina latissima and Alaria esculenta), and blue
mussels (Mytilus edulis) within a few hundred meters:
this is only one of the variations (Fig. 2) and the IMTA
concept can be extended to very large ecosystems like
the Yellow Sea (see below). This also means that IMTA
variations include integrated agriculture aquaculture
systems (IAAS), integrated sylviculture (mangrove)
aquaculture (ISiAS), integrated green
water aquaculture systems (IGWAS), integrated peri-
urban aquaculture systems (IPUAS), integrated fisher-
ies aquaculture systems (IFAS), sustainable ecological
aquaculture systems (SEAS), integrated temporal
aquaculture (ITAS), and integrated
sequential aquaculture systems (ISAS, also called
partitioned aquaculture systems, PAS, or fractionated
aquaculture systems, FAS) [5-7]. There is no ultimate
IMTA system to “feed the world.” There is not one
world but climatic, environmental, biological, physical,
chemical, economic, societal, and political conditions,

systems

systems
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One of the Integrated Multi-Trophic Aquaculture (IMTA) sites in the Bay of Fundy, New Brunswick, Canada, operated by
Cooke Aquaculture Inc.: two rows of salmon cages in the background, then a row of mussel rafts and two seaweed rafts

in the foreground

each of which can lead to different choices of systems
for feeding these microworlds.

The paradox is that IMTA is not a new concept.
Asian countries, which provide more than two thirds of
the world’s aquaculture production, have been practic-
ing IMTA (often described as a type of “polyculture”)
for centuries, through trial and error and experimen-
tation. Why, then, is this common sense solution not
more widely implemented? The reasons for this gener-
ally center around social customs and practices, and
market-driven economic models not considering exter-
nalities that one is already familiar with, even if com-
mon sense tells one that one should modify them.
Human society does not change quickly unless there
are compelling reasons to do so. What to do when early
large profit margins create short-term economic
booms, followed within a few decades by dwindling
meager profit margins? Often, the temptation is to
throw more large volume cultivation operations and
destructive methods into the mix, without proper reg-
ulations and business plans. Pollution, disease and
economic busts generally ensue, major restructuring
of the industry becomes necessary, and a few clairvoy-
ant visionaries remain afloat and adapt to jump to the

next curve to survive. This evolution is not exclusive to
the aquaculture industry. Why do humans have such
short and selective memories resulting in them repeat-
ing mistakes, regularly?

The fact that humans are currently at a crossroad
should motivate them to improve current aquaculture
practices, without further delay. Fishery management
plans in most countries have been single-species
approaches, completely neglecting the interactions
between species, not understanding the synergies, or
antagonisms, between them and how an ecosystem
works based on the complementarities of the different
functions of the different organisms inhabiting it. It
seems that, despite the knowledge of the limitations of
mono-agriculture and mono-fisheries, people are
ready to develop similar plans for the management of
mono-aquaculture. It should be recognized that there
is still a chance for incorporating all the learning about
the problems of terrestrial monocultures into the rela-
tively new frontier of aquaculture. To better manage
marine, brackish, or freshwater environments to the
benefits of mankind and the ecosystem, one needs to
develop a new science, marine agronomy, learning
from the mistakes made in land agriculture over the



188

Aquaculture, Integrated Multi-trophic (IMTA)

centuries to do a better job with aquaculture. It is
interesting to note that traditional agricultural prac-
tices, such as crop alternation and fallow, are now being
transposed to aquaculture practices.

Why, then, is IMTA not more widely adopted, espe-
cially in the western world? Paul Greenberg, in his
fascinating book “Four Fish” [8], mentioned a very
interesting point. In Leviticus, the third book of the
Hebrew bible in which, according to the Jewish tradi-
tion, God dictated commandments to Moses, one can
read (19:19): “You must not sow your field with two
different kinds of seed” (also translated as “two kinds of
seed” or as “mixed seed”). One can wonder if this
represents, in fact, one of the most ancient treatises
recommending mono-agricultural practices and if it
is not the reason why integrated culture techniques
have been ignored for centuries in the Judeo-Christian
civilization, while they have flourished in other civili-
zations, especially in Asia. Moreover, if Asian cultures
are accustomed to the concept of considering wastes
from farming practices as resources for other crops
rather than pollutants, this attitude still has a long
way to progress in the western world where aquaculture
is a more recent development.

The Need for Diversifying Responsible
Aquaculture Systems and for an Ecosystem
Approach

The common old saying “Do not put all your eggs in
one basket,” which applies to agriculture and many
other businesses, should also apply to aquaculture.
Having excess production of a single species leaves
a business vulnerable to sustainability issues because
of fluctuating prices in what has become commodity
markets and potential oversupply, and the possibility of
catastrophic destruction of one’s only crop (diseases,
damaging weather conditions). Consequently, diversi-
fication of the aquaculture industry is advisable for
reducing economic risk and maintaining sustainability
and competitiveness.

From an ecological point of view, diversification
also means cultivating more than one trophic level,
i.e., not just raising several species of finfish (that
would be “polyculture”), but adding into the mix
organisms of different and lower trophic levels (e.g.,
seaweeds, shellfish, crustaceans, echinoderms, worms,

bacteria, etc.) to mimic the functioning of natural
ecosystems. Staying at the same ecological trophic
level will not address some of the environmental issues
because the system will remain unbalanced due to
nondiversified input and output needs. Evolving aqua-
culture practices will require a conceptual shift toward
understanding the working of food production systems
rather than focusing on technological solutions.

One of the innovative solutions promoted for envi-
ronmental sustainability (biomitigative services for
improved ecosystem health), stability
(improved output, lower costs, product diversification,
risk reduction, and job creation in disadvantaged com-
munities), and societal acceptability (better manage-
ment practices, improved regulatory governance, and
appreciation of differentiated and safe products) is
IMTA. The aim is to increase long-term sustainability
and profitability per cultivation unit (not per species in
isolation as is done in monoculture), as some of the
uneaten feed and wastes, nutrients, and by-products of
one crop (fed animals) are not lost but recaptured and
converted into fertilizer, feed, and energy for the other

economic

crops (extractive plants and animals). These, in turn,
can be harvested and marketed as healthy seafood,
while feed costs are reduced because of their reuse in
multiple niches and biomitigation is taking place
(partial removal of nutrients and CO,, and supply
of oxygen). In this way, all the cultivation components
have a commercial value, as well as key roles
in recycling processes and rendering biomitigative
services. Some of the externalities of fed monoculture
are internalized, hence increasing the overall sustain-
ability, long-term profitability, and resilience of aqua-
culture farms. The harvesting of the different types of
crops participates in the capture and export of nutri-
ents outside of the coastal ecosystem.

The biomass and functions of the fed and extractive
species naturally present in the ecosystem in which
aquaculture farms are operating must also be
accounted for or this will lead to the development of
erroneous carrying/assimilative capacity models. For
example, the 158,811 t (fresh weight) of the intertidal
seaweed, Ascophyllum nodosum (rockweed), in proxim-
ity to salmon aquaculture operations in southwest
New Brunswick, Canada, are not neutral in the ecosys-
tem and represent a significant coastal nutrient scrub-
ber which should be taken into consideration to
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understand the functioning of that part of the Bay of
Fundy.

IMTA, While Not the Panacea to and for
Everything, Is, Nevertheless, One of the
Improvement Options

IMTA has never been portrayed as the solution to and for
everything! For example, IMTA does not address the
issues of escapees from open-water fish farms. It is, of
course, in the interest of everybody, especially the indus-
try (to not lose money) to reduce the number of escapees.
This is, however, a question of engineering of the rearing
systems (cages, netting material, etc.) and the suitability
of the environment to survival should escapes occur. To
solve the escapee issue, it has been suggested that fish
farms should be pulled from the open water and placed
on land or in closed containment. Moving on land is,
however, not a guarantee for zero escapees. There are
well-known escapee cases from land-based operations,
with serious consequences. For example, the bighead
carp (Hypophthalmichthys nobilis) and the silver carp
(Hypophthalmichthys molitrix) were brought from Asia
to the southern USA in the 1970s to help control algal
proliferation in channel catfish (Ictalurus punctatus)
farms. There are reports of escapees into the lower
Mississippi River system, especially associated with
flood episodes in the early 1990s. Self-sustaining
populations have been able to move northward to
enter the Upper Mississippi River system and the Illi-
nois River system. Presently, there are fears that these
fish could enter the Great Lakes system through the
Chicago Sanitary and Ship Canal and the Des Plaines
River to finally reach Lake Michigan, after an escape of
around 2,000 km in approximately 20-30 years. Elec-
tric fish barriers have been put in place, but their
efficiency has been questioned. The use of rotenone,
a biodegradable piscicide, was authorized but seemed
to have killed more common carps (Cyprinus carpio;
itself an introduced species from Europe in the 1830s)
than bighead and silver carps. On April 26, 2010, the
US Supreme Court decided not to get involved in
a dispute over how to prevent these carps from making
their way into the Great Lakes; it turned down a new
request by the State of Michigan to consider ordering
permanent closing of the Chicago-area shipping locks.
What the impacts on the ecosystems could be, should

these fish get into the Great Lakes systems, is unknown,
but they are well-known for their ability to consume
large amounts of algae and zooplankton, eating as
much as 40% of their body weight per day, and they
are fierce competitors when it comes to securing their
food needs. The silver carp is also a danger to recrea-
tional fishers, water skiers, and boaters because of its
habit to jump out of the water when startled by boat
motors or other noises, creating life-threatening aerial
hazards with high speed impacts.

The number of escapees from land-based facilities is
not as well documented as with cage-based aquaculture.
Perhaps because land-based fish escapes are more likely to
occur as a continuous “trickle” instead of a single major
event such as a net tear that would lead to “large-scale”
escapes. However, reports do surface from time to time
in the media, particularly if there is some novelty in the
story. A recent example is the report of the cultured
salmonid brown trout, Salmo trutta, escaping from
a pond farm in the UK. A wildlife photographer caught
them in action, making large leaps out of the
water straight into a metal feed pipe a meter above
and connected to a tributary of a river (http://www.
telegraph.co.uk/earth/earthnews/3318094/Photographer-
captures-trouts-great-escape.html). Ideally, land-based
recirculation systems would reduce the potential for
escapes. However, most recirculation systems have at
least partial water exchange [9] and where there is water
exchange and discharge, there is a potential for
escapees. These systems are still not widely used and
to the authors knowledge there has not been any ini-
tiative taken to document escapees, or lack thereof,
within these systems. It may, therefore, be premature
to classify such systems as “escape proof.” It is unlikely
that any land-based aquaculture operations could ever
be 100% “escapee-proof” and, consequently, they will
also need to develop anti-escapee strategies (avoiding
flood plains, electric fences, grids of the appropriate
mesh, catchment basins, etc.).

Moving to land-based or closed-containment oper-
ations is one approach that may help address some
sustainability issues but is not without its problems.
Large amounts of energy, often diesel or electric power,
are required to pump and aerate water. Nutrients are
either pumped back into the water or settled some-
where and “trucked” offsite. All of these processes leave
a “carbon footprint,” and only partly solve the issue of
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IMTA, or its variation called

“aquaponics,” will have to be added to closed-

excess nutrients.
containment or land-based systems to treat the efflu-
ents. One “impact” may simply be traded for another.
Ayer and Tyedmers [10], in their life cycle assessment of
alternative aquaculture technologies, warned that one
could be in a case of environmental problem shifting,
not solving, where, while reducing local ecological
impacts, the increase in material and energy demands
may result in significant increased contributions to
several environmental impacts of global concern,
including global warming, nonrenewable resource
depletion, and acidification.

Land-based or closed-containment operations have
also been advocated as a way of controlling diseases and
their transmission. However, the proponents very often
equate diseases to the sole problem of sea lice, leaving
the issues related to viral or bacterial pathogens
unaddressed. Some concerns have been expressed that
multiple species on the site might increase the risk for
disease transmission. It must, however, be realized that
sites in the ocean and on land will always have addi-
tional unintended species associated with the opera-
tion, ranging from microorganisms to marine
mammals, depending on the situation. The question
is not whether to have only one species on the site, but
at what density do negative interactions occur with the
unintended ones and whether there are any positive
interactions associated with more diversified systems.
In fact, two studies [11; Robinson, pers. comm.] have
demonstrated in laboratory experiments that the blue
mussel, Mytilus edulis, is capable of inactivating
the infectious salmon anemia virus (ISAV), as well as
the infectious pancreatic necrosis virus (IPNV). Mus-
sels are, consequently, not a likely reservoir host or
vector for ISAV and IPNV. Put in an IMTA perspective,
this could mean that mussel rafts could be strategically
placed to serve as a kind of sanitary/biosecurity cordon
around salmon cages to combat certain diseases. Pang
et al. [12, 13] also reported reduced total bacteria and
Vibrio counts in a seaweed-abalone IMTA system.

In regard to parasites, two studies [14; Robinson,
pers. comm.] indicate that blue mussels can consume
copepodids, the planktonic and infectious stage of sea
lice, and several studies, in both Europe and New
Zealand, have highlighted the fact that mussels can
consume small zooplankton. Having a biofilter such

as mussels at IMTA sites may decrease the frequency of
exposure to pathogens and planktonic parasites. The
hope is that having multiple species on a farm will
result in some positive interactions between species
allowing some biological control of the outbreaks of
pathogens and parasites, hence reducing the number
of costly chemical treatments required. If this is vali-
dated, filter feeders may have additional contributions
to sustainability beyond reduction of the particle load.
One of the 14 projects of the recently created Canadian
Integrated Multi-Trophic ~ Aquaculture Network
(CIMTAN) is investigating the role of bivalves in
potentially reducing sea lice populations. Most of the
work has been conducted in the lab so far, but results
are very positive and it has been demonstrated that
mussels eat the larval forms. Ongoing work is develop-
ing a trap system that exploits various behaviors of sea
lice to attract and filter them out of the system. Another
CIMTAN project is looking into the possibility that
mussels could reduce the horizontal transmission of
Loma salmonae, responsible for microsporidial gill dis-
ease of salmon (MGDS), a serious endemic gill disorder
in marine netpen reared, and wild, Chinook (and other
Pacific) salmon. Trials will examine the proof of prin-
ciple that blue mussels remove microsporidial spores
from water and to what extent these spores retain
short-term infectious potential as determined by bran-
chial xenoma expression in test fish.

IMTA is not entering directly the debate regarding
the inclusion of fishmeal and fish oil in commercial
feeds (nor are land-based or closed-containment oper-
ations). IMTA could, however, provide a partial solu-
tion. Modern commercial salmon diets in Canada
contain much less fishmeal (about 15-25%) and fish
oil (about 15-20%) than they did less than 10 years ago
(40-60%). By-products (trimmings, offal) of wild
catch fisheries are now used to supply a major portion
of the fishmeal ingredients. Finding replacements for
marine ingredients is a priority and there are several
large research projects worldwide addressing this issue.
The feed company Skretting has now produced
a salmon feed which includes no marine ingredients.
Turning toward land plant proteins is not without its
impacts. Extra farmland area (more deforestation)
would be needed, which, moreover, would need to be
irrigated and fertilized on a planet already suffering
from water availability problems and with fertilizer
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prices soaring. The price of some staple food crops used
in traditional agriculture (corn, soya bean, sugar cane,
etc.) would rise considerably due to announced com-
petition for their uses, as recently seen when they were
potentially sought out as energy crops for the produc-
tion of first-generation biofuels [15-17]. Reallocation
of acreage for subsidized potential biofuel crops such as
corn, sugar cane, oil palm, canola, switch grass, etc., has
already had significant ecological and societal costs due
to its impacts on ecosystem health, biodiversity, and
food security [18-21]. Partial substitution with organ-
isms already living in water and not needing extra
fertilization in an IMTA setting, such as seaweeds,
could, in fact, be a very interesting option, fitting well
within the sustainability and management concept of
IMTA, and representing a logical loop for companies
developing an IMTA and diversification strategy. If
cultivated in the water column in IMTA systems,
there would, moreover, be no issue of raking natural
beds of seaweeds attached to the bottom of the ocean
(destruction of seafloor and impact on ecosystem func-
tions such as nursery ground for animals).

Some environmental nongovernmental organiza-
tions arguing for fishmeal/fish oil replacement have
also voiced concerns that, after all, marine fish should
eat marine ingredients . . . obviously, one cannot have it
both ways! There is also the paradoxical situation of
farmed freshwater fish, which are being grown less and
less on humans and animal wastes and naturally occur-
ring algal blooms, but more and more on already com-
peting staple foods such as corn and soy: they have lost
their off-flavored or muddy taste to become tasteless or
“unfishy”! So, what does one want to receive in one’s
kitchen? A flavor-neutral, versatile product easily
adapted with numerous sauces, while one is lamenting
that farmed salmon or bass are not what wild salmon or
bass used to be? Quite an irony, even more so when
people learn that these herbivorous whitefish are more
and more being fed pellets containing fishmeal and
fish oil because they grow faster! What is really impor-
tant is a balanced diet using balanced sourcing of
raw material.

Some will argue that “fish require nutrients, not
ingredients.” At the same time, there is also the
well-known saying “You are what you eat,” and in this
case, people have to realize and accept that humans are
mostly corn, soya, and fishmeal, if they look at what the

four mammals (cow, pig, sheep, and goat) and four
poultry (chicken, turkey, duck, and goose) that they
have selected as their meat choices are eating. Histori-
cally, most of the reduction fishery (small fish such as
anchovies, herring, sardines, and menhaden) went into
the production of pet feeds and farm animal feeds.
Subsequently, this fishery supplied a significant part
of the marine ingredients for fish feeds. The landing
of the reduction fishery has been fairly stable (fluctu-
ating between 15 and 30 million metric tons since the
1970s) and, in the absence of aquaculture, the fishery
would likely return to supplying pet and farm animal
feeds, and a current resurgence of interest directly by
humans. This is not to justify relaxed vigilance for
finding replacements for marine ingredients in fish
feed, but simply to suggest that an absence of fish
farming will not stop the use of this resource. How
can one get out of this vicious circle? Cultivating several
organisms, at different trophic levels, in proximity so
that the food and wastes are utilized efficiently more
than once through a cascade of recapturing and
remetabolizing is one approach: that is IMTA. The
other is to consider that if terrestrial food production
systems are close to their limits, one does not have
other options but to turn again to the sea, this time
not for fish but to have seaweeds and invertebrates
entering one’s food habits, either directly or delivered
through feed given to intermediates to what reach one’s
plate. The discrepancy between the marine and agri-
cultural production systems has to be reduced: pres-
ently, especially in the western world, humans feed
approximately two steps higher in the marine food
web than in the agricultural food web.

People should continue to eat seafood (fish but also
invertebrates and seaweeds), not according to seafood
pocket guides which simplistically paint species with
one stroke of green (best choice), orange (good alter-
native), or red (avoid), but according to the fishing and
aquaculture practices used to grow, harvest, and pro-
cess them: an admittedly more complex mosaic, but
also much more realistic and attractive to look at than
a traffic light!

Interestingly, what is referred to as the fifth tasting
sense by Japanese (after sweet, sour, salty, and bitter)
and called umami (= savoriness or good flavor) comes
from seaweeds. The product responsible for umami was
first identified in 1908 by Professor Kikunae Tkeda,
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of the Tokyo Imperial University, searching for the
chemical reason of the strong flavor in seaweed broth
(mostly of the kelp Saccharina japonica, formerly
Laminaria japonica). It is due to the detection in our
mouth of the carboxylate anion of the amino acid
called glutamic acid and its salts, glutamates, in
particular monosodium glutamate (MSG). Inosine
monophosphate (IMP) and guanosine monophosphate
(GMP), degradation products of the energy-storing
molecule adenosine triphosphate (ATP) greatly enhance
the perceived intensity of umami. This explains, chem-
istry displacing romantics, why a dead tuna (once full of
energy) served with seaweeds is such a savory delicacy,
the very essence of the success of the sushi bar fad
gaining the western world.

We have never pretended that IMTA is the solution,
the silver bullet, to and for everything. It is now up
to us to develop the better aquaculture practices of
tomorrow. IMTA is based on several common sense
principles:

— The solution to nutrification is not dilution, but
extraction and conversion through diversification.

— This is, in fact, a rewording of the first law of
thermodynamics “Rien ne se perd, rien ne se crée,
tout se transforme” (“Nothing is lost, nothing is
created, everything is transformed”) as summarized
by Antoine Laurent de Lavoisier, the well-known
French chemist and physicist (but also tax collector,
which explains his premature death at age 51 in
1794 under the Terror period of the French
Revolution).

— What is waste for some is gold for others.

— Do not put all your salmon eggs in the same basket.

A lot of common sense, but, unfortunately, com-
mon sense is not that common! IMTA is one of the
promising options, but, certainly, it needs to be tailored
to the location in the world where it is implemented. It
should also be developed in association with other
practices. Like for energy, not one solution will satisfy
all the needs and it is a variety of solutions that will help
one secure one’s seafood procurement in a responsible
manner. The solutions will be at the interfaces of these
techniques and will be interdisciplinary. They will
embrace both scientific and technological advance-
ments and traditional knowledge. IMTA is exactly at
this interface, modernizing traditional practices:

combining ecosystem complementary crops, bay man-
agement area, and fallowing are nothing new, but
revisited and updated, based on what humans have
learned from past experience (which includes a lot of
mistakes over the centuries, but not assimilated by the
characteristically short-term memory of humans!).

Recognizing and Valuing the Biomitigative
Services Rendered by the Extractive Components
of IMTA: Should a System of Nutrient and Carbon
Trading Credits Be Developed?

A few economic analyses have indicated that the out-
look for increased profitability through IMTA is prom-
ising [22, 23]. However, these analyses were based
solely on the commercial values from the sale of
biomass — being of fish, shellfish, or seaweeds — and
used conservative price estimates for the cocultivated
organisms based on known applications. One aspect
not factored into these analyses is the fact that the
extractive component of an IMTA system not only
produces a valuable multipurpose biomass, but also
simultaneously renders waste reduction services to
society. It is particularly important to recognize that
once nutrients have entered coastal ecosystems, there
are not many removal options available: the use of
extractive species is one of the few realistic and cost-
effective options. The economic values of the environ-
mental/societal services of extractive species should,
therefore, be recognized and accounted for in the eval-
uation of the true value of the IMTA components.
Further development of economic models is needed
to help shed light on the economic (society) and com-
mercial (industry) attractiveness of IMTA.

Ecosystem services have been ignored until recently
[24]. To improve the sustainability of anthropogenic
nutrient loading practices such as aquaculture, incen-
tives such as Nutrient Trading Credits (NTC) should be
established as a means to promote nutrient load reduc-
tion or nutrient recovery. During the last few years,
there has been much talk and excitement about carbon
credits. However, within coastal settings, the concerns
have largely been with nitrogen, due to the fact that its
typical role as the limiting nutrient is not any longer the
case in some regions. Potential effects of carbon loading
in the marine environment should also be considered:
localized benthic anoxia and, consequently, hydrogen



Aquaculture, Integrated Multi-trophic (IMTA)

193

sulfide release may occur when solid waste deposition
rate exceeds aerobic decomposition rate. Ocean acidi-
fication due to increased dissolved CO, levels has also
prompted serious new concerns [25] and a Carbon
Trading Credit (CTC) system should also be contem-
plated. With an appropriate composition of cocultured
species, IMTA has the potential to reduce the amounts
of dissolved (inorganic) and solid (organic) forms of
nitrogen, carbon, phosphorus (more an issue in fresh-
water environments), etc., making extractive aquacul-
ture a good candidate for a NTC and CTC, or other
suitable approaches, to deal with the pressing issues of
coastal nutrient loading.

Currently, there are few countries with laws or reg-
ulations that require aquaculture operations to respon-
sibly internalize their environmental costs, such as
nutrient discharges. There are some precedents, such
as where land-based trout farmers in Denmark are
allowed to increase their feed quota with documented
evidence of reduced effluent discharge [26], but such
incentives are not widely spread. In most jurisdictions,
adjacent ecosystems are left to accommodate the nutri-
ent load, and performance-based standards are used to
determine if farms have exceeded their assimilative
capacity.

The implementation of regulations resulting in
internalization of environment costs by fish farms,
without a direct economic compensatory response
such as the Danish feed quota increase, could result in
a significant reduction in profitability. In land-based
systems, it is relatively easy to quantify nutrient load
and concentration via comparison between farm
inflows and outflows, thereby creating a benchmark
for “economic compensation.” Such values are practi-
cally impossible to empirically measure in an open-
water system, “leaky” by definition, and, consequently,
so is the practical implementation of such incentives.
However, Troell et al. [27] and Chopin et al. [28]
demonstrated that by integrating the seaweed,
Gracilaria, in the dual role of nutrient scrubber and
commercial crop (for agar production), with salmon
farms in Chile, the environmental costs of waste dis-
charges would be significantly reduced and profitability
significantly increased.

Interestingly, the removal of nitrogen could be
much more lucrative, by approximately a factor of
100, than that of carbon. The cost of removing nitrogen

is not clearly defined, but there are several interesting
studies that may help define a range of possible prices
for economic evaluation of the NTC concept. The cost
of removing 1 kg of nitrogen varies between US$3 and
US$38 at sewage treatment facilities, depending on the
technology used and the labor costs in different coun-
tries [28]. The municipality of Lysekil, in Sweden, is
paying approximately US$10/kg removed by the filter-
feeding mussel, Mytilus edulis, to the farm Nordic Shell
Produktion AB [29, 30]. Ferreira et al. [31, 32], with the
development of the Farm Aquaculture Resource
Management (FARM) model, determined a net value
of €18-26 billion/year of nutrient eutrophication
reduction services provided by shellfish aquaculture
in the coastal waters of the European Union.
Gren et al. [33] calculated that the cleaning costs of
nutrients by mussel farming can be considerably lower
than other abatement measures and estimated that
mussel farming should be credited between €0.1 and
€1.1 billion/year in the Baltic Sea.

Using this information, and without presuming
what the final design of IMTA sites will be in the future,
preliminary calculations for the relatively small-scale
IMTA project on the East coast of Canada indicate that
the annual harvesting of kelps (Fig. 3) would equate
to the removal of 35.75 t of nitrogen from the ecosys-
tem, representing an NTC of between US$357,504 and
US$1,072, 512. The same could be applied to another
key nutrient, phosphorus. With an annual removal
of 4.09 t and a value of US$4/kg removed [28], this
would represent another contribution to the NTC of
US$16,343, a much smaller amount but it could also be
an important way of extracting phosphorus, at a time
when some are predicting it to be the next element
human society will be short of (in its natural or
mined forms).

Carbon Trading Credits (CTC) could also be calcu-
lated. There may be some arguments about what is
meant by trapping and sequestering carbon. Some
may argue that it should be reserved to long/geological
term storage (sink) and not to transient storage [34].
This is, in fact, a question of how long one allows the
recycling clock to run. There is no permanent storage
of carbon; it happened that a particular fossil biofuel,
petroleum, has been sequestered over geological time
to suddenly be reused at an accelerated rate over the last
few centuries. But the first law of thermodynamics,
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Aquaculture, Integrated Multi-trophic (IMTA). Figure 3

Harvesting of the kelp, Saccharina latissima, at an Integrated Multi-Trophic Aquaculture (IMTA) site in the Bay of Fundy,
New Brunswick, Canada. Kelps remove dissolved nutrients from the ecosystem while providing commercial products

as enunciated by Antoine Laurent de Lavoisier more
than two centuries ago, still applies: “Rien ne se perd,
rien ne se crée, tout se transforme,” i.e., “Nothing is
lost, nothing is created, everything is transformed.” If
even temporary removal of carbon from the ocean by
biomass harvesting until further transformation (and
rerelease of carbon) can be credited for potentially
increasing seawater pH and absorbing CO, from the
atmosphere and/or the cultivated animals, then CTC
should be calculated. Marine vegetation is getting more
and more recognition as a sink for anthropogenic car-
bon emissions (the so-called blue carbon [35]). Marine
primary producers contribute at least 50% of the
world’s carbon fixation and may account for as much
as 71% of all carbon storage in oceanic sediments.
Then, micro-algae, macro-algae, and marine plants,
such as mangroves and seagrasses, have a role to
play in CO, sequestration and removal, and carbon
storage [36]. Marine photosynthesis accounts for
50% of the total primary productivity of the planet
(54-59 PgClyear from a total of 111-117 PgC/year
[37]). Of this, marine macrophytes (seaweeds and
seagrasses) account for approximately 1 PgC/year con-
centrated in coastal regions where they can play
a significant role in the sequestration of anthropogenic
carbon emissions and the global carbon cycle. Brown

marine macro-algae (such as Macrocystis, Saccharina,
Laminaria, Ecklonia, Sargassum, Ascophyllum, and
Fucus), red algae (such as Porphyra, Palmaria,
Eucheuma and Gracilaria) and green algae (such as
Ulva), are capable of very high rates of photosynthesis
and productivity. These rates of productivity compare
very favorably to those of terrestrial crops that have
been recommended as possible sources of first-
generation biofuels (corn, Zea mays) or second-
generation biofuels (switch grass, Panicum virgatus;
E-grass, Miscanthus giganteus) and position marine
macro-algae very well for being part of the third-
generation biofuels [36].

Coming back to the IMTA project on the East coast
of Canada, using a value for carbon removal of around
US$30/t [34], the annual harvesting of kelps would
represent an annual removal of 306.43 t and a CTC of
US$9,193: a larger amount of carbon, but for a much
smaller value of trading credits, underlining the diffi-
culty in removing dissolved nutrients from aquatic
systems and the acute issue of their presence in coastal
systems. Similar calculations could be applied to the
organic extractive component of IMTA. In the case of
shellfish, accumulation of nitrogen, phosphorus, and
carbon should be considered both in meat and shells,
which are especially rich in calcium carbonates.
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At a much larger scale, the occurrence of large and
recurrent “green tides” should also be brought into
focus. Large proliferations of opportunistic green
algae, especially of the genus Ulva, in response
to large anthropogenic nutrient loading, have been in
the news over the last few years in places around
the world such as Northern Brittany in France, the
southern regions of the UK, and Venice in Italy. The
green tide in Qingdao, China, just before the sailing
competitions of the 2008 Olympic Games, got a lot of
attention (Fig. 4). The following question needs to be
asked: Are these green tides a negative media photo
opportunity, or are they reminders of the significant
role seaweeds play in coastal processes and the services
they render? Within 3 weeks, 1 million tons of Ulva
prolifera were removed from the vicinity of Qingdao to
allow the sailors and windsurfers to compete (but it is
estimated that approximately 2 million tons of
U. prolifera sank to the bottom of the Bay; another
environmental problem shifting, but not a solution).
The harvesting of 1 million tons equated to between
3,000 and 5,000 t of nitrogen removal for a NTC value
between US$30 and US$150 millions! Additional

NTC of US$1.6 million for the removal of 400 t of
phosphorus, and CTC of US$900,000 for the removal
of 30,000 t of carbon, should also be factored in.

A smaller green tide occurred in 2007. Large ones
were also reported in 2009 and 2010 but they stayed
offshore in the Yellow Sea [38, 39]. Out of sight should,
however, not mean out of mind. If urgent measures are
not taken, this will be a recurrent event for years to
come. Is there a solution? Green tides are not the
cause, but the unintentional consequence of coastal
eutrophication. With the presence of sufficient nutrients
and solar energy, these opportunistic species, with
a well-adapted anatomy, morphology, and physiology,
will proliferate. Obviously, it would be beneficial to
reduce nutrient loading at the source, but this may not
be possible in the present context of economic develop-
ment along China’s coastal zone. The problem is that
U. prolifera is presently an unwanted and uncontrolled
growing nuisance species of limited commercial value.
To control its proliferation, the solution may be to
create a competition for nutrients by intentionally cul-
tivating algal species, which not only carry on the
biomitigation, but also have a commercial value,

Aquaculture, Integrated Multi-trophic (IMTA). Figure 4

A green tide of Ulva prolifera in Qingdao, China, just before the 2008 Olympic Games, triggered a massive cleanup
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where U. prolifera starts to enter the coastal environ-
ment (discharges from juvenile river crab land-based
aquaculture ponds along Jiangsu province, south of
Shandong province where Qingdao is located). This
time, the IMTA concept has to be interpreted as an
integrated land pond/coastal aquaculture system in
a supra Integrated Coastal Zone Management (ICZM)
effort, beyond provincial borders, to address issues at
the Yellow Sea scale. It is understood that this “out of
the box” approach to ICZM will, initially, raise eye-
brows as the idea of growing more seaweeds (but of
commercial value) to contain the proliferation of other
seaweeds, presently considered nuisances, is not the
most intuitive approach for a lot of people or decision
makers! The question is simple: what are the best nutri-
ent scrubbers once nutrients are in a dissolved state and
have reached coastal waters? The answer is seaweeds,
but can people, preferably, grow the ones they have
applications for?

At the present time, there seems to be a stage of
recognition, awareness, and communication of the
concepts of ecosystem services and biomitigative ser-
vices rendered by extractive aquaculture (the differ-
ences between the two not always being clearly
identified and explained in some publications). Next
will come the time to transform the concepts into
biomitigative solutions and then their inclusion in
regulatory and management frameworks. Establishing
and implementing a structure for the payment schemes
(credits or incentives) of these services will be a delicate
matter. Will it be one agency, but with funds coming
from where? Should it be a regional, national, or inter-
national agency(ies), trading at which scale(s)? Will an
extractive aquaculture operation in existence for many
years receive credits, or will only the new ones? Would
a fed aquaculture operation also practicing extractive
aquaculture be eligible for credits, or will it be the case
for the extractive only aquaculture operations? What
about the situation in which people run both types of
farms. Moreover, due to complex hydrographic and
current patterns, it is obvious that extractive species
at a site are not limited to absorbing/sequestering the
nutrients generated exclusively at that site. Conse-
quently, is it possible to establish a clear spatial nutrient
removal budget which would be associated with the
corresponding credits/incentives? Will the sequestra-
tion have to be “permanent,” or will a temporary

removal/storage be acceptable and more realistic?
A lot of regulatory details will have to be worked out
before this complex scheme becomes a reality.

What Will It Take to Increase the Acceptance and
Adoption of IMTA as a Responsible Aquaculture
Practice of the Future?

Presently, the most advanced IMTA systems in open
marine waters and land-based operations have three
components (fish, suspension feeders or grazers such as
shellfish, and seaweeds, in cages, rafts, or floating lines),
but they are admittedly simplified systems [40]. More
advanced systems will have several other components
(e.g., crustaceans in mid-water reefs; deposit feeders
such as sea cucumbers, sea urchins and polychaetes in
bottom cages or suspended trays; and bottom-dwelling
fish in bottom cages) to perform either different
or similar functions, but for various size ranges of
particles, or selected for their presence at different
times of the year (e.g., different species of seaweeds).
The most advanced IMTA systems, near or at commer-
cial scale, can be found in Canada, Chile, South Africa,
Israel, and China [41, 42]. Ongoing research projects
related to the development of IMTA are taking place in
the UK (mostly Scotland), Ireland, Spain, Portugal,
France, Turkey, Norway, Japan, Korea, Thailand, the
USA, and Mexico. It will also be interesting to observe
how new seaweed cultivation initiatives in different
parts of the world for biofuel production could be an
additional driver to adopt IMTA practices.

For IMTA to develop to a commercial scale, appro-
priate regulatory and policy frameworks need to be put
in place. Present aquaculture regulations and policies
are often inherited from previous fishery frameworks
and reasoning, which have shown their limitations. It
is, therefore possible that some of the existing regula-
tions and policies could impose unintentional con-
straints on the future growth of IMTA. To develop the
aquaculture of tomorrow, current governance struc-
tures pertaining to aquaculture need to be revisited
and reviewed with the aim of identifying changes in
the regulatory/policy environment that are needed to
facilitate the operation of IMTA farms. Adaptive regu-
lations need to be developed by regulators with flexible
and innovative minds, who are not afraid to put in
place mechanisms that allow the testing of innovative
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practices at the R&D level, and, if deemed promising,
mechanisms that will take these practices all the way to
C (commercialization). As the IMTA concept con-
tinues to evolve, it is important that all sectors of the
industry are aware of the implications of the changes
involved, so that they can adapt in a timely and orga-
nized manner.

To move research from the “pilot” scale to the “scale
up” stage, some current regulations and policies may
need to be changed or they will be seen as impediments
by industrial partners who will see no incentive in
developing IMTA. For example, an earlier version of
the Canadian Shellfish Sanitation Program (CSSP)
prevented the development of IMTA because of
a clause that specified that shellfish could not be
grown closer than 125 m of finfish netpens. This para-
graph was clearly not written with IMTA in mind, but it
seriously impinged its development. After 4 years
(2004-2008), it was amended so that IMTA practices
could develop to commercial scale legally, based on
recent, reliable, and relevant data and information pro-
vided by three government departments and the IMTA
project on the east coast of Canada. While 4 years may
seem long, it is a relatively short delay considering that
regulations and legislations require thorough review
with due governmental process involving several fed-
eral and provincial departments. This suggests that new
aquaculture practices should be accompanied by timely
regulatory review to avoid market delays for new prod-
ucts. As governments move to revise current regulatory
regimes, it will be necessary to press the importance of
accommodating and indeed encouraging new sustain-
able solutions such as IMTA. IMTA also requires
approaching aquaculture development and manage-
ment with a holistic approach and not one species, or
group of species, at a time. It is known that this
approach has led to many failures in the management
of the fisheries; vigilance is required so that the same
flaw is not repeated in the management of aquaculture.

Most current aquaculture business models do not
consider or recognize the economic value of the
biomitigative services provided by biofilters, as there
is often no cost associated with aquaculture discharges/
effluents in land-based or open-water systems. In order
to ensure further development of IMTA systems world-
wide, from the experimental concept to the full
commercial scale, defining and implementing the

appropriate regulatory and policy frameworks, and
financial incentive tools such as NTC and CTC, may
therefore be required to clearly recognize the benefits of
the extractive components of IMTA systems. Better
estimates of the overall costs and benefits to nature
and society of aquaculture waste and its mitigation
would create powerful financial and regulatory incen-
tives to governments and the industry to jointly invest
in the IMTA approach, as the economic demonstration
of its validity would be even more obvious. Moreover,
by implementing better management practices, the
aquaculture industry should increase its societal
acceptability, a variable to which it is very difficult to
give a monetary value, but an imperative condition for
the development of its full potential. Reducing envi-
ronmental and economic risk in the long term should
also make financing easier to obtain from banking
institutions [43].

The determination to develop IMTA systems will,
however, only come about if there are some visionary
changes in political, social, and economic reasoning.
This will be accomplished by seeking sustainability,
long-term profitability, and responsible management
of coastal waters. There is still a large amount of edu-
cation required to bring society into the mindset of
incorporating IMTA into their suite of social values.
Some of the attitudinal surveys conducted in Canada
[23, 44] and the USA [45] indicate that the general
public is in favor of practices based on the “recycling
concept.” Consumers’ perceptions and attitudes may
also have to change. Why is recycling and the concept of
“what is waste for some is gold for others” well accepted
in agricultural practices, but is not yet acquired when
transposed to aquaculture practices? Will consumers
come to accept eating products cultured in the marine
environment in the same way they accept eating prod-
ucts from recycling and organic agricultural practices,
for which they are willing to pay a higher price for the
perceived higher quality or ethical premiums? After
all, regulations require mushrooms to be specifically
grown on farmyard manure and animal excrements to
receive organic certification (European Community
Regulations No 2008R0889 — Article 6). Will a greater
appreciation of the sustainable ecological value of the
IMTA concept, a willingness to support it tangibly with
shopping money, and an increased pressure on elected
representatives emerge? This will be the ultimate test.
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The degree to which researchers and extension people
become creatively involved with this educational
component will be vital to the success of IMTA prac-
tices. The differentiation of IMTA products through
traceability and eco-labeling will also be key for their
recognition and command of premium market prices.

Some have argued that the adoption of IMTA in the
western world is slow. For example, on the east coast of
Canada, there were obviously no IMTA sites in the Bay
of Fundy in 2001 when IMTA research started. Nine
years later, 8 of the 96 finfish sites in southwest New
Brunswick have the combination salmon (or cod)/
mussels/kelps and 8 other sites have been amended to
develop IMTA. This is a respectable conversion of
almost 16% in 9 years. Moreover, it would not be
reasonable to anticipate an instant conversion, as the
industry needs to develop markets to absorb the
cocultured biomass: this also takes time and can only
be progressive.

Future Directions: The Path Forward

Several IMTA projects, worldwide, have now accumu-
lated enough data to support the proof of concept at
the biological level. The next step is the scaling up of
more experimental systems to commercial scale to fur-
ther document the economic and social advantages of
the concept, which will be key to offering IMTA to
practitioners of monospecific aquaculture as a viable
option to their current practices. Emerging responsible
aquaculture approaches must generate net economic
benefits for society if they are to be advocated. Working
on appropriate food safety regulatory and policy
frameworks in the respective countries will be essential
for enabling the development of commercial scale
IMTA operations in a more universal fashion.

It has taken decades to reach current finfish aqua-
culture production levels and learn new species
husbandry. A major rethinking is, however, needed
regarding the definition of an “aquaculture farm” by
reinterpreting the notion of site-lease areas and regard-
ing how it works within an ecosystem, in the context of
a broader framework. Within Integrated Coastal Zone
Management (ICZM), integration can range from the
small scale (a leased site with its spatial limits) to a Bay
Management Area (BMA) and to the larger scale of
a region connected by the functionalities of the

ecosystem. Amending regulations to allow a new type
of aquaculture systems will not occur overnight. This
should, however, not discourage the finfish aquaculture
industry from practicing IMTA, as even small amounts
of cocultured species production are useful at the initial
stage of development.

Selecting the right combination of species will be
critical. They will have to be appropriate for the habitat,
the available culture technologies and labor forces, and
the environmental, climatic, and oceanographic condi-
tions. They will have to be complementary in their
ecosystem functions, growing to a significant biomass
for efficient biomitigation, commanding an interesting
price as raw material or presenting an interesting added
value for their derived products. Their ecological inter-
actions and synergies within an IMTA system will have
to be identified and understood to take full advantage
of them. Their commercialization should not generate
insurmountable regulatory hurdles.

Optimal design will not only facilitate nutrient
recovery, but should also promote augmented growth
beyond what would be expected were these species
cultured in isolation. In addition to the obvious eco-
nomic return from increased growth rates from addi-
tional species, some less tangible benefits should also be
factored in, such as the biomitigative services rendered
by the extractive species. Economic analyses will have
to recognize and account for the values of the environ-
mental/societal services of extractive crops to estimate
the true value of these IMTA components. Economic
analyses will need to be part of the overall modelling of
IMTA systems, as they get closer to commercial scale
and their economic benefits and costs, as well as their
impacts on coastal communities, are better under-
stood. It will then be possible to add profitability,
resilience, social/economic desirability, and economic
impacts to the comparison between IMTA and mono-
culture settings. They will have to include the pricing
and marketing potential and impact of organic and
other eco-labellings, the value of biomitigative services
for enhanced ecosystem resilience, the savings due to
multi-trophic conversion of feed and energy which
would otherwise be lost, and the reduction of risks
through crop diversification and increased societal
acceptability of aquaculture (including food safety,
food security, and consumer attitudes toward buying
sustainable seafood products). This would create
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economic incentives to encourage aquaculturists to
further develop and implement sustainable marine
agronomy practices such as IMTA, and would increase
the societal acceptability of aquaculture by the general
public. Seaweeds and invertebrates produced in IMTA
systems should be considered as candidates for a variety
of regulatory measures that internalize these benefits.
For example, nutrient and carbon trading credits (NTC
and CTC) could be used to promote nutrient removal,
CO, sequestration, oxygen provision, and coastal
eutrophication reduction within the broader context
of ecosystem goods and services. Long-term planning/
zoning promoting biomitigative solutions, such as
IMTA, should become an integral part of coastal regu-
latory and management frameworks.

Nutrient extractive aquaculture appears to be
a viable ecological engineering option for managing/
internalizing some of the externalities generated by
aquaculture operations. Effective government legisla-
tion/regulations and incentives to facilitate the devel-
opment of IMTA practices and the commercialization
of IMTA products will be necessary. The development
and adoption of technology often depends in part on
the level of legislative pressure from a nation’s govern-
ment, itself reacting to pressures from consumers, envi-
ronmental nongovernmental organizations, and the
public at large. If environmental legislation remains
a low priority with government, then little progress
toward the use of biofilters (as a means of effluent
mitigation) will occur. The only motivator will be
profits obtained from additional product growth
and regulatory incentives. Therefore, if governments
put legislative pressure on the proper management
of wastewater effluent, openly support the use of
biomitigation for effluent management, and put in
place the appropriate corresponding financial tools
(funding for IMTA Research & Development, outreach
and technology transfer, and NTC and CTC incen-
tives), then the development of IMTA will be
encouraged.

Caution: Let’s Not Promise the Moon and Let’s Be
Conscious of Societal Constraints, Particularly in the
Western World

During the last few years, there has been a renewed
interest in the mariculture of seaweeds and their uses,

something that should make phycologists and ecolo-
gists rejoice, as this group of organisms, never clearly
systematically circumscribed, has been misunderstood,
unappreciated and under/misused over the centuries.
There is now an opportunity to explain what seaweeds
are, and the many applications, benefits, and services
they can provide. However, how can people do that
appropriately and responsibly, without “promising the
moon” that they will not necessarily attain, and risking
another “purgatory period” in between each energy
crisis?! Seaweeds (and algae in general) made the news
in the 1970s—1980s; they are back in the news now
(2000s—2010s). If people are not careful to distance
themselves from charlatanistic claims, which abound
in the media and even in certain scientific circles, they
could be in a situation of not developing a sustained
public interest and use of these organisms, but be
in another phase of denial until the next fad cycle
(2030s—2040s?), which is not productive for the acqui-
sition of still much needed scientific knowledge, nor
the teaching of our discipline or the placement of our
in-between fashion students. While everyone wants the
seaweed sector to develop, some biotechnological
issues and societal constraints, particularly in the
Western World, should be recognized and a responsi-
ble and gradual implementation strategy for the long
term should be adopted.

The western marine biology community has been
dominated by people who have received a mostly zoo-
logical training from kindergarten to high school, very
often reinforced by a monospecific (or monogrouping)
specialization at university, instead of receiving and
developing an ecosystem approach to knowledge and
issue solving, which are then sadly missing when
concepts of ecosystem-based management, species
cocultivation, and interdisciplinarity are mentioned.
Not surprisingly, the knowledge of seaweeds and their
functions and services in/to the ecosystem is reduced
and remains at universities and research institutions
that have been wise in keeping their diverse expertise,
instead of succumbing to fad cycles, which, then, force
them to periodically reinvent the wheel. The conse-
quence is that every time one wants to raise the possi-
bility of using seaweeds in research and development
and commercialization (R&D&C), one has to go
through a lonely period of “preaching in the desert”
before facts and common sense start to prevail.
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One key, common, and deeply rooted misunder-
standing to shake from the minds of people is that there
is more than fish in the ocean! Over the centuries
humans have been quite minimalist in their meat
choices: four mammals (cow, pig, sheep, and goat)
and four poultry (chicken, turkey, duck, and goose),
hence, Paul Greenberg’s idea of four fish (salmon, sea
bass, cod, and tuna) for the title of his book [8].
However, the ocean cannot function with only fish,
and the seafood solutions cannot come from within
only this group of organisms. Maybe the problem
resides deeply among the English-speaking people
with this overuse of “fish”: fish is a noun, which can
even encompass shellfish and seaweeds in its general
use, and fish is a verb... if you go harvest seaweeds
along the shore you could be paradoxically fishing
seaweeds, which for a Cartesian French-speaking per-
son does not make much sense! In French, there is
“poisson” as a noun and “pécher” as a verb, even if
both come from “pisces” in Latin. So, when a French
person “va a la péche,” it is not necessarily to get a fish,
but also to go “a la péche aux moules” (mussels), “aux
oursins” (sea urchins), or “aux algues marines” (sea-
weeds, for which many languages also have a higher
opinion, as marine algae, instead of weeds of the sea!).
To function, IMTA requires, in fact, not four compo-
nents but five: the fed organisms (e.g., fish or shrimps),
the extractive inorganic component (e.g., seaweeds or
other aquatic vegetation), the extractive small organic
component (e.g., suspension feeders such as shellfish),
the extractive large organic component (e.g., deposit
feeders such as sea-urchins, sea cucumbers, or sea
worms), and certainly a fifth component, the microbial
component, of which presently not much is known. So,
if people want aquaculture to work, they have to stop
being obsessed with fish aquaculture! Paradoxically, it
is interesting to know that fish aquaculture, of which so
much is heard, represents, in fact, only 9% of the total
mariculture (aquaculture in the marine environment).
Shellfish aquaculture represents 43%. Seaweed aqua-
culture represents even more (46%), but 99.8% of it is
carried out in Asia, hence the ignorance in the western
world [46, 47].

It is also important to understand that sustained
successful ventures rarely happen overnight and that
more than a 3 year grant is generally necessary to
successfully take a concept along the R&D&C

continuum. For example, the IMTA program on the
east coast of Canada is starting to collect the fruits of its
tireless efforts as it enters its 15th year of activities,
which so far could be divided into four periods:
(1) the “preaching in the desert” period from 1995 to
2000 [48], (2) the R&D proof of concept period from
2001 to 2006, (3) the R&D&C pilot scale period from
2006 to 2012, overlapping with (4) the R&D&C indus-
trial-scale and networking period with the establish-
ment of CIMTAN since 2009. People, consequently,
have to stay away from claims of solving hunger in
the world, converting everybody into frequent direct
“seaweedivores,” 100% biomitigation (which, in fact, is
not necessarily the goal), renewing energy at unbeliev-
able rates that defy the rules and equations governing
photosynthesis, and all that within the next 5 years with
the almighty, miraculous seaweeds and micro-algae!
If there is no shortage of interesting ideas that work
at the small demonstration scale, the problems gener-
ally appear when scaling up is contemplated and people
start to realize what the consequences will be and,
especially, the realistic, or unrealistic, deployment foot-
prints required to implement these experimental ideas
to commercial-market scales, which should make sense
from environmental, economic, and production per-
spectives and also have an acceptable societal impact.
People should also stay away from the cliché that
around 71% of this planet is covered by oceans and
that, consequently, there is a lot of space for aquacul-
ture development. If aquaculture will most probably
expand into more exposed and open ocean locations in
the future, due to the reduced availability of new and
appropriate sheltered nearshore sites, it is doubtful that
one will see farms in the middle of the Atlantic, Pacific,
and Indian Oceans, due to simple logistics and weather
issues. Moreover, the present international law of the
sea is not that comforting for privately owned equip-
ment (farms in this case) found at sea. The vagueness of
territorial jurisdictional competence in the Exclusive
Economic Zone (EEZ) in different countries, and cer-
tainly in international waters, has been a major imped-
iment to progress of the so-called offshore aquaculture.
Moving to the open ocean has been considered a means
for moving away from environmental and public per-
ception issues in the coastal zone. However, this move
should not encourage an “out of sight, out of mind”
attitude, as open ocean development will also come
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under scrutiny by a more and more educated
public. Even if greater residual currents, deeper waters,
and lower nutrient baselines are expected to reduce
impacts from open ocean operations through wider
dispersion plumes of nutrients, as compared to simi-
larly sized nearshore operations, there will be a point
when reasonably accessible and manageable open
ocean ecosystems will eventually reach their assimila-
tive carrying capacities. Why should one think that
open ocean aquaculture, the “last frontier,” will be
without its own border/limits? Despite the sea being
so immense, one is now learning the hard way the
concept of overfishing . . . Instead of taking the position
that in open ocean environments the hydrodynamic
conditions will be appropriate for dispersion (a way
of exporting problems, not solving them) and reduced
environmental impacts (but at a significant cost in lost
food), the open ocean aquaculture sector will also have
to capitalize on recapturing the by-products of fed
aquaculture and, hopefully, engineer, right from the
beginning, efficient open ocean IMTA systems with
their built-in biomitigative functions. The solution to
nutrification in the open ocean environment, like in the
nearshore environment, should not be dilution, but
extraction and conversion through diversification.
Why repeat what was done with the development of
nearshore aquaculture (fish aquaculture development
in the 1970s and IMTA development in the 2000s) with
open ocean aquaculture (moving the fish to the open
ocean in the 2010s . . . oh, the extractive species should
have also been moved in the 2050s!)? These open ocean
systems will also require trophic diversification from an
environmental and economic perspective, with “service
species” from lower trophic levels (mainly seaweeds
and invertebrates) performing ecosystem balancing
functions while representing value-added crops
[49, 50]. Open ocean IMTA should not be an after-
thought for 2050.

For some, the ecological, engineering, economic,
and social challenges remaining to be solved may be
daunting. However, our goal is to develop modern
IMTA systems, which are bound to play a major role
worldwide in sustainable expansions of the aquaculture
operations of tomorrow, within their balanced ecosys-
tem, to respond to a worldwide increasing seafood
demand with a new paradigm in the design of the
most efficient food production systems. There are no

simple solutions, but one thing is certain — the human
population is increasing on this planet and as people
get richer, and their standards of living increase, they
want more meat and dairy products in their diet, the
temptation of the “western diet,” while, ironically,
Westerners aspire to change their diets! Will terrestrial
agriculture be able to continue to supply most of this
food? A balanced and responsible diet is required, and
some of this food will have to come, increasingly, from
aquatic food production systems, be them in seawater,
brackish water, or freshwater. As was the case on land,
where the acquisition of food by hunter/gatherer soci-
eties had to evolve toward agricultural practices,
humans will have to accept an evolution in seafood
procurement. It has to be understood, particularly in
the western world, that “the modern global supermar-
ket has a basic internal ecology” [8]. The average con-
sumer is not a “foodie” and is not that interested in or
cannot afford local, seasonal, less-than-100-miles food
if not rich enough or not living within a region graced
by a clement climate year long. The modern supermar-
ket wants guaranteed supply on a 12 month basis, with
limited variability in seasonality and quality. Most of
the time, agricultural products can provide that com-
fort, barring the occurrence of an unexpected disease,
contamination, drought, flood, economic protection-
ism, or political barrier. The seafood counter is a much
more variable department to manage, at the present
time, with a convoluted succession of many intermedi-
ates before seafood arrives on ice at a supermarket. It is
interesting to note that the aquaculture industry’s abil-
ity to provide 12 month availability of its products,
moreover of consistent quality, is improving.

People are presently witnessing the emergence of
a plethora of organizations developing their own stan-
dards and eco-label/certification schemes as they
jockey for position in the global marketplace. The
problem is that there are presently too many possible
horses to ride and nobody really knows which one(s)
will cross the finish line and, consequently, which one
(s) to bet on as worth being associated with. One can
only wonder what will happen when so many fisheries
and aquaculture operations will be eco-certified. If
everything is certified, nothing will be certified ...
and certification will lose its aura the same way some
argue organic labelling is losing its significance, after
having been used and overused. All that, of course,
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to the great confusion of the consumers, who cannot
follow this contradictory debate/competition among
standard setters, and may decide to simply stay away
from seafood all together when, in fact, seafood prod-
ucts are healthy [51]. One of the problems is that some
of these standards are passing or failing grades, with no
incentives for continuous improvement from
a minimal baseline to be decided, followed by a tiered
approach. Some argue that it would give accreditation
to companies at a very low level. However, putting the
bar so high is not a recipe for gradual improvement of
everybody involved, to progress and gradually reach
the ultimate goal, although admittedly not overnight.
If 20% of the global farmed seafood producers are
certified at the highest threshold, what happens to the
remaining 80% and the chance of incentivizing them to
improve their practices? What happens when, in a bay
management area, several aquaculture companies have
taken the appropriate measures to be certified, but
a “black sheep” (should it be a black cod?!) makes the
whole certification scheme crumble once the hydrody-
namics of the bay are considered? By analogy, in which
the vector this time is not water but wind, one sees the
same dilemma in parallel agriculture situations where
conventional and organic agriculture practices are sep-
arated by illusionary buffer zones. On one hand, one
can understand the desire by suppliers and retailers to
see a hard to meet certification scheme so as to differ-
entiate themselves from the others (most probably
amounting to the privilege of displaying a sticker or
logo on the packaging); on the other hand, too high
a certification carrot, or moving goalposts, may not be
the best strategy if progress toward overall better and
more responsible aquaculture practices is the goal. The
market will ultimately decide who remains in the com-
petition and which logo(s) will be trusted by the
general public, but there still are several years of con-
fusion ahead.

Agricultural development has been associated with
significant changes in landscape and land use; one can
expect that the evolution of sourcing one’s seafood more
and more through aquaculture will also trigger significant
“seascape” and “sea use” modifications, all the way to
one’s deepest human social structures and governance.
The transformation from hunters/gatherers to farmers
happened many centuries ago on land. Humans are in
the middle of this transformation at sea and that is

maybe why they are so uncomfortable with this evolu-
tion they are part of, and not able to sit back and
analyze without being emotional. It is up to them to
be a link in the chain, which will hopefully lead to
fishing and aquaculture practices done right, enabling
them to become herders and farmers of the sea. It
should not be forgotten that they are still in the infancy
of modern, intensive aquaculture and that some agri-
cultural practices have taken centuries to develop into
better, not necessarily yet best, management practices.

Beyond the market and marketing issues and the
biological, environmental, economic, technological,
engineering, and regulatory issues of aquaculture
developments, the basic question will be that of societal
acceptance. Are humans ready to evolve in their use of
the “last frontier” of this planet and consider not
only the challenges of the physical forces at sea
(wave exposure, winds, currents, depth, etc.) but also
those of shipping routes, fishing zones, offshore gas and
mineral extraction areas, migration routes for marine
mammals and birds, recreational uses, and then finally
deal with the concept of zoning some portions of the
oceans for large aquaculture parks, as sustainable food
production systems for an ever-seafood-hungry
human population? Despite all the campaigns, boy-
cotts, documentaries, books, seafood pocket guides,
scare tactics, sustainable/local/seasonal movements
among affluent restaurant goers in weather clement
regions and western world well offs, one can only
admit that the global human population continues to
grow and eat more seafood than ever per capita per
year. So, where does that leave people? Paul Greenberg
wrote that very often people consider fish as “a crop,
harvested from the sea that magically grew itself back
every year. A crop that never required planting” [8].
But are they investing in the principal, being in fisheries
or in aquaculture, to only harvest the interests every
year so as to not reduce/eat the capital for long-term
sustainability? Are people ready to put some savings
aside in the form of Marine Protected Areas (MPAs),
not only for their natural beauty, but also for their
functions in the ecosystem such as breeding grounds,
nursery habitats, and food production areas? It seems
that the concept of zoning the sea, or what is now
called, in a softer terminology, “marine spatial plan-
ning” (MPS), is finally starting to be legislated in some
countries, notably in the UK and the USA.
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The same question of readiness for marine spatial
planning could also be applied to emerging projects of
wind farms and biofuel farms at sea. In fact, combining
IMTA open-ocean farms with wind, underwater tur-
bine, and/or biofuel farms into large multipurpose inte-
grated food and renewable energy parks (IFREP) could
be a means for reducing their cumulative footprint,
while integrating green energy with food and fuel pro-
duction and processing [52]. Our business models will
have to change from “one species — one process — one
product” to a streamed bioeconomic chain, or web,
approach among different industry sectors for the pro-
duction, on one hand, of a wide range of bio-based,
high-valued food and feed products/ingredients/
supplements, specialty fine and bulked chemicals,
agrichemicals,  biostimulants,  pharmaceuticals,
nutraceuticals, foods, cosmeceuticals,
botanicals, pigments and, on the other hand, lower-
valued commodity energy carrying molecules/biofuels,
all of them produced within reduced footprint require-
ments. The synergies and the services rendered by cul-
tivating organisms of different trophic levels in an
integrated manner will have to be understood and
valued. The physiological, biochemical, and produc-

functional

tion performances of the different organisms will have
to be improved to make the systems even more effi-
cient, profitable, and competitive. The aquaculturists
and different multi-sector end users will need to
become interdisciplinary in their approach and learn
to collaborate and share/integrate the biomass cultiva-
tion and processing steps (production, harvesting,
pretreatment and transportation, separation and frac-
tionation, and sequential biomass processing), while
aiming at the lowest resource and energy inputs. Cul-
ture diversification into species that might otherwise be
inappropriate for food markets fits well within the
sustainability and management concept of IMTA.
Functionalities will have to be maintained, as much as
possible, along the process for optimal use/valorization
of the multipurpose biomass, and not necessarily the
maximization of just one end product, as some coprod-
ucts will, in fact, reveal themselves as the real drivers of
the emerging integrated sequential bio-refinery (ISBR)
concept [53], extended to macro-algae instead of only
considering micro-algae. Market volumes/values,
biomitigative services, and public acceptance will have
to be included and fit into the models.

If the “Not In My BackYard” (NIMBY) and the
“Build Absolutely Nothing Anywhere Near Anything”
(BANANA) attitudes continue to prevail, especially in
the western world, then humans will not be able to
secure their food, chemicals, and energy in an intri-
cately interconnected ecosystem responsible manner,
despite all the rhetoric heard today regarding alter-
native technologies and solutions (the so-called
“greenwash”). Self-sufficiency of humans will not be
ensured but will become dependent on other food,
chemicals, and energy “masters,” who may no longer
be in the Middle East but instead in the Far East (99.8%
of the 15.8 million tons of cultivated seaweeds
come from China, Indonesia, the Philippines,
Korea, and Japan [46, 47]). It is time to walk the talk
and recognize the implications — notably regarding
marine spatial planning and our societal production
and food habits — of the policies elaborated for
the future.

The 1960s were the time of the “Green Revolution”
on land, but some would question if it was really
“green” (increased dependence on synthetic fertilizers
and irrigation to increase crop yields per hectare at the
expense of long-term soil health and yields per unit of
input; increased dependence of indebted farmers on
multinational producers of seeds, increasingly geneti-
cally modified, and which have not always delivered the
touted benefits). It was thought that the sea was so
immense that one needed not to worry about fishery
limits, but now it is known that it is not always the
case with many examples of overfishing of some
populations. The 1980s were the time of the “Blue
Revolution” of aquaculture development at sea, but it
is also known that it is not always “green.” It is, conse-
quently, time to make the “Blue Revolution” greener; it
is time for the “Turquoise Revolution” to move aqua-
culture to a new ERA of Ecosystem Responsible Aqua-
culture at sea and on land, in seawater and freshwater,
and in temperate and tropical regions.
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Glossary

Stewardship Ecosystem stewardship is an ethic

practiced by aquaculture practitioners, organiza-
tions, communities, and societies who strive to
sustain the qualities of healthy and resilient eco-
systems and their associated human communi-
ties. Stewardship takes the long-term view and
promotes activities that provide for the well-
being of both the present and future
generations.

Nested systems of governance Environmental and

societal issues relating to sustainable aquaculture
impact, and are influenced by, conditions and
actions (at both higher and lower levels) in an
ecosystem governance hierarchy. Some issues can
be addressed more effectively at one level, and less
effectively at another. The choice of the issue or set
of issues to be addressed within a given site must

therefore be made in full knowledge of how respon-
sibility and decision-making authority are distrib-
uted within a layered governance system. Planning
and decision-making for aquaculture at one scale,
for example, within a municipality or province,
should not contradict or conflict with planning
and management at another scale, for example,
planning for large-scale aquaculture at the nation-
state scale. The reality is that such contradictions
and conflicts are common. A major challenge for
the aquaculture practitioner is to recognize these
differences and work to either change them or select
goals and strategies that recognize that such contra-
dictions must be accommodated or resolved. In
practical terms, this means that a central feature of
ecosystem-based aquaculture is that all planning
and decision-making must recognize and analyze
conditions, issues, and goals in respect to the
next higher level in a governance system. Thus,
ecosystem-based aquaculture at the municipal
scale must — at a minimum — be placed within the
context of governance at the scale of the province.

Participation One of the defining characteristics of

the practice of the ecosystem approach to aquacul-
ture is its emphasis on participation and its rele-
vance to the people affected. The emphasis upon
participation recognizes that if an aquaculture pro-
gram is to be successful, those whose collaboration
and support is needed must be involved in the
processes of defining the issues that the program
will address, and in selecting the means by which
goals and objectives will be achieved. Both individ-
uals and members of communities and institutions
are more likely to comply with a management pro-
gram when they feel that it is consistent with their
values, responds to their needs, and to their beliefs
of how human society should function. Voluntary
compliance by a supportive population lies at the
heart of the successful implementation of a pro-
gram. A participatory approach helps stakeholders
and the public to see the efforts of an aquaculture
program as a whole.

Area of focus The area of focus (AoF) is the geograph-

ically defined area that an ecosystem-based aqua-
culture project or program has decided to address
and that therefore is the focal point for a baseline.
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The term “area of focus” is a geographic limit set to
model the choices available to the aquaculture prac-
titioner and allows for a dialogue between stake-
holders as to the influence of the production. The
AoF is a simplification of the far more complex
concept of an “action arena” put forward by
Ostrom [1] to model the choices of individuals
when studying the behavior of institutions.

Adaptive management A central feature of the prac-
tice of any form of ecosystem-based aquaculture is
that it must respond positively to changing condi-
tions within its AoF (and to its own experience). In
other words, the practice of aquaculture must be
grounded in a process of learning and adaptation
(the “evolution of the blue revolution” [2]).
Adaptive management is not reactive management,
but proactive thinking and acting. This does mean
that the aquaculture practitioner simply responds
to the unexpected. Adaptive management in aqua-
culture is a conscious process of examining the
course of events as these events are revealed by
preselected indicators of changes in an aquaculture
ecosystem (both its social and environmental
components), and by events occurring at differing
spatial scales.

Capacity building There is growing international rec-
ognition that the lack of human capacity to practice
an ecosystem approach to aquaculture is a key
factor in limiting forward progress in the conserva-
tion and sustainable use of aquatic systems [3, 4].
To date, however, no accepted performance stan-
dards have been developed for assessing the effec-
tiveness and impacts of aquaculture projects and
programs that have adopted the ecosystem
approach. Conceptual frameworks and methods
for assessing the maturity of aquaculture develop-
ment and management initiatives, and gauging
their impacts upon the condition of coastal ecosys-
tems are offered herein. These are the core ingredi-
ents for an ecosystem’s approach to aquaculture
that builds the capacity of local populations and
leaders to identify forces that shape the coastal
ecosystems of which they are a part, and to select
the actions that can maintain and enhance qualities
that are critical to a desirable future.

Carrying capacity The carrying capacity is the number
of organisms or farming operations that the

environment can sustain indefinitely without
environmental harm, given the food, habitat,
space, water, and other requirements from the
environment.

Precautionary principle A principle that states that if
an action or policy has a suspected risk of causing
harm to the public or to the environment that
in the absence of scientific consensus the burden
of proof rests on those who advocate taking
the action.

Sustainable development The management and
conservation of the natural resource base and the
orientation of technological and institutional
change in such a manner as to ensure the attain-
ment and continued
needs for present and future generations. Sustain-
able development conserves resources, is environ-
mentally non-degrading, and is technically
appropriate, economically viable, and socially
acceptable [5].

Transdisciplinary A modern research strategy that

satisfaction of human

crosses many disciplinary boundaries to create
a holistic approach. Transdisciplinary research
efforts are focused on problems that cross the
boundaries of two or more disciplines, and develop
new or reframe old concepts, methods, and findings
that were originally developed by one discipline,
but are now used by several others.

Definition

There is no one definition of “sustainability” as the
concept applies to aquaculture. Most aquaculture
scientists define sustainability as synonymous with
“environmental sustainability.” Sustainable aquaculture
is however a concept broader than determinations of
site-specific environmental impacts since it embodies
a scientific knowledge of systematic impacts of
aquaculture off-site, and impacts to combined human-
environmental systems. Sustainable aquaculture incor-
porates the concepts of “stewardship,” “design with
nature,” the “precautionary principle,” “risk analysis,”
and “carrying capacity.” Sustainability science in aqua-
culture is used to undertake more comprehensive plan-
ning for multiple impacts on multiple time and spatial
scales to better understand and plan for the conse-
quences of aquaculture development options.
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» “The changes taking place [on planet Earth] are, in fact,
changes in the human-nature relationship. They are
recent, they are profound, and many are accelerating.
They are cascading through the Earth’s environment in
ways that are difficult to understand and often impos-
sible to predict. Surprises abound” [6].

There are many definitions of “sustainability” as
the concept applies to aquaculture. The most popular
definition of sustainable development is to “meet
present needs without compromising the ability of
future generations to meet their needs” adopted at
a United Nations conference in 1987. Most definitions
of sustainability are synonymous with “environmen-
tal sustainability” of air, water, and land systems.
Sustainability is however a concept broader than
examining the site-specific environmental impacts of
externalities in planning for site-specific develop-
ments; it also accounts for systematic impacts off
site, and impacts to combined human-environmental
systems for food, water, waste, energy, and shelter.
The many definitions of sustainability all embody
in common, the concepts of “stewardship,” “design
with nature,” plus incorporate recent concepts of
the “precautionary principle,” and “carrying capacity.”
Sustainability science uses the wisdom from
multiple disciplines in decision-making (e.g., it is
“transdisciplinary”). In aquaculture, it is used to
undertake more comprehensive planning for multiple
impacts on multiple time and spatial scales to better
understand and plan for the consequences of develop-
ment options.

The emerging fields of ecological aquaculture [2,3]
and agroecology [7, 8] recognize that the implementa-
tion of more sustainable food production systems
require knowledge about how ecosystems are utilized
and how conflicts among social groups are addressed.
A baseline of response to social-ecological changes is
the foundation for the implementation of more sus-
tainable food systems, and the practice of adaptive
management must be included as responses to changes
in the condition of ecosystems in which new food
production is conducted requires incorporation of an
iterative learning process.

The use of sustainability science in aquaculture
marks the path toward encouraging a long-term

perspective and an appreciation of the roles played
not only by ecologists, but also by civil societies, mar-
kets, and governments in adapting to food systems and
ecosystems changes. The use of sustainability science in
aquaculture is an approach that is fundamentally
a knowledge-based enterprise that incorporates base-
line information on natural and human ecosystems,
then develops, evaluates, encourages, and communi-
cates imagination, ingenuity, and innovation at both
the individual and institutional levels [9].

This information is designed for use by teams of
aquaculture professionals working to apply the princi-
ples of ecosystem-based management. Information
obtained is typically cross sectoral as interdisciplinary
groups are needed that are educated in such diverse
fields as the natural and social sciences, law, and busi-
ness. Applying the notions of sustainability science
in aquaculture is intended to inspire engagement of
governmental agencies, businesses, nongovernmental
groups, and academics to achieve the highest form
of sustainable development in any known protein pro-
duction food system by using the concepts of ecological
design and through the many forms of stewardship.
At present, there is a paucity of information targeted
specifically for those engaged in aquaculture programs
and projects in places where the ability of government
to regulate and direct the processes of ecosystem
change is weak or severely constrained.

Sustainability Strategic and Implementation
Planning for Aquaculture

The concept of sustainability and the methods to mea-
sure the evolutionary progress toward more sustainable
systems are limited, but have become a necessity. Wurts
[10] stated that “Whether the word sustainability has
become overused or not, it has catalyzed a forum for
oversight of the growth and development of aquacul-
ture on a global scale.”

Sustainability is not a “black/white” phenomena;
rather, it is many “shades of gray,” an evolutionary
process that is called the “sustainability trajectory”
(Fig. 1). To measure and evaluate progress along a tra-
jectory requires establishment of baselines for the main
issues of public concerns, then developing a diverse but
targeted set of resource and social indicators. These
indicators are then used to report progress on and
analyze interactions between social, environmental,
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Sustainability is neither a “black or white,” nor an “either or” concept. It is the evolution of practices and principles

over time toward ameliorating environmental and social impacts, with plateaus along the way in changed states. In many
cases, these “pauses” are done to ensure economic viability. In this diagram, one example indicator (water use, other
important indicators have been proposed [17]) is plotted along such a “sustainability trajectory”

and economic impacts (both positive and negative
ones). It is important to note that sustainability science
as applied to aquaculture is driven as much by social
as by environmental/ecological concerns; thus, sole
involvement of technical experts in sustainability
plans and assessments is insufficient.

Developing an operational framework for how the
sustainability of aquaculture operations operates is the
first step. Having such a blueprint is rare for aquacul-
ture businesses and management entities, and is very
much needed. There are numerous certification bodies
that are vying for the opportunity to use their labels/
logos to claim ownership of the sustainability rubric in
aquaculture. An overall sustainability science approach
is proposed, which can step above the cacophony of
approaches and assist in developing a common lan-
guage and can be used by international and national,
non-advocacy organizations such as the FAO, ICES, or
governments and industry.

The approach used here is based upon the develop-
ment of a baseline that has two parts and then follows
a sequence of five steps:

The first part of a baseline is an ecosystem audit of
the AoF that defines the natural and social systems
within which aquaculture is planned.

This involves the documentation and analysis of
both natural and social systems, draws upon case studies
of other aquaculture systems in the region and how the
governance system in a specific place has responded — or
failed to respond — to the trajectories of ecosystem
change. It examines the long-term trends in both
human well-being and the environmental conditions in
the AoF and examines responses to the issues raised by
past and current expressions of food production
systems.

The second part of the baseline is an outline of the
strategic approach to designing a new aquaculture pro-
gram, or adapting an ongoing program, to address the
ecosystem management issues of the place in terms
of economic, environmental, and societal benefits.
Together, these parts form the reference points against
which future changes in the aquaculture ecosystem will
be gauged. These methods encourage a long-term per-
spective, an appreciation of the roles played by civil
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society, markets, and government, and offer a holistic,
ecosystem-based, approach to stewardship.

Baselines are not formulaic but are designed plan-
ning exercises with buy-in from key stakeholders such
as the client, community, regulatory community, or
identified group of people involved in the project.
While not formulaic, baselines do comprise a set of
common metrics to include

e Ecological aquaculture design (or redesign) of pro-
duction practices (see Ecological Aquaculture chap-
ter in this Encyclopedia)
Health and quality control standards
Social goals at both the individual and community
levels for local food, job, and regional development
(e.g., “green jobs,” “local foods™)

e Governance goals

The following five steps encompass some essential
parts of any baselining process:

1. Define the sustainability issues. Aquaculture systems
can use environmentally derived feeds, water, and
energy, occupy land and water space, and generate
wastes. There are at least eight issues of wide public
and regulatory concerns regarding aquaculture
development:

Destruction of habitats

No net gain to global seafood supplies

Environmental impacts of discharged wastes

Impacts of escapees

Diseases in farmed fish

Chemical use and discharge

Impacts on coastal marine mammals

Improper siting causes visual pollution

Once issues are defined, a baseline can be fur-
ther developed which can measure progress over
time by

2. Completing a sustainability assessment of these
issues by evaluating the status of current aquacul-
ture practices that affect natural and social resource
systems (Table 1), which also includes an assess-
ment of governance systems (Tables 2 and 3)
[11-13]

3. Completing a detailed risk analysis for all compo-
nents of this comprehensive assessment [14]

4. Completing a plan for ameliorating identified
impacts by incorporation of better (or best)

practices [15-17], and/or enhancing reuse or
recycling pathways, and

5. Completing a plan for communicating the evolution
of operations toward greater stewardship and sus-
tainability [14]

To be effective, sustainable aquaculture initia-
tives must: (a) be “profitable” over long periods
of time — ideally many decades; (b) be capable of
being adapted to changing conditions; and (c) provide
the mechanisms to encourage both wise resource use
and collaborative behaviors. Much of the challenge
lies in achieving changes in the behavior of those who
may be unaware of the benefits of sustainable
aquaculture.

Sustainable aquaculture integrates the best available
science with a transparent, equitable, and democratic
approach to planning and decision-making. This eco-
system approach to management needs to be carried
out in a strategic manner that tailors principles of good
practice to the culture and the needs of a specific place.
Successful, sustainable aquaculture operations advance
through linked cycles of planning, implementation,
and reassessment. These features of ecosystem manage-
ment signal the transition from traditional sector-by-
sector planning and decision-making to a more holistic
approach based on the interactions between sectors
and within and among ecosystems.

Aquaculture that is constructed upon principles
that encourages high-energy consumption and the
profligate use of natural resources must give way to
new locally derived values and new forms of practice.
As suggested by Daly [18], qualitative development
rather than quantitative growth is the path of future
progress. If such ideas are to be made operational at the
scale of an aquaculture operation, a trajectory can be
established based on goals for profit as well as social
and environmental benefit. Once the goals of an
aquaculture program or project have been defined as
expressions of the ecosystem approach, much of the
day-to-day work is concerned with the well-known best
practices of aquaculture management.

For example, there has been much debate about the
impacts of shrimp pond mariculture on mangrove
forests through the Topics. Mangrove ecosystems pro-
vide essential goods and services to humanity, harbor-
ing an extraordinarily large biodiversity for the small
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the sustainability of aquaculture'

Stakeholder analysis: analysis of
attitudes of stakeholders at the

Allows tracking of how stakeholders
change attitudes over time with
educational processes [46-50]

Life cycle analysis: complete
assessment of products from raw
initiation of and throughout a project. | material production, manufacture,
distribution, use and disposal,
including all transportation; used to
optimize environmental performance
of a single product or a company.

A similar analysis called a MET
(Materials, Energy, and Toxicity) Matrix
is also used [53-55]

Cost-benefit analysis: analysis of cost
effectiveness of different uses to
determine if benefits can outweigh
costs [59]

1SO 26000 guidelines for corporate
social responsibility [51]

ISO 14000 certification: norms to
promote more effective and efficient
environmental management and
provide tools for gathering,
interpreting, and communicating
environmental information [56]

ICLEI (International Council for Local
Environmental Initiatives) provides
software and tools to help local
governments achieve sustainability
goals [52]

decisions [57, 58]

Environmental impact assessment:
the process of identifying, predicting,
evaluating, mitigating biophysical,
social, and other effects of
development proposals prior to policy | opportunity costs (the value of their

Triple bottom line or “full cost”

accounting: costs considered for all
environmental, economic, and social
impacts; costs measured in terms of

best alternative use); guiding principle

aquaculture [17]

Environmental indicators: the use of
quantitative indicators of resource use,
efficiency, and waste production in

is to list all parties affected and place
a monetary value on effects on welfare
as valued by them [60, 61]

'This table does not contain a comprehensive list of all available tools; rather, tools selected here were chosen since they appear regularly
in the modern sustainable aquaculture research, industry, and management literature. Gibson et al. [62] give a most complete analysis of

all of the available tools for sustainability assessments.

areas of the planet that these systems occupy, and
provide a sustainable source of timber and charcoal to
coastal communities while protecting fragile coastlines
from erosion and storms. Establishment of proper
scientific baselines to measure the true impacts of
mariculture on coastal ecosystems is essential. Pullin
[19] cautions that, “Analysis on depletion of mangrove
cover in Asia point towards the fact that shrimp ponds
have recently been and/or now being constructed either
on former mangrove areas that were cleared long ago
and considered degraded), or on more recently cleared
areas for which the primary purpose of clearance was
timber abstraction (logging, wood chip industries or
charcoal production) or by adopting traditional

trapping ponds. . .. Aquaculturists in Asia are therefore
more often than not the end users of already degraded
or destroyed mangroves rather an the primary culprits
of mangrove destruction.”

Good examples globally of an ecosystem approach
to aquaculture at the watershed/aquaculture zone scale
are found in both Israel and Australia. Both nations
face severe land, water, and energy constraints. In Israel,
highly efficient, landscape-sized integrations of reser-
voirs with aquaculture and agriculture have been devel-
oped [20, 21], as well as highly productive, land-based
aquaculture ecosystems for marine species [22]. These
aquaculture ecosystems are productive, semi-intensive
enterprises that are water and land efficient, and are net
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Aquaculture, Sustainability Science in. Table 2 Sustain-
ability science assessments of aquaculture includes an
assessment of governance systems, which examine the
three processes of governance: the marketplace, the
government, and civil society

Government

Laws and regulations

Taxation and spending policies

Education and outreach

Marketplace

Profit seeking

Ecosystem service valuation

Cost-benefit analysis

Ecolabeling and Green Products

Civil Society: Organizations and Institutions

Product choices

Advocacy and lobbying

Vote casting

Comanagement

Stewardship activities

energy and material gains to society. Aquaculture eco-
systems are organized following well-established eco-
logical principles similar to the fields of agroecology
and agroecosystems [23].

In Australia, an Ecologically Sustainable Develop-
ment (ESD) framework approach to aquaculture
development was used [24]. This ESD framework iden-
tified important issues, developed comprehensive
reports for each issue, and then prioritized each
using risk assessments. The ESD process employed
extensive community consultation that considered
social and environmental values of all other marine
users, and users’ management plans for operations
and administration as well as environmental adminis-
trative attributes, then proposed development and
monitoring plans.

As a result of this ESD approach, nine marine
aquaculture zones of 2,400 ha in Port Phillip Bay and
Westernport, Victoria, Australia were permitted. The
Australian ESD approach combined analytical and

participatory methods and developed sustainability
plans that considered both ecosystem and human
well-being, then developed implementation strategies
by designing and enhancing effective governance sys-
tems for the expansion of aquaculture.

The development of a sustainability baseline should
be the responsibility of a lead aquaculture agency. Its
full implementation may require alternative methods
of governance and employ innovative management
approaches. There may be a need to facilitate an oper-
ational definition of aquaculture ecosystem boundaries
for assessment, or area of focus, to set geographical
limits to assess parameters such as carrying capacity
or water management needs, and to understand the
governance regime within which the area of focus is
nested in order to understand and clarify such things as
administrative and legal jurisdictions.

Using such guidance and sustainability science
frameworks, the possibilities for designing productive
aquaculture ecosystems that better fit into the local
social and ecological context are many, since aquacul-
ture can encompass the wide availability of species,
environments, and cultures.

Improved Governance of Aquaculture
Ecosystems

To be effective, ecosystem-based aquaculture initiatives
must (1) be sustainable over long periods of time —
ideally over many decades, (2) be capable of being
adaptable to changing conditions, and (3) provide the
mechanisms to encourage or require specified forms of
resource use and collaborative behaviors among insti-
tutions and user groups that are stakeholders of the
aquaculture system. Much of the challenge lies in both
understanding and achieving changes in the behavior
of the stakeholder groups and institutions associated
with the aquaculture production systems. Ecosystem-
based aquaculture integrates the best available science
with a transparent, equitable, and democratic approach
to planning and decision-making. Management needs
to be carried out in a strategic manner that tailors
principles of good aquaculture practice to the culture
and the needs of a specific place. Successful aquaculture
programs advance and change through linked cycles of
planning, implementation, and reassessment. These
features of ecosystem management signal the transition
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approach to aquaculture [2, 3]

First
Order

Government at the national level
commits to a plan of action designed to
adopt an ecosystem approach to
aquaculture (EAA) by issuing

a formalized commitment to an EAA,
thereby putting in place the “enabling
conditions”

New laws, programs, and procedures are initiated that provide the
legal, administrative, and management mechanisms to achieve the
desired changes in behavior by:

(i) Building constituencies that actively support EAA with the user
groups that will be most affected; with government institutions
involved; and with the general public

(ii) Developing a formal government mandate for an EAA with the
authority necessary to implement actions in the form of laws,
decrees, or other high-level administrative decisions that create an
EAA as a permanent feature of the governance structure of
aquaculture; creation of commissions, working groups, user
organizations, and nongovernmental organizations (NGOs)
dedicated to the advancement of an EAA agenda; designating EAA
zones

(iii) Devoting resources, especially sustained annual funding,
adequate to implement an EAA

(iv) Developing an implementation plan of action for an EAA that is
constructed around unambiguous goals

(v) Creating the institutional capacity necessary to implement the
new EAA plan of action

Second
Order

Evidence of successful implementation
of an EAA

1. Changes in the behavior of institutions and interest groups have
occurred such as collaborative planning and decision-making
through creation of task forces, commissions, civic associations, etc.

2. Successful application of conflict mediation activities

3. Evidence of functional changes such as establishment of new
public—private partnerships, new collaborative actions undertaken
by user groups, implementation of new school curricula that
incorporates an EAA

4. Changes in behaviors directly affecting ecosystem goods and
services, such as the elimination of socially and environmentally
destructive aquaculture practices

5. Investments in infrastructure supportive of EAA policies and plans

Third
Order

Evidence of sustained achievements in
institutional and behavioral change due
to an EAA as seen in the environment
and indicators for the quality of life,
incomes, or engagement in alternative
livelihoods that have improved target
communities

1. Improvements in ecosystem qualities, such as sustained
conservation of desired ecosystems and habitats, halting or slowing
undesired trends such as nutrient releases, feed wastage, diseases,
damaged benthic ecosystems, etc.

2. Improvements in society as evidenced by monitoring of social
indicators such as increases in indices of quality of life, reduced
poverty, greater life expectancy, better employment opportunities,
greater equity in access to coastal resources, and the distribution of
benefits from their use, greater order, transparency, and
accountability in how planning and aquaculture development
decision-making processes occur, greater food security, or greater
confidence in the future
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from traditional food production sector planning and
decision-making to a holistic approach based on the
interactions between sectors and within and among
ecosystems.

FAO Fisheries and Aquaculture Department [25]
found that one of the key trends toward more sustain-
able forms of aquaculture development and manage-
ment is enhanced regulation and better governance.
Governance is defined as the formal and informal
arrangements, institutions, and mores that structure
and influence how resources or an environment are
utilized, how problems and opportunities are evaluated
and analyzed, what behavior is deemed acceptable or
forbidden, and what rules and sanctions are applied to
affect how natural resources are distributed and used.

As shown in Table 2, there are three mechanisms by
which the processes of governance are expressed: the
marketplace, the government, and the institutions and
arrangements of civil society [11]. These mechanisms
interact with one another through complex and
dynamic interrelationships that are examined and
contrasted and documented in a baseline. Each of the
three governance mechanisms influence and can alter
patterns of behavior through measures such as those
identified in Fig. 2. For sustainable, ecosystems-based
aquaculture, it is important to distinguish between

Adapted from Olsen et al., 2006

Markets Civil society

Government

Human uses of

Ecosystems

Aquaculture, Sustainability Science in. Figure 2

The three mechanisms by which the processes of
governance are expressed interact with one another
through complex and dynamic interrelationships that are
vital parts of sustainability science assessments of
aquaculture as each alter behaviors and decision-making
that determine human uses of ecosystems [11-13]

management and governance. Management is the pro-
cess by which human and material resources are
harnessed to achieve a known goal within a known
institutional structure. Aquaculture business manage-
ment, park management, personnel management, or
disaster management is therefore spoken about. In
these instances, the goals and the mechanisms of
administration are well known and widely accepted.
Governance, in contrast, addresses the values, policies,
laws, and institutions by which a set of issues are
addressed. It probes the fundamental goals and
the institutional processes and structures that are
the basis for planning
Governance sets the stage within which management
occurs [12].

The future of sustainable aquaculture is highly

and decision-making.

dependent on understanding the response by all three
expressions of governance: markets, civil society, and
government. For example, Kenya has fostered a partic-
ipatory policy formulation for aquaculture, providing
a legal and investment framework through govern-
ment, establishing public—private partnerships to
engage markets, providing basic infrastructure sup-
port, promoting self-regulation, providing a research
platform for civil society to be engaged, undertaking
zoning for aquaculture, and providing monitoring and
evaluation support [25].

Adaptation of sustainability frameworks used to
evaluate the needs and progress of governance on
coastal management plans are essential to evaluate
progress toward an ecosystem approach to aquaculture
and build in adaptive learning and action into the
strategic planning process. Governance frameworks
recognize not only the importance of changes in prac-
tices such as changes over time in aquaculture farming
ecosystems, but also recognize that for each change,
there are correlated changes in the behavior of key
partners and stakeholders within the sphere of influ-
ence of the management activity, and that these
changes can be measured at local, regional, and
national levels (Fig. 3, Table 3).

Sectoral agencies responsible for managing activi-
ties impacting aquatic ecosystems (e.g., capture fisher-
ies, coastal zone development, watershed management
organizations, agriculture, forestry, and industrial
developments) will have to develop new ways of
interacting to regularly communicate, cooperate, and
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The four orders of coastal governance outcomes. This framework is used to develop governance baselines in

environmental programs [12, 13]. An example of how progress toward better governance for sustainable aquaculture is

shown in Table 3

collaborate. The need for innovative governance to
implement an ecosystem-based approach to aquacul-
ture can be seen as an obstacle but can also be seen as an
opportunity to increase the social benefits that are
likely to develop through synergies among food pro-
duction sectors.

Social Ecology of Aquaculture

While there is much information on the natural ecol-
ogy of food-producing ecosystems, there are few com-
prehensive frameworks for capturing the necessary
social ecology of aquaculture.

Cadenasso et al. [26] have developed a “Human
Ecosystem Framework” that could contribute to a base-
line approach and assist in organizing multidisciplinary,
social-ecological approaches to aquaculture develop-
ment (Fig. 4). The most sustainable growth trajectories

for aquaculture are to move toward more sustainable,
social—ecological approaches to development; to shift
patterns of production and consumption patterns from
global to bioregional and local foods production and
job creation; and to develop the indigenous human and
institutional capacities that clearly demonstrate to soci-
ety that “aquaculture is culture.”

Future Directions: Sustainability Science
Opportunities for Aquaculture

There are at least four major opportunities for sustain-
ability science in the field of aquaculture in the

1. Determination of “sustainable aquaculture” for
retail seafood companies

2. Growing fields of marine ecosystem and habitat
restoration, conservation biology, and ecology
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The Human Ecosystem Framework [26]. Assessment of new interventions such as aquaculture into societies requires
knowledge of not only biophysical and natural resource systems but also social resources and human social systems

3. Accelerated use of agricultural meals and oils, and
4. Development of sustainable aquaculture for the
poor

Determination of Sustainable Aquaculture
for Retailers

Sustainability science approaches to aquaculture can be
used to better plan and develop aquaculture produc-
tion networks for multiple species. Such planning
approaches can be used to plan for the creation of
highly diversified, segmented aquaculture networks,
for maximal job creation at every unit step from
“farm to plate” (e.g., seafood value chain planning),
by creating numerous interconnections supplying
inputs and outputs using local resources and recycled
wastes and materials and expertise, and to close “leaky”
loops of energy and materials that can potentially
degrade natural ecosystems.

Behavioral changes will be required by industry.
Social investments, strategic incentives/subsidies, and
innovative market mechanisms can help facilitate
change in behaviors. Self-regulation by the aquaculture
industry has led to codes of practice and better man-
agement practices.

Sustainability assessments are predicated upon the
fact that the modern aquaculture industry desires to be
seen as a responsible steward. This means going beyond
“meeting the regulations.” There are a cacophony of
certification bodies and seafood watch cards — there are
an estimated 200 sustainable seafood guides available
internationally — which has created a far too complex
and sometimes conflicting recommendations to both
consumers and retailers on what is “sustainable sea-
food” [27, 28]. Roheim [27] states that “Shrimp, in
some form, appears as a green, yellow, red, and non-
consensus list item” in the seafood “watch cards.”

The logic behind consumer approaches is that
informed consumers who care about sustainable sea-
food will demand aquaculture products that carry
a label or fit into the “green” (buy) area of a watch
card, as opposed to those products that do not have the
label, sending a market signal back to aquaculture
industries that only products from sustainable aqua-
culture farms are preferred. Many of the independent
certification programs that have developed ecolabels
and “seafood watch cards” to provide consumers with
additional information come from nongovernmental
organizations (NGOs) with specific advocacy agendas
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and not from neutral, scientific sources, or from regu-
latory bodies charged with protecting the environment
and society. For example, many fisheries and aquacul-
ture scientists are deeply concerned that consumer rec-
ommendations of NGOs are moving demand (and use)
from farmed stocks to already overburdened wild fish-
eries. The Monterey Bay Aquarium’s (MBA) Seafood
Watch Program has produced millions of folding wallet
cards featuring a “stop light” system of green (sustain-
able), yellow (chose with caution), and red (do not
choose) recommendations. Farmed shrimp and salmon,
two of the world’s largest aquaculture industries are on
the MBA red list. Roheim [27] mentions that the Com-
pass Group a major food service company has used the
MBA cards to decrease purchases of farmed shrimp and
salmon, which, in effect, has created additional fishing
pressure on wild shrimp and salmon stocks.

Most organizations believe that consumers’ increas-
ing awareness of environmental and food safety issues
will lead them to accept a wide variety of standards and
labels, most of which are specifically intended to allay
consumers’ concerns about negative environmental
consequences.

However, Roheim [27-29] points out concerns over
ecolabeling, especially the lack of transparency and
opportunity for participation in the development of
standards, and concerns of developing countries
that ecolabeling schemes are an attempt at disguised
protection of domestic industries to restrict market
access and erode competitiveness. In addition,
Wessels et al. [30] found that successful ecolabeling
programs must accelerate consumer education pro-
grams so that consumers become more aware of
differences in species, geographic regions, and certify-
ing agencies.

Roheim [29] states that ecolabels require traceabil-
ity. Traceability is the ability to follow the movement
of a food through specified stages of production,
processing, and distribution. Essentially, it is a record-
keeping system that identifies and tracks products,
transportation of products, and ingredients of prod-
ucts from origin to consumption, while providing the
ability to quickly trace back products at any point along
the supply chain. It is necessary for food safety pur-
poses, in order to track backward in the food chain the
source of food that made consumers ill, so that prod-
ucts could be removed from store shelves.

For consumers, Roheim [27] argues the need for
ecolabels determined at the larger international levels,
such as the Marine Stewardship Council (MSC), so that
consumers “do not need to inquire about catch area or
gear types, but only need to look for the label”
The plethora of efforts has also confused and perplexed
retailers who are the main “drivers” of certification
at present, not consumers [27-29]. However, even
though many buyers wish to purchase sustainable
seafood, most seafood products are not certified, and
they are very confused by the many NGO efforts.
A purchasing policy determined by assessing
which seafoods are “sustainable” by making an assess-
ment of the plethora of NGOs, “opinions” seems con-
fusing, risky, and costly. Rather, a simple, buying
protocol (Fig. 5) that incorporates a sustainability
assessment (where needed)
recommended.

as discussed here is

Aquaculture and the Restoration of Ecosystems

Aquaculture science can be viewed as a “toolbox” with
great potential for restoring aquatic ecosystems. There
is an unbalanced focus on marine animal husbandry
(e.g., “fed” aquaculture) causing a lack of appreciation
for the positive environmental attributes of nonfood
aquaculture such as marine agronomy, endangered
species aquaculture, and aquaculture for environmen-
tal enhancement and rehabilitation, all of which use
modern marine hatchery and nursery aquaculture
practices [31].

Aquaculture technologies (hatchery,
grow-out) for marine plants are used for the restora-
tion of mangroves, sea grasses, and coastal wetland
plants such as Spartina sp. In addition, live rock and
coral aquaculture facilities are active for not only the
aquarium trade, but also for the environmental
restoration of coral reefs (liveaquaria.com). In this
regard, there is little difference between sustainable
aquaculture and the emerging fields of ecological engi-
neering and industrial ecology. Indeed, tidal wetland,
mangrove forest, coral, and sea grass restoration aqua-
culture —in addition to establishment and maintenance
of oyster reefs — are important examples of aquaculture
creating, enhancing, and maintaining productive
marine ecosystems and habitats, and improving
water quality.

nursery,
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Become Better Stewards

A simple decision tree for determinations of the sustainability of aquaculture products by retailers

Aquaculture and Agriculture Science

Here, science questions as to whether aquaculture con-
tributes to the depletion of world fisheries. Fed aqua-
culture depends on both wild and farmed fish stocks
and on intact aquatic habitats and excellent water qual-
ity, plus a growing quantity of agricultural resources.
There is much ongoing policy, research, and manage-
ment concerns on the interactions of marine food fish
fisheries (“biomass fisheries”) with aquaculture and
human welfare. There is much less planning and
research regarding the future impacts of fed aquacul-
ture on agriculture.

Agricultural meals and oils as alternatives to marine
sources are developing rapidly. Current projections
forecast that fed aquaculture may use 50% or less of
the world’s fish meal [32], which would mean a large
expansion of use of agricultural and other terrestrial
sources of feed proteins and oils. Terrestrial proteins
and oils from soybeans, sunflowers, and lupins are
available at volumes larger than the available global
quantities of fish meal. Soybeans have high protein
content of ~28%, peas have ~22%, and these have
good amino acid profiles. Other abundant agricultural
cereals have lower protein contents of ~12-15%.

Processing can create protein concentrates with protein
levels of >50% [33]. Vegetable oils have very low EPA
(eicosapentaenoic acid) and DHA (docosahexaenoic
acid) levels. However, substitution of plant oils upward
of 50% of added dietary oil has not resulted in growth
reductions or increased mortalities in fish such as
salmon and trout.

If agricultural sources of meals and oils are the
future of fed aquaculture, there will be a need for a
new sustainability planning and science on the impacts
of fed aquaculture as a driver of agriculture production,
especially so for soybeans. Increased aquaculture con-
sumption of the world’s grains and oils raises the con-
cern over the spread of unsustainable agriculture
practices. Brazil has been targeted as one of the world’s
major soybean suppliers. Costa et al. [34] have dem-
onstrated that soybean farms are causing reduced rain-
fall in the Amazonian rainforest. About one seventh of
the Brazilian rainforest has been cut for agriculture,
about 15% of which is soybeans. Soybeans, which are
light in color, reflect more solar radiation, heating the
surface of the land less and reducing the amount of
warm air convected from the ground. Fewer clouds
form as a result, and less precipitation falls. In soybean
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areas, there was a 16% less rainfall compared to a 4%
decrease in rainfall in land areas cleared for pasture.

Aquaculture for the Poor

Approximately 1.3 billion people live on less than
a dollar a day, and half of the world’s population lives
on less than 2 dollars a day. FAO has stated that the
world will need to produce 70% more food for an
additional 2.3 billion people by 2050 [4]. Scarce natural
resources will need to be used more efficiently, and
there will be a need for proper socioeconomic frame-
works to address imbalances and inequities to ensure
that everyone in the world has access to the food they
need. Food production will have to be carried out in
a way that reduces poverty and takes account of natural
resource limitations [4].

The world’s population will rise from 6.8 to 9.1 billion
in 2050, with nearly all population growth occurring
in the economically developing countries. Without addi-
tional global food strategies, an estimated 370 million
people will be hungry in 2050. The magnitude of the
problem is most acute in Africa. In 10 African countries
of an estimated 316 million persons where aquatic pro-
teins are an important dietary component, 216 million
live on US$2/day, 88 million are undernourished, and
16 million children under 5 are malnourished [35].

Small-scale coastal and inland freshwater fisheries
provide more than 90% of the fish consumed in Africa.
Over 2.5 million people are involved in fishing and
7.5 million in trading, marketing, and processing. The
most important fisheries/aquaculture ecosystems are
located on the coasts of west and southern Africa and
the river basins of Senegal, Niger, Volta, Congo, Lake
Chad, Nile, and Zambezi Rivers. But today, aquacul-
ture provides less than 5% of Africa’s fish, with most
concentrated in Egypt and Nigeria [35].

Aquaculture is a global enterprise with local roots.
There are strong concerns that aquaculture is evolving
away from its global responsibility to provide net ben-
efits (additional foods) for a protein-hungry planet
[36-38]. Greater than 75% of global fisheries are
traded. In 2000, more than 60% of fish meal was
traded. Only 7% of meat is traded, 17% of wheat, and
5% of rice. To tackle this huge challenge, the FAO
ecosystems approach to aquaculture [39] has created
a new code for responsible global aquaculture

development, and has combined this into one common
development framework for a global implementation
strategy for aquaculture that can be used to measure
the trajectory of social responsibility for global
aquaculture.

If aquaculture is designed, implemented, and eval-
uated as aquaculture ecosystems, a new social contract
would have a close relationship between aquaculture
professionals who not only develop an alternative
model of aquaculture development but also interact
closely with capture fisheries and agriculture but help
deliver to the world’s poor its needs for nutrient dense,
protein-rich seafoods. Components of a global strategy
could be to:

1. Allocate more food fish and oils for poverty alle-
viation and human needs worldwide, and allocate
less marine resources for feed fish for fed aqua-
culture so as to: (a) increase the ecosystem resil-
ience of the Humboldt ecosystem, and (b) relieve
the increasing overdependence of aquaculture
countries such as Thailand (shrimp) and Norway
(salmon) on this southeastern Pacific Ocean
marine ecosystem.

Alder et al. [37] estimated that about 36% of the
world’s fisheries catch (30 million tons) are
processed into fish meal and oil, mostly to feed
farmed fish, chickens, and pigs. Daniel Pauly of
the University of British Columbia has stated that
“Globally, pigs and chickens alone consume six
times the amount of seafood as US consumers and
twice that of Japan.” Jacquet et al. [28] reported that
Peru exports about half of the world’s fish meal
from its catch of 5-10 MMT/year of anchovies
while half of its population of 15 million live in
poverty and 25% of its infants are malnourished.
A campaign launched in 2006 combining scientists,
chefs, and politicians to demonstrate that anchovies
are more valuable to the Peruvian people and its
economy as direct foods has resulted in a 46%
increase in demand fresh and 85% increase in
canned anchovies. One ton of fillets has sold for
five times the price of 1 t of meal and requires half
the fish (3 t for 1 tfillets vs. 6 t for 1 t meal). Peru has
decided to dedicate 30% of its annual food security
budget (approx. US$ 80 million) for programs to
supply anchovies to its people. Higher prices for
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fish used as direct human foods for food security
will limit processing of fish to meals for terrestrial
animal and aquaculture feeds, thereby decreasing
the supply of fish meals and oils for global aquacul-
ture trade and development, but meeting the
Millennium Development Goals of eliminating
everywhere extreme hunger and starvation.
Accelerate research into the elucidating func-
tional feed ingredients in fish diets that are show-
ing the potential to eliminate the needs for fish
meal and oils in aquaculture.

Skretting Aquaculture Research Centre [40]
reported a research on “functional ingredients”
that are contained in fish meals and oils, which
contribute to efficient feed conversions and high
growth rates, fish health, and welfare. Initial research
focused on beta-glucans that not only stimulate the
immune system of fish and protect against the effects
of bacterial furunculosis but also allow reductions
in fish meal contents in diets to 25%. Additional
research with phospholipids in meals, triglycerides
in fish oil, and antioxidants in 2008 have resulted in
excellent fish performances from feeds with almost
no marine fish meal and oil. Current research is
exploring the extraction of functional ingredients
from other non-marine by-products.
ecological aquaculture
models that accelerate the movement toward
use of agricultural, algal, bacterial, yeasts meals,
and oils.

Aquaculture uses most of the world’s fish meal
(68%) and fish oil (88%); however, Tacon and
Metian [32] predict that fish meal and oil use in
aquaculture will decrease to become high priced,
specialty feed ingredients. Currently, about 40% of
aquaculture depends on formulated feeds: 100% of
salmon, 83% of shrimp, and 38% of carp. As stated
previously, research on the use of agricultural meals
and oils to replace use of ocean resources especially
on the functional components of fish meals/oils
needed for fish nutrition is a major subject of
aquaculture research and development [41, 42].
Turchini et al. [43] reported that for all of the
major aquaculture fish species that 60-75% of die-
tary fish oil can be substituted with alternative lipid
sources without significantly affecting growth
performance, feed efficiency, and feed intake.

Develop alternative

Naing et al. [44] found that palm oil could replace
fish oil in rainbow trout diets, and reduce the dioxin
contents in fish.
Develop new governance systems that integrate
aquaculture, agriculture, and fisheries using eco-
system-based management approaches, which
combine production, distribution, and consump-
tion networks that do not institutionalize poverty
and hunger, but provide new alternative tools and
education in multisectoral ecosystem approaches.
The massive environmental change being
brought about by the accelerated growth of the
world’s population has caused profound change to
the world’s ecosystems. Crutzen and Stoermer [45]
have called this new era the “Anthropocene.” In this
era, massive quantities of additional foodstuffs will
be needed to sustain humanity; nutrient-dense,
high-quality aquatic proteins will be especially
important. The tools and training for creating the
next generation of transdisciplinary, sustainability
scientists will need to be further developed and well
utilized; otherwise, it will result in serious conse-
quences for the Earth’s living systems.
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Glossary

Artisanal fisheries Traditional fisheries involving
fishing households (as opposed to commercial
companies), using relatively small amount of
capital and energy, relatively small fishing
vessels or canoes, often beach-based, making short
fishing trips, close to shore, mainly for local
consumption.

Biofouling The accumulation of living organisms on
some surface by bacteria, fungi, protozoa, algae,
and invertebrates.

Geodesic The shortest line between two points on
a specific surface.

Open ocean aquaculture The culture of marine
organisms in exposed ocean locations, not sheltered
by islands or embayments.

Definition of the Subject

Open ocean aquaculture is not well defined by the
industry, but in general refers to culture of marine
fish, invertebrates, or algae in exposed ocean locations.
Open ocean aquaculture is contrasted to near-shore
marine aquaculture in that it occurs in areas removed
spatially from land, typically by 1 km or more; deep
water, generally deeper than 20 m; and exposure to
wind, waves, and ocean currents without shelter from
the mainland or islands. The subject of this entry is
principally the design and engineering of containment
systems suited for open ocean aquaculture.

Introduction

Near-shore finfish aquaculture worldwide is challenged
and constrained by resource user competition, envi-
ronmental carrying capacity of near-shore environ-
ments, and, in most cold-water regions of the world
essentially a monoculture of Atlantic salmon. Expan-
sion of marine aquaculture in the next 20 years will
happen substantially in offshore, exposed open ocean
areas, with a diversification of species.

The patented Aquapod™ is a unique containment
system for marine aquaculture, suited for rough open
ocean conditions and a diversity of species. The
Aquapod is constructed of individual triangular net
panels fastened together in a spheroid shape (Fig. 1).
The majority of the panels are simply structural mem-
bers and netting. Some individual panels or groups of
panels have other functions, such as access, feeding, fish
transfer and grading, harvest, mooring, and mortality
recovery. Other individual panels may have pneumati-
cally controlled flotation devices which allow an almost
infinite orientation of the Aquapod in the water. The
Aquapod functions as a total containment system for
finfish while submerged or partially surfaced.

Elements of the design have benefits for reduction
in labor for routine husbandry tasks, reduction in
maintenance costs, and reduction of stress on aquatic
animals during handling operations such as transfer,
treatment, and harvest. The “exoskeleton” design of the
Aquapod containment system also allows for internal
structures to provide for the cultivation of flatfish spe-
cies such as halibut and flounder.

Features of the Aquapod Containment System

Submersibility: Submersion is the preferred, if not the
only way to operate fish containment systems in the
open ocean. Submergence is necessary to operate a fish
pen below the destructive energy of surface waves.
Submergence also allows fish to be kept at favorable
temperatures below warm water thermoclines. The
Aquapod can be operated partially surfaced (Fig. 2)
or fully submerged (Fig. 3). Although there are other
pen designs which are designed to operate submerged,
the spherical Aquapod design is well suited for species
such as Atlantic salmon, which require periodic access
to substantial surface area in order to gulp air.
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Figure 1

The scale of contemporary net pens to date has become
problematic especially in terms of net-handling activities,
which are labor intensive, require significantly sized
hydraulic equipment, and cannot be performed in rough
ocean conditions. The modular nature of the Aquapod
solves this problem by utilizing individual net panels which
are interchangeable and scaled to be handled without
difficulty in adverse conditions. These net panels are
fastened together to form a secure enclosure, tailored to
each customer’s specific requirements

Fixed volume: The Aquapod maintains its shape and
volume in strong currents or undertow, reducing stress
and physical damage to the fish contained within.
Aquapod net pens can be constructed to any size to fit
individual customer’s needs, with a practical range of
8 m diameter (212 m°) to 24 m diameter (7,000 m?).

Containment. The structural exoskeleton of the
Aquapod provides a high ratio of structural support
to net area. Fach triangular panel is comprised of an
essentially rigid frame supporting tensioned netting.
Frames can be constructed of marine grade aluminum,
fiber-reinforced polymer, or even a combination of
materials. The modular nature of the Aquapod con-
tainment system provides for easy inspection and
inventory control as required by today’s mandated
containment management systems. Individual net
panels are coded so they can be brought into a regular
schedule of inspection, maintenance, repair, and
replacement. While surfaced in suitable conditions,

Aquapod Systems for Sustainable Ocean Aquaculture.
Figure 2

The structure of the Aquapod net pen allows for many
configurations of mooring attachment. Figure 2 shows an
Aquapod net pen partially surfaced

Aquapod Systems for Sustainable Ocean Aquaculture.
Figure 3
An Aquapod net pen submerged

a single net panel or a group of net panels can be
removed and replaced without compromising the
integrity of the containment. No other system can
offer this convenience.



Aquapod Systems for Sustainable Ocean Aquaculture

225

Predator control and escapement: Tensioned netting
has proven to be relatively predator proof in other
engineered systems. The Aquapod goes one step fur-
ther. Due to the modular structure and the relatively
small triangular units, different types of wire mesh can
be used in place of synthetic netting. This enhances
predator control in areas where triggerfish, sharks, sea
lions, and crocodiles have made fish farming impracti-
cal. Wire mesh also prevents escapement by chewing
fish such as cod and sea bream, which readily chew
through synthetic fiber netting.

Husbandry and fish health: Fish can be moved from
one Aquapod containment to another without seining
or pumping. Patent pending displacement technology
is capable of transferring fish from one Aquapod con-
tainment pen to another without brailing or pumping,
or from an Aquapod containment to a harvesting
pump without seining or other stressful means of
crowding the fish. While being transferred, fish can be
graded and counted with automated technology. In
competitive designs, these fish-handling operations
are either impossible or very labor intensive and stress-
ful on the fish.

Feeding: One or more panels in each Aquapod con-
tainment is modified to receive and distribute hydrau-
lically supplied feed from a centralized feed barge or
service boat. The semirigid and modular exoskeleton of
the Aquapod allows easy attachment of any number of
feeding ports. Multiple feed outlets provide better dis-
tribution of feed to the fish.

Safety: Worker safety is a paramount concern
when operating fish farms in open ocean conditions.
Since conception, the Aquapod containment system
has been designed to maximize automation of routine
husbandry tasks and reduce the amount of time divers
are needed in the water. Although any containment
system will need some diving, the ability of the
Aquapod to rotate within its mooring grid, bringing
any segment of the pen to the surface or near to the
surface, reduces the amount of diving, and when div-
ing is needed, the depth of the dives will be greatly
reduced. One of the most dangerous jobs on a fish
farm is net changing, and the Aquapod eliminates
this chore by providing a means to clean nets at
the surface.

Waste management. The spherical design of the
structure causes mortalities to collect at the bottom of

the pen where they can be brought to the surface with
a conventional airlift pump, eliminating the routine
and hazardous task of mortality collection by divers
(Fig. 4).

Mooring. There are many options for mooring an
Aquapod net pen. Each hub of the frame is a potential
mooring point, which allows enormous flexibility in
mooring placement and the ability to distribute
loads over a large area for safety. Any specific net
panel can be strengthened to facilitate predicted max-
imum mooring stresses, whether the Aquapod is
attached to a single-point mooring or whether it is
installed in a conventional submerged grid system
(Fig. 5). Another mooring option available in suitable
site is a two-point mooring (Fig. 6) that facilitates
Aquapod rotation.

Cost: On a capital cost per cubic meter of contain-
ment basis, the Aquapod containment system is signif-
icantly more than conventional surface pens but
significantly less than the cost of currently available
submersible net pens. Furthermore, when submerged,
the volume used to calculate containment is accurately
figured, unlike surface pens which calculate the volume
in the top part of the water column, although that space
is not used by the fish. Operational costs are less than

Aquapod Systems for Sustainable Ocean Aquaculture.
Figure 4

A simple air lift suction pump can remove mortalities and
waste from the bottom of the Aquapod net pen for
removal and processing
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existing systems due to the efficiency of the proprietary
fish transfer technology for routine husbandry tasks.
Maintenance costs are reduced by the modular nature
of the net panels and the ability to orient the Aquapod

Aquapod Systems for Sustainable Ocean Aquaculture.
Figure 5

Aquapod net pens can be moored in many different
configurations of grids

so that any part of the net pen is at or near the water
surface, making it easy to inspect, remove, and replace
individual net panels. When optional vinyl-coated wire
mesh is used for netting, net replacement is reduced
and net washing is greatly facilitated.

The true cost of any system is not only the initial
capital cost, but the life cycle cost and the cost of
operations, including risk. The Aquapod has been
designed with these factors as principal drivers.

Aquapod Technology and Engineering
Description

Current State of Design and Materials

The engineering work to date on the Aquapod design
has centered primarily on early 10 m (31 ft) diameter
units, the larger 19 m (64 ft) diameter A3600 size, and
more recent 8 m (27 ft) A212 Micropods. All these
models have used recycled HDPE materials as the
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Aquapod Systems for Sustainable Ocean Aquaculture. Figure 6

Single Aquapod net pens can be moored individually in a two-point mooring. With swivels at the bridle attachment points,

this allows for rotation of the net pen
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primary element for the struts, and plastic-coated
welded wire mesh for the net fabric. Selective reinforce-
ment around the mooring attachment points has
addressed strength issues. So far these materials seem
to work well and have been a basis for all Aquapod
installations to date. The innovations by Ocean Farm
Technologies (OFT) with testing and analysis have been
steadily advancing the design, learning the relative cost
and difficulty of various ideas, with the goal of refining
the concept and improving the economy of the design,
manufacture assembly, and installation procedures.

Mooring system components have been selected to
create a two-point design allowing movement in the
vertical direction and rotation, and single-point moor-
ings. Buoyancy calculations have been done to confirm
the near-neutral buoyancy of the system.

The main engineering goal is to design an econom-
ical pen that is strong enough, but not excessively heavy
or expensive, by defining the real safety factor of the
current design, and seeing where further structural
design improvements might be made. With a large
structure with so many repetitive elements, the changes
in any one element are repeated hundreds of times, and
thus has a real effect on cost and fabrication. Further
work is also being done by OFT with more long-range
improvements and concepts for different types of
designs using different materials or assembly ideas.

Further data from the real size pens has been used to
confirm drag forces. Loading of the pen has to date
been based on a tow test performed by a University of
New Hampshire boat on the 31-ft geodesic pen and has
been scaled up for the 62-ft pen [1]. OFT plans to
measure drag loads on existing pens as a function of
current velocity and thus more accurately establish this
relationship. The current drag forces used to date are
on the conservative side, allowing for the effect of
biofouling that increases drag.

The structural effect of wire mesh on the Aquapod
is obvious but difficult to measure or model. The mesh
contribution has not been credited in the analysis to
date, except to provide buckling restraint for the com-
pression member weak axes. As far as basic strength,
the mesh can help reduce tension stresses, but will do
nothing to reduce compressive stresses in the struts,
and since these are usually of about the same magni-
tude over the sphere, the overall effect may not be of
much importance.

Results of University of Maine Engineering Study

The use of recycled HDPE [2] plastic extrusions in this
type of structural engineering application is rare and,
for the designer, the available data on materials and
fasteners in the material is limited. For design of the
Aquapod struts, it is necessary to check the capacity of
the tension and compression members. Needed for
compression members are values to use for modulus
of elasticity, maximum allowable stresses for compres-
sion, based on buckling, yielding, and crushing, and
creep rupture of the real life struts. For design of the
tension members, the modulus of elasticity, maximum
and allowable tensile stresses, and fastener strengths are
needed. In addition, bolts and other fasteners are used
in the Aquapod and data is needed regarding end and
edge distances, strengths, and yield points. Testing of
the full size members and hub assemblies has been
desirable to confirm the actual strength of real life
members, and thus provide an indication of the real
safety factor provided in the pen.

The Hybrid Structures Testing Laboratory in the
Mechanical Engineering Department, at the University
of Maine, was engaged by OFT and performed initial
testing (1) to determine engineering data for the
plastic material that is used in the Aquapod net pen
system and (2) to test sub-component details of the
Aquapod system. The goal has been to have design
guidance to use as the limits for the members, as
calculated for the pen under the various load scenarios.
Testing was performed under the direction of Vincent
Caccese, Ph.D., P.E., Professor of Mechanical Engineer-
ing (Caccese).

The testing consisted of a total of 62 structural tests
of components as follows:

1. Material Bolt Bearing, Tensile, and Shear-out
Capacity (40 tests performed)

2. Column Compression Tests (20 tests performed)

3. Mesh Assembly Buckling (2 tests performed)

The bolt tests were done first and arrived early enough
to size the bolts in the Aquapod 3250. These tests were
primarily to determine the bolt capacities for the
tension members in the Aquapod, and to determine
how many, and what size bolts would provide the
required tension transfer from component to compo-
nent, principally in the steel-reinforced connections
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around the mooring attachment points. These tests
also showed that the tensile capacity of the struts is
a controlled by the holes, and tension members will fail
first at the bolt holes.

The compression tests were primarily aimed at
determining maximum compression loads that could
be assigned to struts, which should be a safe percentage
of the ultimate compression demonstrated by the full
size tests, and should also be a safe amount below the
maximum stress that induces the beginning of
buckling.

While the sample sizes for the compression tests
were small, the results indicate that the actual modulus
of elasticity for design use is significantly higher
than the published data provided by the plastic
vendor for design of compression posts, but well
under the value listed as an engineering property in
their material property tables. The actual reinforce-
ment of members with doublers could have been
reduced somewhat and the current design is conserva-
tively reinforced.

Assessment of Structural Stability of Aquapod
Net Pens

The geodesic sphere that has been used for this pen
is based on an icosahedron. The icosahedron is
a geometric shape consisting of ten triangular faces
that are further subdivided into triangular panels, in
the process of creating the geodesic sphere. Each of
the ten faces is subdivided into 16 triangular panels
of 10 ft on a side. Each strut is a pair of extruded
fiberglass-reinforced HDPE members. All panels are
faced with 1”7 x 1” x 16" gage vinyl-coated galvanized
steel wire mesh.

The geodesic sphere has been structurally analyzed
using finite element computer modeling, for load cases
due to various loading conditions that might be
encountered in the life of a pen. Under each load case,
an appropriate safety factor related to the likelihood of
the case was used. The load cases are:

e Drag force from current at the site or when being
towed. Using a total drag force that was extrapo-
lated from the tow testing results, the total force is
distributed around the pen based on locating max-
imum forces on the leading and trailing faces, as
oriented to the current.

e Dead load of a pen hanging from a crane on its five
part bridle.

e Drag forces with the pen in a current but with one
and two broken bridle lines.

There have been numerous numerical simulations
made of mooring line arrangements to refine the moor-
ing system arrangement, and this has been an iterative
process of examining the forces in the pen from a given
loading and mooring arrangement. Through examina-
tion and rejection of a number of possible mooring
schemes, OFT was able to come up with the final bridle
arrangement that minimizes and localizes the maxi-
mum loading in the struts. This arrangement features
five tangent bridle lines attached at the intersections
of the base icosahedron faces, which, in the pen, are
seen as a five panel intersection. The five panels
form a pentagon. The analysis has found that locating
the mooring at this position and angle will reduce the
maximum strut forces and provide a superior distri-
bution of loads within the structure.

The hub reinforcement consists of bent steel gusset
replacements for the plastic gussets in each corner of
the panels framing into the pentagons, in effect creating
a steel ring at each of these hubs. The central hub of
each pentagon receives a steel fabrication that rein-
forces the hub and provides an attachment point for
the mooring bridle. The design for the central hub was
developed for the conservative a 2-knot current load-
ing, and a lighter design was developed for the Beta pen
where the current is less.

When the member strut forces from each load case
were sorted by magnitude, they were compared to
critical allowable loading, assigned to the compression
or tension members. When mapped to the actual posi-
tions, in all cases, the maximum strut loads, both
tension and compression, are relatively concentrated
in the pentagons around the mooring forces, and
a few panels around them. The geodesic sphere distrib-
utes loading very quickly away from these areas and the
struts forces become very low. Thus, OFT developed
the recommended reinforcement of the pentagons
related to the mooring attachments. This consisted of
selective triangle receiving steel gussets and some addi-
tional bolting.

In addition, OFT looked at the sphere under the
same drag forces but with various broken tension or
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compression struts, and did not find much difference
as compared to a broken bridle line. Critical strut
failure, next to a mooring attachment, at most will
relieve the mooring force of that line and redistribute
load to the others. Failure of struts elsewhere in the
sphere just redistributes around the broken strut area
to adjacent struts, which have plenty of reserve. Thus,
the structure appears to be very robust and redundant.
OFT has engineered on the conservative side with
reinforcement requirements. The total test compressive
load of 4,800 1bs on the unmeshed strut is more than the
load previously calculated using the material properties
provided by the vendor, and the load with the mesh
included is even greater. The design has been using
3,800 1bs for the buckling strength of the short sides of
the mooring panels, which is quite a bit less than either of
the test results. The test data shows that the compressive
buckling modulus of elasticity from the published value
of the vendor is too low, since the test buckling strength
is several times higher than the predicted strength. In
the A3250, all members with compression loads greater
than their buckling load calculated with E = 75,000 were
reinforced. Since the tests show greater E, around
150,000, this reinforcement is quite conservative.

Feasibility of Scale-Up

OFT performed a preliminary analysis of a 28-m diam-
eter pen using a scaled-up version of the A3250. This is an
icosahedron but uses many additional panels of the same
basic size of about 10 ft to a side, and encloses 11,000 m”.
The dead load case is the most severe. This is the load
seen if the sphere were hung from a crane. The drag
load with one broken mooring line appears to cause
a similar magnitude axial loading in the worst struts.
Since the dead load is 90,500 Ibs., it will exceed the drag
load determined using the drag calculation. The drag at
1 m/s current (2 knots) would be around 60,000 Ibs.

The most-loaded members are all associated with
the mooring line attachment points as before. The
pentagon at each mooring line is highly loaded, more
so than the previous A3250 aquapod, and will be
specifically reinforced as before. These loadings are
relatively discrete areas and an inexpensive reinforce-
ment will be devised for these pentagons, or they will
be specially fabricated from a different material or
configuration.

There are also high loads in the next members
radiating from the pentagon on the downstream side.
After the pentagon, most of the highest stressed mem-
bers are in the hexagon of six panels just downstream of
the pentagon. This hexagon will be treated like the
pentagon and reinforced to handle the loads. The rest
of the pen seems to have relatively lower loads. The
extruded HDPE material with wire mesh is very capa-
ble of these loadings.

Aquapod Installations and Experience to Date

Ocean Farm Technologies has installed 26 Aquapod net
pens prior to 2011. Initial prototypes were deployed in
Maine and New Hampshire (Figs. 7-9). The first com-
mercial-sized installation of a Beta model was in
Culebra Puerto Rico at Snapperfarm Inc (Fig. 10).
A commercial crop of cobia (Rachycentron canadum)
was grown in this Aquapod. OFT proceeded to
develop small net pens with installations in Panama
(Figs. 11, 12 and 13) and Mexico 9 (Fig. 14). The first
commercial sale, in 2008, was to a company in South
Korea which was in transition from wild-catch fishery
to farming (Figs. 15 and 16). Most recent sales
have been to Mexico, where several sizes of Aquapods
are deployed to grow shrimp (p. vannemei) (Figs. 17,
18, and 19).

Aquapod Systems for Sustainable Ocean Aquaculture.
Figure 7
Belfast, Maine, USA 2004 prototype A
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Figure 8
Bucks Harbor, Maine 2005 prototype B A400
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Aquapod Systems for Sustainable Ocean Aquaculture.
Figure 9
Portsmouth, New Hampshire, USA 2005 prototype C A400

Future Directions

Low-Volume High-Density Net Pen Culture for Open
Ocean Aquaculture

The emergence of an open ocean aquaculture industry
provides an opportunity to reexamine traditional prac-
tices, such as the preference for ever-larger net pens for
fish containment. The industry’s focus on maximizing
net pen size is driven by the convention that large net
pens provide more growing volume for a given

Aquapod Systems for Sustainable Ocean Aquaculture.
Figure 10
Culebra, Puerto Rico 2006 Beta 1 A3250

Aquapod Systems for Sustainable Ocean Aquaculture.
Figure 11
Puerto Lindo, Panama 2008 Beta 2 Micropods

investment. Because net pen costs can vary with the
square of linear dimension while the volume varies by
the cube, this assumption has merit. However, the
assumption that larger net pens are more cost effective
requires that stocking density remain unchanged
throughout the size comparison. Stocking density in
terms of kilograms per cubic meter is a useful fish-
husbandry parameter in pond- and tank-based aqua-
culture where extensive research has been done and
where water exchanges are predetermined. There is
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Figure 12
Woods Hole, Massachusetts, USA 2008 Aquadome

Aquapod Systems for Sustainable Ocean Aquaculture.

Figure 13
South Korea, 2009 A3600

also a growing body of data regarding stocking density
in salmon net pens; however, these studies have been
done in near-shore, low-energy environments. Little or
no research has been done in open ocean net pen
culture comparing density optimization over a range
of net pen volumes, especially small net pens.

The principle advantage of small pens is that
ongrowing fish are closer to their source of clean
water. By similar logic, the small net pen, as a whole,

because of its shorter stream-wide dimension

Aquapod Systems for Sustainable Ocean Aquaculture.
Figure 14
South Korea, 2009 3-A3600

Aquapod Systems for Sustainable Ocean Aquaculture.

Figure 15
Panama, 2010 A132 copper mesh

experiences more water exchanges in a given current.
From the perspective of an individual fish in an ocean
net pen, water quality depends on how many other fish
are metabolizing between it and its source of clean and
oxygenated water from outside the containment. At
constant kg/m’, interior fish in a large net pen experi-
ence significantly degraded water quality compared to
interior fish in a small net pen.

The potential advantage of low-volume, high-
density (LVHD) net pen culture is not a new concept.
Schmittou pioneered the concept of LVHD in 1968,
and the approach has since been applied in a project
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Figure 16
Mexico, 2009 A3600 under tow

Aquapod Systems for Sustainable Ocean Aquaculture.
Figure 17
Sorrento, ME USA A400

sponsored by the American Soybean Association in
China [4]. Growing densities of up to 200 kg/m” are
recorded. McMaster et al. [5] suggests stocking density
ranges for Florida pompano between 35 and 100 kg/m”.
Even at close to typical salmon stocking densities,
the economics of small net pens become apparent.
Table 1 shows a constant crop yield per capital invest-
ment in containment as density in the smaller net pens
is increased.

In addition to this economic advantage, strong,
secure small net pens will alleviate some of the

Aquapod Systems for Sustainable Ocean Aquaculture.

Figure 18
Mexico, 2010 2-A3600, 1-A212

economic barrier to entry for offshore fish farming.
Small net pens require smaller vessels and support
equipment; they are easily shipped, assembled, and
deployed. In the near term, OFT sees a potential market
for net pen hardware export to developing world econ-
omies that are transitioning from capture fisheries to
fish farming, and who want to skip the near-shore
environmental problems and user conflicts by moving
directly offshore. This includes third world artisanal
fishermen who in global aggregate contribute to
marine fish resource depletion. Also, the mooring
gear required for smaller net pens is lighter and more
secure; scuba diving is reduced — especially deep diving;
harvesting is easier; small pens are easier to tow; and
risk is diversified.

Use of Small Aquapods for Artisanal Fish Farming

According to the FAO, “Artisanal Fisheries” are tradi-
tional fisheries involving fishing households (as
opposed to commercial companies), using relatively
small amount of capital and energy, relatively small
fishing vessels or canoes, often beach-based, making
short fishing trips, close to shore, mainly for local
consumption. Artisanal fisheries can be subsistence or
commercial fisheries, providing for local consumption
or even export. They are sometimes referred to as
small-scale fisheries or day fisheries.

Numbers of artisanal fishermen are hard to obtain
because the sector is informal, often outside the regu-
lated fishery (some illegal) and part-time. In Ghana, for
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Aquapod Systems for Sustainable Ocean Aquaculture. Figure 19

Mexico 2010 A212 under tow

Aquapod Systems for Sustainable Ocean Aquaculture. Table 1 The 212 m® net pen stocked at 51 kg/m? gives interior
fish better access to clean water (less biomass between center of net pen and net) and an equal yield per capital cost of

containment

Yield from various-sized Aquapod net pens

Approximate

Size of Radius Diameter

cost of aquapod Final stocking

Biomass of fish
between center

Yield (kg) per
Yield per capital cost of

pen m® | (m) (ft) (USD) density (kg/m®) of pen and net  pen (kg) containment (kg/$)
7,000 11.87 77.8 $218,000 17 202 119,000 0.55
3,600 9.51 62.4 $140,000 21 200 75,600 0.54
212 4.04 26.7 $20,000 51 189 10,812 0.54

example, canoe fishermen go to sea for about 150 days
a year. Half the catch is obtained in 2 months, so it is
obviously a part-time endeavor. The FAO estimates
that as much as 95% of the annual catch in Africa is
from artisanal fisheries. In Mexico, the FAO estimates
that 96.6% of the fishing fleet (108,205 boats) are
panga (skiffs). Worldwide, the UN estimates there
are 35-million people whose primary livelihood
comes directly from fishing, and that artisanal fisher-
men outnumber large- and medium-scale fishermen by
4 or 5 to 1. This would put the number of artisanal
fishermen in the range of 28 million to 30 million
individuals worldwide (Table 2).

From NIOSH Second Conference on International
Fishing Industry Safety and Health Overexploitation
of coastal resources and decreasing catches has forced

subsistence artisanal fishermen to go further
offshore in search of fish in vessels designed for
near-shore use. In a study done in 2000, the FAO
reports an alarming increase in fishing-related fatalities
as a result.

Small-scale marine aquaculture is one way to bring
sustainability and consistency to this often-overlooked
fishery sector. Turning artisanal fishermen into arti-
sanal fish farmers will not be an easy task. However,
small Aquapods have several advantages, beside afford-
ability, that makes them advantageous for artisanal
aquaculture:

e Size of boats and equipment can be smaller
e The 7-10-m diameter Aquapods can be serviced
with existing artisan vessels, whether motorized
or not. Equipment needs are minimized and
may include a small air compressor or pump.
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Aquapod Systems for Sustainable Ocean Aquaculture. Table 2 Estimates of the number of fishing vessels in Pacifica [3]

6
Cook Islands 10 L/L 200 120
Fiji 96 L/L; 1 P/L 1,600 400
Fed. States Micro. | 34 L/L; 8 P/S 2,000 600
Kiribati 2 L/L;1P/S 600 5,000
Marshall Islands | 54 L/L; 5 P/S 500 250
Nauru 1L/L 100 80
Niue 100 skiffs 60 240
Palua 71 L/L; 1 P/S 700 40
PNG 40 L/L; 24 P/S 8,000 10,000
Samoa 153 L/L 80 100
Solomon Islands |8 L/L; 2 P/S; 12 P/L 1,800 5,000
Tonga 26 L/L 800 200
Tuvalu 20 skiffs 200 500
Vanatu 10 skiffs 250 500
Total 495 L/L; 40 P/S; 14 P/L 16,890 24,530

P/L pole and line vessel, P/S purse seiner, L/L longliner

e Ease of assembly and deployment — lighter mooring

gear

e Small Aquapods are easy to assemble, and can be
put together by several men using hand tools on
a beach and rolled into the water (or rolled out
of the water for harvest). The small sectional
area means a relatively low drag resistance, so
mooring gear can be much lighter than tradi-
tional net pens.

Single-point moorings are simple and inexpensive

e An attractive option from a cost and environ-
mental standpoint for these small pens is a
single-point mooring, allowing the net pen to
swing in a watch circle just as a boat moored in
a harbor. Low drag forces on the anchor make
this feasible.

Less deep diving, most diving can be done by

hookah

e A net pen less than 10 m in diameter, when
brought to the surface for maintenance, will
allow almost all underwater activity to be

performed without scuba gear. The spherical
shape of the pen and the ability to rotate it
allows for all portions of the net to be surfaced.

More available deployment areas due to shallower

water depth

e Conventionally sized submersible pens require
water depths of more than 30 m. The small
Aquapods can be deployed in water depths of
12-25 m. This means boat trips far offshore are
not necessary.

Easier harvest — selective harvest by netting or

whole pen harvest is possible.

Diversification of risk as opposed to “all eggs in one

basket.”

Ease of towing — their small size and rigidity facilitate

easy repositioning, or towing of a pen to market port.

Predator proof

e Sharks, seals, and sea lions are a huge risk to
artisanal fisheries — in some places, sharks are
one of the main targets of artisanal fishermen.
According to the Chamber of Commerce in
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Somalia, sharks constitute 90% of the artisanal
catch. Artisanal fish farmers cannot tolerate this
risk to the crop and to human safety, and the
shark proof Aquapod is the solution.
e Storm resistant

e The Aquapod net pens are submersible, so they
can be submerged below storm waves when
a hurricane or typhoon approaches, eliminating
a potentially devastating risk.

Economics of Artisanal Fish Farming with Aquapods

Catch estimates from artisanal fishermen are difficult
to obtain — most are subsistence harvests, some excess is
sold locally, and a little is exported. The sparse data that
exists can only estimate the amount of fish that are
consumed by the fisherman’s family and community
based on how much is sold. However, FAO estimates of
annual catches range from 2.5 t per year per boat
(Yemen) to 3.6 t per year per (Mexico). Considering
that the smallest Aquapod (212m”) could easily contain
5-10 t of fish at harvest, several of these small pens
could probably produce more harvest than most arti-
sanal fishermen ever see in a year.

Following is a spreadsheet analysis of what the eco-
nomics of a small artisanal fish farm would look like.
The assumptions include realistic and current pricing
for commercial fish farm expenses, as low-volume pric-
ing and sourcing of feed and fingerlings is unknown, and
most likely would require some public sector support.
As with all producing units, the sensitivity of market
price trumps all other variables. Labor costs are assumed
to be nil, as this is a family-scale operation.

The establishment of artisanal fish farms will likely
be a private/public cooperative effort with governments
and/or NGO’s subsidizing some capital costs, providing
low interest loans, organizing distribution of feed and
fingerlings, and providing training to artisanal fisher-
men as incentives to evolve from dependence on shrink-
ing capture fisheries to a sustainable farming economy.

Artisanal Aquapod Farm

A212 Aquapod Net Pens (No. of Aquapod Net Pens: 4)

Sales $212,000 | | Assumptions
Cost of goods Biological FCR | 1.7
sold

Feed $124,879 Feed cost per | $1.65
kg
Fingerling $34,980 Harvest size in | 2.0
kg
Outside $1,000 Price of $1.50 ea.
services fingerlings
Dive/Scuba $2,000 m? of growing | 848
expenses vol.
Workboat $3,000 Stocking final | 50 kg/m3
expenses density
Fuel and oil $1,500 Number of fish | 21,200
expense harvested
Small tools $250 Kg Harvested | 42,400
Concession $500 Sale price $5.00 |Kg
Consumables | $750 Amortization 7 years
period
Maintenance | $1,500 Aquapod A212 | $19,000 | ea.
net pen cost
Miscellaneous | $800 Mooring cost $3,000 | ea.
Fish health $1,000 Total capital $88,000
cost
Amortization |$12,571 Annual $12,571
of Aquapods amortization
expense
Cost of goods | $184,730
sold
Gross margin | $27,270
Other $1,200
overhead
Net Income $26,070
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Glossary

Founder bird (F,) A bird into which a genetic vector
was introduced. This vector may become incorpo-
rated into the chromosomes of some of the somatic
and germ cells of the bird.

F; bird The offspring of the F, bird. Transgenic F;
birds will contain the transgene incorporated into
a chromosome in every cell of the animal.

Germ line chimera A genetically modified founder
bird (Fy) in which the introduced biological mate-
rial (i.e., DNA, virus, cells) has contributed to cells
of the germ cell lineage of the host animal.

Primordial germ cells Cells in the developing embryo
belonging to the germ cell lineage at a developmental
stage before any sexual differentiation has occurred.
These primitive germ cells may be located in the
embryo in tissues other than the forming gonad.

Retrovirus A virus that carries its genome as an RNA
molecule. After infecting a cell, the RNA is
reverse transcribed into a DNA molecule that is
inserted into the genome of the infected cell at
which point it is referred to as a provirus. The
provirus is passed to all daughter cells as part of
the host cell’s genome.

Recombinant proteins A protein produced using
recombinant DNA technology. The DNA sequence
encoding the protein of interest is artificially

constructed using genetic engineering and the pro-
tein is produced by inserting the DNA along with
DNA regulatory
a eukaryotic cell, or an animal.

regions into a bacterium,

Transgenic bird Any avian species in which part of its
genetic component contains DNA deriving from an
exogenous source, or that the genome of the bird
has been altered by human intervention.

Transgenic bird lines A flock of birds deriving from
a F, bird containing a transgenic modification at

a defined genetic locus.

Definition of the Subject

Transgenesis is the process by which an exogenous DNA
molecule is incorporated into the genome of an animal.
This technology promises the possibility to investigate
and manipulate the production traits of poultry, pro-
duce recombinant proteins in the eggs of genetically
engineered layer lines, and directly intervene in the
health and welfare of avian species. The complexity of
the avian egg and the precocious development of the
avian embryo in the female before oviposition (laying)
have hindered endeavors in avian transgenesis. Three
decades of effort have been carried out to achieve the
genetic modification of the avian genome. The gener-
ation of novel methods for the modification of the
avian genome has led to the current advances in the
field of avian transgenesis. This entry will delineate
the methods used for avian transgenesis, the current
state of the art, and the potential future directions
research in this field will take.

Introduction

Due to its use in meat and egg production and also as
a model organism for developmental biology studies in
laboratories, the chicken is the most widely used bird
species for the development of transgenic technologies.
There are three commonly cited incentives for the
development of transgenesis in the chicken. These are
the production of biopharmaceutical proteins in eggs,
the generation of disease-resistant flocks along with an
increase in understanding disease resistance in poultry,
and the generation of useful transgenic lines for
studies of developmental biology. With the recent
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development of novel avian transgenesis techniques,
these goals are beginning to be achieved.

The principal rationale behind this emerging field is
industry driven and is to produce a platform for the
biosynthesis of biopharmaceutical proteins in chicken
eggs. Animal-based bioreactors, a process sometimes
referred to as animal “biopharming,” were proposed as
a non-cell-based method for the production of recom-
binant human proteins in the 1980s (reviewed in [1]).
Animal-based bioreactors were inferred to be a lower
cost, safe, and more efficient system in which to pro-
duce large quantities of bioactive recombinant proteins
than cell-based production platforms. Efforts to pro-
duce recombinant proteins in larger animals have
focused on the secretion of the target protein into the
milk of the transgenic animal using the regulatory
regions from a milk protein gene. Potential mammalian
species commonly proposed and studied for recombi-
nant protein production include cows, pigs, sheep,
goats, lamas, and rabbits. After over two decades of
investigations, the first biopharmaceutical protein pro-
duced in an animal’s milk has been approved for use in
humans in Europe and the United States. This product
is recombinant human antithrombin (ATryn-GTC
Biotherapeutics) produced and isolated from goat’s
milk. Profitability in the marketplace along with con-
sumer acceptance will be the key factor in determining
the success of this and similar ventures using large
animal delivery systems. In addition, the regulatory
approval of this recombinant protein validates the use
of animal bioreactors for protein production.

The chicken has also been proposed as a potential
animal-based platform for the production of recombi-
nant human proteins. In this case, the recombinant
protein is produced in the oviduct of the hen and
secreted in the forming egg as it passes down the ovi-
duct. The target protein would be targeted to the egg
white of the egg using the regulatory regions from one
of several proteins expressed in the albumen of chicken
eggs (reviewed in [2]). The chicken has several advan-
tages over larger animal-based bioreactors. The chicken
has a shorter generation time than a larger mammal
(4 months for egg production vs. 14 months for first
milk production in goats), which means a more rapid
time from production of the transgenic animal until
production of the recombinant protein (Fig. 1). This,
in turn is reflected in the second advantage, which is the

Introduction of genetic
material into zygote

3 weeks l

4 months Founder (Fg) chickens

10 months F4 chickens
11 months
Assay eggs Examine phenotype

Orngy o

Avian Specific Transgenesis. Figure 1

Time line for production of transgenic chicken lines. The
time line from the introduction of a transgenic construct
into a fertilized chicken egg until the generation of F,
offspring. The F, animals can be analyzed for gene
expression or bred to transmit the transgene to the next
generation

lower cost of protein production in chickens. One
estimate predicts that the cost of recombinant proteins
in chickens will be 1/5 of that of larger mammals [3].
This is due to the reduced costs of housing, feed, and
quantity of recombinant protein produced per animal.
In addition, the glycosylation pattern of secreted pro-
teins in chickens is closer to the pattern seen on human
proteins than those seen on proteins secreted in several
large mammals [4].

Several studies have reported the production of
bioactive recombinant protein in chicken eggs [5-7].
The methods used to produce these transgenic animals
will be discussed in the following sections. These initial
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reports demonstrated that bioactive recombinant
human proteins can be produced in the eggs of trans-
genic chickens. To date, excluding the production in
influenza vaccines, no proteins produced in chicken
eggs have been approved for use in humans.

A second reason for the production of transgenic
chickens is the development of transgenic models for
the study of the biology of the chicken and develop-
mental biology in general. The chicken has long been
a model system for the study of developmental biology
due to the accessibility of the chicken embryo in the
developing egg [8]. The preeminence of the chicken as
the model system for embryological studies is now
taken by the mouse and the zebra fish due to the
lower costs associated with maintaining colonies of
these animals, quicker breeding times between genera-
tions, and most importantly, the ability to investigate
gene function using transgenesis. New developments
in avian transgenesis have led to the development of
new avian models for developmental biology [9, 10].
The generation of transgenic lines containing the
green fluorescent protein (GFP) in every cell of the
developing animal permits the fate mapping of living
cells, the study of cells and their descendants during
embryogenesis. This has facilitated the investigation of
axial stem cell populations in the chicken embryo and
the formation of a novel hypothesis for cellular sex
identity in avian species [10, 11]. The development of
more advanced methods of transgenesis will permit
the generation of chickens containing genetically mod-
ified alleles, which will serve as models for investiga-
tions of early development, avian physiology, and
production traits.

A third major reason for the generation of transgenic
chickens is to use genetic modification for the increase of
production traits that would lead to a decrease in envi-
ronmental impact for poultry production. This could
also be viewed as means of addressing the sustainability
of the poultry industry with increasing demand on pro-
duction and decreases in available resources. One man-
ner in which this could be accomplished is by reducing
waste production during rearing and increasing meat
production for unit energy (reviewed in [12]). Several
transgenic models have been developed in mammalian
farm animals which exemplify the potential benefits of
trait modification. A transgenic pig producing less
organic phosphate waste products has been produced

[13] and a similar strategy has been proposed for the
chicken [14].

A comparable impact could be achieved on poultry
production by reducing the losses attributable to dis-
ease. Avian transgenesis offers the potential to generate
disease-resistant poultry and to investigate the genetic
traits of disease resistance in poultry. It is estimated that
during the avian influenza outbreak of 2004-2005,
100 million chickens were culled in Southeast Asia
[15]. Using transgenic technology, the capability exists
to generate a transgenic animal which will be resistant
to several of the endemic diseases affecting poultry
production (Avian influenza virus, Marek’s disease,
Newcastle disease, fowl cholera). While the production
of these birds for use in meat and egg production is not
currently accepted, transgenic chickens will be of use
for investigating the pathogenesis of infection and the
determination of viral targets of infection and patho-
genesis. This in turn could generate targets for directed
vaccine development. In addition, the validation of
genetic traits for disease resistance also necessitates an
analysis of the disease loci using transgenic technology
in avian cells or the whole animal. Currently, no dis-
ease-resistant transgenic chicken models have been
developed, but the production of transgenic cattle
with resistance to mastitis suggests that this will be
a profitable area of investigation [16]. With increasing
demands on poultry production, an increase in
methods of disease resistance will be needed.

Methods of Avian Transgenesis

The first efficient method developed for the introduc-
tion of exogenous DNA into mammals to create germ
line chimeras was using pronuclear injection [17]. This
technique entails the microinjection of DNA encoding
the gene of interest (transgene) into the male pronu-
cleus of the recently fertilized oocyte at a developmental
stage previous to the first cell cleavage. Although pro-
nuclear microinjection was primarily developed for
transgenesis in the mouse, it has been exploited to
generate transgenic animals in rats, sheep, cows, pigs,
and rabbits [18-20]. Rates of transgenesis using pro-
nuclear injection (transfer of the injected transgene to
the genome of the offspring) in species other than mice
are low. In general, only 1-5% of the offspring will have
incorporated the transgene into their genome.
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The use of pronuclear injection is even more prob-
lematic in the chicken. The laid chicken egg consists of
a single epithelial layer of unpatterned cells termed the
blastoderm consisting of 45,000-60,000 cells [21].
Injection of any biological material at this stage sig-
nifies that only a small proportion of the embryonic
cells will be potentially exposed to and incorporate the
transgene into their genome. The development of the
chicken zygote in the hen before the egg is laid neces-
sitates that pronuclear microinjection can only be car-
ried out with surgical removal of the fertilized oocyte
from the hen. This entails that the egg is subsequently
surgical transferred to a surrogate host hen or cultured
in vitro for 21 days until hatching [22]. The ovum of
the avian egg is the large opaque yolk of the egg. The
ovum contains a small pool of cytoplasm lying on the
yolk material in which the pronuclei are located.
Microinjection into the pronuclei is not possible
because of the opacity of the yolk material underlying
the nuclei; thus any injected biological material must be
injected into the cytoplasm surrounding the pronuclei.
For this reason, the rate of transgenesis for using pro-
nuclear injection chickens is much lower than in other
vertebrates and the delivery of biological material is
usually performed in the laid egg (Fig. 2).

Injection of DNA into Early Avian Oocytes

Microinjection of DNA transgenic constructs into the
early chicken oocyte has proven to be a feasible proce-
dure for the production of transgenic chickens. As
described above, the DNA construct is injected into
the cytoplasm of the fertilized oocyte at an early devel-
opmental stage (Fig. 2). The egg is subsequently cul-
tured ex ovo in a host shell until normal hatching
occurs. Love [23] introduced a -galactosidase reporter
construct into the fertilized chicken oocyte and cul-
tured the embryos ex ovo until hatching. In this report,
50% of the injected embryos contained the transgene
and 14% of the hatched founder birds transmitted
the transgene to the next generation. This is a similar
transmission rate to that observed in mammalian
species using microinjection. A comparable result was
observed in which founder transgenic chickens were
obtained using microinjection and a modified ex ovo
culture system [24]. In this example, no germ line
transmission to the F; generation was observed.

Biological reagent

Avian Specific Transgenesis. Figure 2

Introduction of genetic material into the fertilized zygote.
The genetic material to be introduced into the egg (DNA,
viruses, transposons, purified proteins) is either first
transfected into cells for packaging or directly introduced
into the egg at an early stage of development (laid egg or
fertilized oocyte). The embryo is subsequently incubated
until hatching in its own shell or a host chicken shell. The
hatchling will then be analyzed for the genetic
modification

Although it is possible to produce a transgenic bird
using microinjection, this avenue of research has not
proven fruitful due to the cost and difficulty in
obtaining and manipulating the early chicken oocyte.
Instead, research has focused the use of retroviral vec-
tors for the introduction of transgenes into the genome
of the chicken at laid egg stages of development.

Replication-Competent Viral Vectors

A more efficient method to create genetically modified
chickens is using retroviral vectors to introduce
transgenes into the chicken genome. Retroviruses are
RNA viruses that reverse transcribe the RNA genome
into a DNA intermediary that is integrated into the
genome of the infected cell. The integrated virus, or
provirus, transcribes new copies of the viral genome
that are packaged into new viral particles that bud from
the infected cell and in turn infect neighboring cells. In
this manner, most cells of the developing embryo will
be infected along with the germ cells. Germ cells
containing the integrated provirus in their genome
will transmit this modification to all of the cells of the
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offspring deriving from that germ cell. Using recombi-
nant DNA technology, it is possible to remove part of
the viral genome and replace it with an inserted trans-
gene. In this manner, a line of genetically modified
chickens can be produced containing a transgene of
interest.

The first use of retroviruses in chicken for
transgenesis used viruses that were replication-
competent (i.e., infective). In this case, the virus was
injected at the laid egg stage and incubated until hatch-
ing. Though initially only a small portion of the blas-
toderm may be infected, because the viral infection
spreads during development, many more cells will con-
tain proviral inserts. The first demonstration of the
genetic modification of the chicken germ line was
accomplished using a replication-competent avian ret-
rovirus. Salter [25] injected either reticuloendothelial
virus or avian leukosis virus under the blastoderm of
laid eggs. They demonstrated that the integrated pro-
virus could be found in the offspring of the injected
hosts [25]. As a further demonstration of this technol-
ogy, using the ALV retrovirus, 24% of founder animals
contained the integrated provirus and this was trans-
mitted to F; offspring with a transmission rate between
1% and 11% [26]. A replication-competent retrovirus
was also used to introduce a transgene containing the
bovine growth hormone under control of the mouse
metallothionein promoter into founder (Fy) chicken
[27]. Thus, replication-competent viruses offered an
initial alternative to pronuclear injection for chicken
transgenesis.

It must be noted that replication-competent viruses
are limited in their usefulness in transgenesis for several
reasons. First, since replicative virus can reintegrate
into the genome, it is difficult to correlate a single
integration site with the synthesis of recombinant pro-
tein from the integrated transgene. This is important as
any regulatory approval procedure will require geneti-
cally defined transgenic animals containing a single
defined transgenic insert which produces consistent
levels of recombinant protein [28]. Second, insertion
mutagenesis caused by the insertion of a retrovirus can
disrupt an endogenous genetic locus and also lead to
malignant cell growth in the host animal (reviewed in
[29]). Third, and most important, a process called viral
or transgene silencing is often observed in animals
containing replication-competent proviral inserts. In

transgene silencing, the transgene becomes silenced
after it is introduced into early embryos, which is
correlated with a high level of cytosine methylation
throughout the proviral genome [30]. In the transgenic
offspring of these founder animals, the transgene is not
expressed or expression levels are severely reduced and
the proviral genome is usually methylated in the long
terminal repeat (LTR) region. It is believed that retro-
viral silencing occurs in the stem cell populations of the
early embryo and leads to permanent silencing of tran-
scription from the integrated provirus (reviewed in
[31]). For these aforementioned reasons, replication-
defective retroviruses have become the tool of choice
for avian transgenesis.

Replication-Defective Viruses

Replication-defective retroviruses are modified retro-
viral vectors that are capable of infecting a host cell but
lack key viral genes necessary to complete the viral life
cycle and produce infective viral particles. In replica-
tion-defective retroviral vectors, a large portion of the
viral genome has been removed from the virus and
these genes are supplied in trans to allow for packaging
of the defective viral particles. The envelope proteins of
the viral vector can also be modified (viral pseudo-
typing) to permit infection of cell types and species
normally outside of the retrovirus host range. The
integrated provirus will contain a viral promoter in
the LTR and few viral genes. It is also possible to
incorporate a large transgene (8-9 kb) into the provirus
in place of the truncated viral genome.

The first demonstration of germ line transgenesis in
chicken used a replication-defective reticuloendothelial
retroviral vector containing a neomycin reporter gene
injected into the blastoderm of laid eggs [32]. Twenty-
two percent of the F, hatchlings contained proviral
integrations and the transmission rate to the F; gener-
ation was between 2—8%. Expression of the neomycin
transgene in these birds was not demonstrated.

Since this first report, replication-defective retrovi-
ruses have been used extensively for chicken
transgenesis. The most common retroviral vectors
used are spleen necrosis virus, avian leukosis virus,
reticuloendothelial virus mentioned previously, and
Moloney murine leukemia virus (MMLV). All of
these vectors have been used to generate several lines
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of transgenic chickens [33-36]. Transmission rates of
the integrated provirus after blastodermal injection
from Fy cockerels to F; offspring have been reported
to be as high as 8%.

A novel development of this technology is to induce
expression of the recombinant protein at defined
timepoints to avoid possible transgene toxicity during
development. This was achieved by using a replication-
defective MMLV containing a tetracyline-regulated
promoter to drive expression of human-recombinant
erythropoietin protein in chicken eggs only in the
presence of the inducer, doxycycline [7]. More than
90% of the F,, chickens contained proviral integrations,
and these birds transmitted the transgene to between
0.7% and 1.8% of the F; generation. Recombinant
erythropoietin was produced in eggs after doxycycline
induction.

In some replication-defective retroviral vectors,
there is ongoing transcription from viral regulatory
LTRs in the proviral insert. This transcription is
thought to lead to a partial silencing of the adjacent
transgene. An example of transgene silencing in
birds was observed in transgenic quail containing
a replication-defective MMLV using a LTR to drive
expression of a GFP reporter construct [37]. Transgene
expression was silenced in F; and F, birds. Other lines
of transgenic chicken have displayed some suggestions
of silencing between generations using the MMLYV virus
[38]. Researchers have attempted to circumvent this
problem by using modified MMLYV vectors containing
internal promoters to drive transgene expression. This
strategy appears to have worked in some transgenic
birds that had no transgene silencing between genera-
tions [39]. Still, because of the perceived problems of
silencing of these retroviral vectors, researchers have
turned to a different class of retroviruses, the lentivi-
ruses, for avian transgenesis.

Lentiviral Vectors

Lentiviral vectors have primarily been developed as
potential viral agents for gene therapy in humans.
Some of the advantages of lentiviral vectors are that
the integrated provirus is preferentially incorporated
into the open chromatin structure surrounding
expressed genes, lentivectors will infect and integrate
into the genome of post-mitotic cells, and the viral

vector accepts a transgenic insert up to 9 kb in size.
Moreover, there appears to be no transgene silencing
upon transmission of the integrated transgene between
generations [40, 41].

As an alternative to other retroviral vectors and to
pronuclear microinjection, replication-defective retro-
viruses of the lentivirus class have proven to be very
efficient for use in mammalian transgenesis [42, 43].
These vectors have been used successfully to generate
transgenic cattle, pigs, rats, sheep, rabbits, and primates
[44—-48]. In these cases, the viral particles are injected into
the perivitelline space surrounding the fertilized zygote.
The zygote is reintroduced into surrogate hosts and the
animals are bred and tested for germ line transmission.

The first demonstration of the use of lentiviral
vectors for avian transgenesis used viral vectors
containing transgenes encoding GFP or
B-galactosidase reporter genes [49]. Viral particles
were injected into the blastoderm of laid eggs as
described above. Efficiency of transmission of the inte-
grated transgene from founders to the F; generation
was between 4% and 45% and no transgene silencing
was observed between generations. Since this report,
lentiviral vectors have been used successfully to generate

either

transgenic chickens containing a range of transgenes
[6, 9, 10, 50, 51] and transgenic quail [52-54] and
also transgenic zebra finch [55]. These vectors have
also proven useful to generate biopharmaceutical pro-
teins in eggs. Recombinant human B-interferon has
been produced in the egg white of transgenic chicken
[6], and recombinant human interleukin-1 receptor
antagonist has also been produced in the eggs of
quail [56].

While lentiviral vectors may now be the preferred
method for generating transgenic birds, there will be
public concerns with the use of transgenic birds
containing retroviral transgenes, in particular, HIV-
based lentiviral transgenes, for the production of bio-
pharmaceutical recombinant proteins and the develop-
ment of advanced production traits in avian species. It
remains to be determined if consumer acceptance of
these products will be forthcoming.

Transposons

Transposable elements were first identified by the sem-
inal work by Barbara McClintock in maize [57].
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Transposable elements are mobile genetic elements
found in the genome of all organisms and are able to
move (i.e., translocate) from one region of the genome
to another. These are modules of selfish DNA that exist
only to replicate their own DNA and are postulated as
parasitic invaders of most genomes [58]. Transposable
elements differ from viruses in that they do not spread
by infection of neighboring cells; they are usually passed
passively through cell division to daughter cells. Class II
DNA transposons are a distinct type of transposable
element that moves through the genome using a “cut
and paste” method. The DNA transposon encodes
an enzyme called a transposase which mediates the
removal of the transposon from one chromosomal
location and the insertion into a second chromosomal
location. DNA transposons have been modified for the
use in transgenesis in many vertebrates. This entails
that the coding sequence for the transposase is deleted
from the transposon and subsequently introduced into
the cell with the transposon in trans [59]. The transpo-
son will be incorporated into the genome of the cell but
cannot “jump” to a new genomic location because it
lacks the transposase gene. This is similar in approach to
the packaging of replication-defective retroviruses for
transgene delivery. The truncated transposon can be
engineered to contain additional DNA sequences
which will be inserted into the genome of the cell upon
transposon integration. The size of the transgene carried
by the transposon can be up to 10 kb in size [60, 61].

Transposable elements have been shown to be effi-
cient in the generation of transgenic chickens. The
mariner transposon from Drosophila maritiana
containing an internal transposase was used to generate
transgenic chickens [62]. Mariner was microinjected
into the fertilized zygote and chickens were hatched
and bred to generate F, birds. One founder bird trans-
mitted the mariner transposon to 29% of its offspring.
This result demonstrates that transposable elements
can be used to modify the genome of birds although
no transgene cargo was introduced in this example.
So far, no reports have been made to generating
a transgenic chicken line using transposons containing
a transgene. However, the Tol2 and piggyBac transpo-
sons have been shown to be functional in transient
transgenesis in the chicken [63, 64] and other trans-
posable elements have been used successfully for mam-
malian transgenesis [59].

Use of Chicken Embryonic Stem Cells

Whist the early embryonic development of the chicken
is significantly different from that of a mammal, cells of
the early chicken blastoderm do contribute to somatic
and germ cell lineages when transferred to host chicken
embryos [65]. This indicates that the early chicken
blastoderm may have the developmental equivalence
of the inner cell mass of the early mouse embryo,
further suggesting that embryonic cell lines derived
from the chicken blastoderm may be developmentally
equivalent to mouse embryonic stem cells. In support
of this hypothesis, several groups were able to derive
cell lines from early chicken embryos that were puta-
tively identified as chicken embryonic stem cells
because of their ability to contribute to many tissues
in chimeric birds [66, 67]. The isolation of embryonic
cell lines that contribute to the forming avian embryo
offers the opportunity to carry out gene targeting,
whereby the introduced transgene can be targeted to
a precise genetic locus. Gene targeting uses the process
of homologous recombination. In this process, one
genomic copy of a gene can be replaced by a second
copy of this gene using normal DNA repair
mechanisms. The replacement gene will display
homology over most of its length but can be engineered
to contain a foreign piece of DNA which could encode
a recombinant protein or a selection marker.
Using homologous recombination, researchers can
disrupt a genetic locus, introduce a gene encoding a
recombinant protein, or replace one genetic allele
with a second allele. Homologous recombination
has been carried out in chicken cells [68]. Genetic
modification of chicken embryonic stem cells also
has been achieved and chimeric animals have been
produced which contain extensive contribution
of these cells to all germ layers of the forming
embryo [69].

An important caveat to this work is to note here
that the germ cell lineage is segregated from the somatic
cell lineage very early in development (see section
“Methods of Avian Transgenesis”). It is believed that
for this reason cESCs do not contribute to the germ
lineage in chimeras after more than 7 days of in vitro
culture [67, 69]. So, although cESCs may be useful for
creating somatic chimeras, these cells will not be useful
for generating lines of transgenic chickens.
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Recent experimental evidence suggests that it may
be possible to differentiate cESCs into germ cells in
vitro. These cells could then be introduced into host
birds and the cells could differentiate into gametes and
be transmitted to the next generation [70]. If this is
achievable, it will create the possibility to carry out gene
targeting in the chicken and create transgenic chicken
lines using homologous recombination in chicken
embryonic stem cells.

Improved Transgenesis by the Directed
Targeting of the Germ Cell Lineage

Most attempts to generate transgenic chickens have
resulted in inefficient transmission of the integrated
transgene from F; to F; animals. This inefficiency
leads to an increase in cost for production of transgenic
animals due to increase in both time and breeding
numbers of F, founder birds (reviewed in [2]). Several
methods have been developed to increase the rate of
transgenesis. These methods attempt to amplify the
interaction of the exogenously introduced DNA or
virus with the germ cell lineage of the avian embryo.
The avian germ cell lineage comprises the only cells of
the animal that will contribute genetic material to the
next generation. Two methods developed to increase
the interaction of DNA/virus with the avian germ cells
are described in the next section. These methods are the
purification of primordial germ cells from the
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developing embryo and the propagation of primordial
germ cells for use as a cell-based method of
transgenesis.

The germ cell lineage in birds is considered to be
determined. The maternal determinants (protein,
RNA) that specify the germ cell fate are thought to be
deposited in the developing oocyte as it matures in the
hen. During the initial segmentation of the zygote,
these factors (maternal determinants) are segregated
into a small number of cells of the forming embryo
[71]. Descendants of these early germ cells will give rise
to all cells of the germ cell lineage and are referred to as
primitive or “primordial” germ cells. Moreover, since
the germ cell lineage is segregated from the somatic cell
lineage so precociously, chicken embryonic stem cells
derived from the blastoderm will not contribute to the
germ lineage when reintroduced into early embryos.
The primordial germ cells are initially found in the
center of the blastoderm of the laid egg [72] (Fig. 3).
These cells actively migrate anteriorly in the embryo to
an extraembryonic location near the future head,
termed the germinal crescent. When the primitive cir-
culatory system forms, the primordial germ cells enter
the circulation and are carried to the lateral plate meso-
derm adjoining the prospective gonad. During the next
2 days of development, the primordial germ cells
migrate through the lateral plate mesoderm and enter
the developing gonad. The germ cells subsequently
differentiate into the gametes, sperm and eggs, in the

Germ cell migration in the developing embryo. The primordial germ cells are initially found in the center of the developing
blastoderm. From here the cells migrate anterior to the head region. The cells enter the circulation and congregate in the
lateral plate adjoining the future gonad. The primordial germ cells subsequently migrate into the forming gonad
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maturing gonad. In the hens, the germ cells enter
meiosis by day 16 of development. In the adult cock-
erel, a stem cell population of germ cells remain, the
spermatiogonial stem cells, which generate spermato-
gonia during the life of the bird.

All methods of germ line transgenesis in all species
are dependent on the integration of the introduced
transgene into the genome of a germ cell, which will
subsequently contribute its DNA to the next genera-
tion. Any interactions between the exogenously intro-
duced DNA/virus and non-germ-line cells of the
animal will lead to a reduction of transmission of
the transgene to the F; birds. Thus, investigations in
the chicken have concentrated on increasing the inter-
action of the transgenic vector with the germ cells of the
founder animal to increase the rate of transgenesis. The
next sections detail methods to isolate avian germ cells
and increase this interaction.

Germ Cell Purification

The germ cell lineage of birds can be isolated and
returned to a host embryo in which these donor germ
cells will migrate to the gonad and produce functional
gametes [73, 74]. The intrinsic ability of donor germ
cells to colonize the host germ cell lineage extends to
germ cells from the germinal crescent, the circulatory
blood, or post-migratory germ cells in the nascent
gonad (Fig. 3). This provides the opportunity to genet-
ically modify the donor germ cells before their intro-
duction into host embryos. The first demonstration of
this technique was carried out by Vick [75]. Primordial
germ cells from the blood or the germinal crescent were
incubated with replication-defective avian leukosis
virus and subsequently returned to a host embryo.
They observed that 3-23% of founder chickens were
transgenic, and these birds transmitted the transgene to
2—-4% of F, birds.

Several methods have been developed to purify
PGCs from the developing embryo before which they
are subsequently incubated with virus or transfected
to introduce a transgenic vector before being
reintroduced into host embryos. Primordial germ
cells express the pluripotent stem cell marker, SSEA-1.
Using an antibody to SSEA-1, these cells can be purified
by either magnetic-activated cell sorting (MACS) or

fluorescence-activated cell sorting (FACS). Both

isolation techniques have been optimized for the isola-
tion of thousands of germ cells from the blood or
embryonic gonads of chicken embryos. After short
periods of incubation, the isolated primordial germ
cells still retain the ability to migrate to the gonad and
contribute to the germ cell lineage [76]. Similarly, due
to the large size of the PGC in comparison to other cells
in the blood, it is possible to isolate these cells from the
blood using density gradients. Density gradients have
been used successfully for the purification of PGCs
[77-80].

Kim [49] isolated PGCs from day 5 gonads using
MACS. These cells were incubated with a lentivirus for
6 h and reinjected in host embryos. One (of 21) injected
cockerels transmitted the transgene to F; offspring.
A similar approach was used to generate transgenic
quail. The rate of transmission from founder to F,
birds was 1.9%, which was almost equivalent to what
was found when the virus was injected under the blas-
toderm (1.6%) [54]. These results suggest that PGC
isolation did not increase rates of transgenesis in com-
parison to blastoderm injection but further improve-
ments on the interaction of the virus with the germ cells
may augment rates of transmission.

Propagation of the Avian Germ Cell Lineage

The in vitro propagation of germ cells offers the pros-
pect to carry out gene targeting in avian species.
Both spermatogonial stem cells [81] and gonadal
embryonic germ cells [82] have been cultured in vitro
for shorter periods (5 and 30 days, respectively) and
after culturing have contributed to the germ lineage.
Moreover, the cultured gonadal embryonic germ cells
generated F, offspring. These culture techniques, if
extended, could offer the opportunity to carry out
gene targeting in chickens. Recently, a breakthrough
was described for the culture of primordial germ cells
from the circulatory phase of development (Fig. 3). The
culture of embryonic blood from day 3 chicken
embryos using modified avian embryonic stem cells
protocols led to the long-term expansion of primordial
germ cells in vitro [83]. These cells contained telome-
rase activity suggesting that they may be immortal
and the transmission of genetic material from
both the male and female germ cells to subsequent
generations was demonstrated after 110 days in culture
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(0.1-86% transmission). The authors genetically mod-
ified the cultured primordial germ cells using
a transgene flanked by insulator sequences to prevent
silencing. Founder birds containing the modified germ
cells transmitted the transgene to 1-92% of F; birds
which accurately expressed the GFP transgene. Impor-
tant caveats for this procedure were that the derivation
efficiency of primordial germ cell lines was low (12%),
and this culture technique has not been repeated
by other research groups. It was later shown that
gene targeting using homologous recombination is
also possible in cultured primordial germ cells [84].
This research presents the prospect of carrying out
gene targeting in avian species for the production of
pharmaceutical recombinant proteins and to investi-
gate the function of genetic pathways that may be
involved in production traits by directly modifying
these pathways.

Future Directions

The field of avian transgenesis has progressed rapidly
in the last 5 years. Useful transgenic chicken models
for use in biological studies have been developed [9, 10,
51, 85]. In the near future, it can be expected that
a plethora of new transgenic models for both produc-
tion traits and disease resistance to be generated. These
transgenic models will generate impetus for trait selec-
tion breeding programs and rational vaccine develop-
ment, first and foremost in the investigation of avian
influenza.

Future uncertainties exist regarding the potential
for commercialization of biopharmaceuticals proteins
produced in chicken eggs and the acceptance of genet-
ically modified chickens in general. To date, several
recombinant human proteins have been produced in
chicken eggs at levels up to 1 mg of protein per egg
[5-7, 38, 56]. In addition, it remains to be seen if there
will be consumer acceptance of genetically modified
poultry products and if a functional transgenic chicken
product will be brought to “market.” The benefits of
increased disease resistance and increased feed conver-
sion will need to be weighed against consumer demand
and acceptance. These opposing forces will have direct
impact on the sustainability of the poultry industry as
food demands continue to grow. The issuing of guide-
lines by the FDA for the regulation of genetically

modified animals recombinant DNA
should facilitate this process [28].

The development of new vectors, both viral and
nonviral, for transgenesis should decrease the cost
and accelerate the development of new avian transgenic
models and the use of nonviral vectors may assuage
public fears of transgenic modification of farm live-
stock. DNA transposons hold great promise as useful
vectors for avian transgenesis. The next few years
should bring new advances as some of the DNA trans-
posable elements that are showing promise in mam-
malian transgenesis (Tol2, PiggyBac, Sleeping Beauty)
are used for chicken transgenesis.

The greatest advance in avian transgenesis lies in
the development of efficient gene targeting of spe-
cific genomic loci using homologous recombination.
This objective may be accomplished using SSCs,
gonadal embryonic germ cells, or primordial germ
cells [80-83]. Gene targeting of primordial germ
cells appears to be a viable technique [84] although
it remains to be proven if this will be a viable method

containing

for avian transgenesis. The use of zinc finger nucleases
which target specific loci in the vertebrate genome
has proven to be useful for gene targeting in both
zebra fish and rats [85, 86]. These proteins hold
great promise for the potential manipulation of the
avian genome. The generation of induced pluripotent
cells (IPS cells) from somatic cells also needs to be
investigated in avian species [70]. If this technique
were further coupled with the conversion to germ
cells, it would lay open new possibilities in avian clon-
ing for species rescue.

Primordial germ cell culture also promises to be
a viable technology for the preservation of avian germ-
plasm (reviewed in [87]). Semen cryopreservation in
avian species has proven problematic and for this rea-
son an alternative method of germplasm cryopreserva-
tion is needed. An efficient method to preserve avian
genetic resources is of importance for commercial
breeders and also rare breed conservationists. The
development of a robust method for avian cryopreser-
vation would significantly enhance the biosecurity
of the avian breeding industry and greatly reduce
animal numbers bred for line maintenance. The use
of PGCs could provide an alternative source of cellular
material for cryopreservation efforts. At this stage,
PGC cryopreservation offers only a slight advantage
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over semen cryopreservation for the preservation
of single traits. Therefore, what is needed to extend
this technology is to develop improved culture
conditions for the efficient expansion and cryopreser-
vation of both male and female PGCs from different
breeds of chickens. This technology will need to be
coupled with an efficient methodology to reconsti-
tute the complete genome of avian lines from the
cryopreserved cells.

Several recent reports have described transgenic
offspring from quail [52, 54] and zebra finches [55]
using the genetic techniques described above. To date,
no transgenic modifications have been published for
turkeys and duck. Since these are also important food
production animals, it can be expected that advances in
transgenesis will be made in these species in the near
future. These potential models will be significant to
the study of avian production traits but may also be
pertinent to the investigation of avian influenza in
which natural disease reservoirs reside in wild duck
populations. It will be difficult to foresee if the trans-
genic technology being developed for the chicken will be
easily transferred to other poultry species beyond the use
of retroviral vectors. An illustration of foreseeable prob-
lems comes from investigations of embryonic stem cells.
Derivation of ES cells from mammals excluding the
mouse has proven to be exceedingly difficult to achieve
[88]. This may also hold true for avian transgenesis.
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Glossary

Agriculturally marginal land Land that is not arable
without compromising soil stability and increasing
salinity. It requires large number of inputs.

Bio-based products Products derived from biological
sources as opposed to oil.

Bioenergy Energy derived from biological, renewable
sources — not from petroleum.

Biofuel Fuels derived from biological sources.

Biomass Materials derived from plant or animal ori-
gin, i.e., dedicated agriculture, agricultural residues,
municipal waste, and forestry.

Corn stover The remaining stalks and leaves of the
corn plant after the grain has been removed.

Dedicated energy crops Crops grown only for use in
the biofuels industry, e.g., switchgrass and
Miscanthus, poplar and Eucalyptus.

Herbaceous Plant materials that have green,
nonwoody above-ground parts rather than lignified
stems and those parts generally die at the end of the
growing season.

Lignocellulose Cell wall materials from plants that

contain cellulose, hemicellulose, and lignin.

Megagram (Mg) A unit of mass equal to 1,000,000 g.
Also referred to as a metric ton (US)

Perennial Plants that persist for multiple years and
often have woody stems.

Renewable
derived from plants that are generated through
growth using energy from sunlight and nutrients

resources Materials and  products

from soil.

Sustainable Materials that can be maintained through
inputs that are equal or less than harvested output.

Water use efficiency The amount of biomass pro-
duced from photosynthesis compared to the
amount of water taken up by the plant. C4 plants
are more efficient in photosynthetic sugar produc-
tion per CO, taken in, thus lowering the amount
of water required to obtain the CO, and thus the
sugars.

Definition of the Subject and Its Importance

Humans currently consume at least 25% more raw
materials every year than are replaced through biolog-
ical growth [150]. In order to sustain quality of life and
have adequate
resources must be balanced and renewable. Pressure

environmental resources, those
on those resources has never been greater with the
world population nearing seven billion people, and
estimated to plateau at 10.5 billion by 2050. That num-
ber represents 35-40% more people than currently
inhabit the earth.

Sustainable, renewable resources are those derived
from biological sources, primarily plant biomass. The
underlying principal is that the materials can be
reproduced with minimal inputs using energy from
the sun. Biomass is thus derived directly or indirectly
from original sources that grow and reproduce
biologically.

Biomass for biofuels and bio-based products
can include many sources of material. In general,
biomass includes any biological materials whether
of plant or animal origin: agricultural harvests such
as grains, agricultural residues such as stalks and
leaves, perennial crops such as hay and trees, animal
manures, building waste wood, municipal solid
waste such as paper, and various food industry
wastes.

P. Christou et al. (eds.), Sustainable Food Production, DOI 10.1007/978-1-4614-5797-8,

© Springer Science+Business Media New York 2013
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Introduction

The heavy reliance of the western economies on fossil
fuels has given rise to energy security concerns. These
concerns taken together with the sustainability issue,
negative environmental impacts, and the rising cost of
petroleum fuel have prompted the development of
viable alternatives that are sustainable, cleaner, and
environmentally neutral. Biofuels, which have emerged
as one of the alternatives to address these concerns, are
obtained from renewable biomass which represents
a key long-term component of a sustainable biofuels
industry. Ethanol from corn is the first-generation bio-
fuel produced in USA and Europe. However, corn
ethanol alone will not be sufficient to address the
nation’s energy needs. Cellulosic ethanol from renew-
able resources such as forest and agricultural biomass
must also be considered. The “Billion Ton Study”
supported by the US Department of Energy (DOE)
and US Department of Agriculture (USDA) estimated
that renewable resources are available from forest and
agricultural lands to produce enough cellulosic ethanol
to displace 30% or more of transportation fuel needs
annually [1].
country’s dependence on imported oil.

This review deals only with plant-based crops that

This will significantly reduce the

are used as biomass sources. Crop categories discussed
include agricultural residues, dedicated woody crops —
poplar and Eucalyptus, perennial herbaceous grasses —
Miscanthus and switchgrass, and grass species that
produce soluble sugar streams — sweet sorghum and
sugarcane. Although many other crop sources are
generally considered as potential sources of biomass,
these are the front line crops that are considered to be
“near term” candidates.

Agricultural Residues for Bioenergy
Availability of Feedstock

The Billion Ton Study on biomass estimated that 388
megagrams (Mg) of agricultural postharvest residues
per year could be available from agriculture for conver-
sion to energy resources in the USA within the next
20 years [1]. The estimated crop residues were pri-
marily from corn stover, wheat straw, rice straw, and
hulls as well as other crops with lesser individual

contributions. The estimated amount of ethanol

that can be derived from crop residues totals 138
billion liters assuming 356 L Mg~ (85 gal t ). Addi-
tionally, the study made the assumptions to support
three different scenarios for productivity. The first
scenario was to maintain the status quo for all
resources available today, and those would be available
at the same level in the future. The second scenario
focused on technology changes being applied to cur-
rent crops to generate higher yields. The third and
most lucrative scenario assumed that the technology
changes would be applied to current crops as well as
new perennial crops, combined with significant land
use changes. The 388 Mg estimate is based on the third
scenario.

One of the major contributors to crop residue
potential in the USA is corn stover, whether under
current production or assuming increased crop
yields [1]. Stover can be used for many bio-based
products, and the use of corn stover for those products
would remove it from its contribution to liquid trans-
portation fuels. Some of these current and potential
uses include pulp and paper, animal feed, composite
products such as boards, and chemicals, such as
furfural [2].

Impact on soil fertility: Crop residues contribute an
interesting array of benefits to the soil from which grain
is harvested. These benefits include lowering soil ero-
sion, increasing moisture content, and increasing soil
organic matter and total carbon. When removing crop
residues from agricultural land, the loss of these bene-
fits must be managed [3].

However, in some situations removal of residues
is recommended because they cover too much of
the surface and prevent warming of the soil in the
spring, delaying seed germination and thus lowering
yields (Table 1; [4, 5]). Moreover, too much organic
matter on the surface of the soil also can increase
moisture and the threat of increased fungal growth,
contributing to diseases. Clearly, the issues vary with
location and crop. Each situation will have a unique
solution.

The most important practice that will need to be
adopted for residues to be sustainably removed from
crop land is no-till agriculture. Currently, only 20% of
corn acreage and 15% of wheat acreage are cultivated
with no-till practices [5]. Tillage increases the rate at
which organic matter is decomposed and increases
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Table 1 Potential effects of corn stover harvest [4]

Economic | Stover sale revenues | Yield decreases in dry
($35/1); years due to lower soil
moisture

Yield decreases with
increased soil loss;
Poorer germination
but no yield effect

Greater seed
germination in
colder climates

Fossil fuel | Increased EtOH More field passes

use production required; Fossil fuel
needed for conversion
to biofuel

Micro- Warmer spring Increased evaporation,

climate |temperatures lower soil moisture

Pests and | Increased control for | Decreased control of

disease | some others

Carbon Decreased but Nutrient loss predicted

and moderated by
nutrients | tillage and N rate

Moderated by
amount of harvest
and tillage type

greatest in Midwest

Increased soil loss and
water run-off

Erosion

nitrogen losses due to microbial activity. No-till culti-
vation allows more of the remaining residue to be
removed for alternative uses.

Farmer involvement. One of the major concerns
with agricultural residues being used for a reliable sup-
ply of biomass is compliance of the farmer for collec-
tion and delivery of the residues. Because the residues
vary by year and region, management of the residues
requires consideration of many factors including main-
tenance of soil fertility, weather, crop yields, and
€conomics.

The average age of US farmers is 62. This is both an
advantage and a disadvantage. The collective experi-
ence of farmers is tremendous — management practices
are based on their extensive knowledge. In contrast,
their retirement is eminent and their replacement
uncertain. Their motivation to try new crops is often
high though their approach is conservative. Although
most farmers may be willing to try new crops, they will
approach the change cautiously, planting only a few

hectares in the beginning until yield and economics are
understood [5]. If the results are economically favor-
able, in that inputs are lower than harvested material
profits, the farmers are often willing to change their
practices and participate in the new system. In directed
dialogs conducted in 2000-2002, farmers generally
agreed that US$20 ha™' pre-tax margin would generate
their interest in harvesting residues, as long as grain
harvesting is not hindered [5]. The value of the resi-
dues is not near to the value of the grain, thus
logistics and income must make it worth the farmer’s
time and investment to participate in the residue
harvest. The industry estimate for biomass that is
delivered to biorefineries is US$30-$50 Mg ' in
order to produce commodity ethanol at target prices.
However, in order for the farmer to reap a benefit
considering the equipment, time, and field issues, the
price would have to approach US$70-$100 Mg .
Clearly, policy and logistics research must address this
discrepancy.

Logistics and economic issues: Small grains, mostly
wheat, produce straw that can be baled and stored.
However, the amount available from nonirrigated
wheat is minimal after leaving USDA recommended
amounts of residue on the ground to improve fertility.
If the average dry land wheat straw yield is 2.7 Mg ha ™",
and 1.34 Mg ha™' must be left on the surface to avoid
erosion, then less than 2.5 Mg ha™' of straw would be
available for harvest [5]. Because corn stover yields
about 11 Mg ha™ ', leaving 2.24 Mg ha™' on the soil
surface for organic matter and erosion control, leaves
8.8 Mg ha ' for harvest. However, in each case if
a cover crop is employed, the residues are not required
for erosion control and can be harvested in larger
amounts.

Because wheat is harvested early in the summer,
the straw has low moisture content and can be
immediately baled. In contrast, collecting residues
as feedstocks from corn fields in particular requires
altering harvesting practices. Corn is harvested in the
fall and the stover moisture content is usually 30—
50%, and must be left in the field to dry, although
often fall rains prevent this from happening in
a timely manner. In addition, if stover is harvested
separately after grain harvest, field machinery must
be deployed a second time and this compacts the soil

more. The stover that is raked and baled also
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Biomass Collection

§

Wet pile
storage

Pretreatment and
processing

Products

Profit Farm Farmer Collection Biorefinery Consumer
center center/COOP

l

Value Low
value

High expense
low return

Moderate
investment

Commodity
sales

Low margin

Biomass Crops for Biofuels and Bio-based Products. Figure 1
Agricultural residue value chain. Residue collection and processing must yield value to each link in the chain for the
process to be instituted. One solution to this is to have the farmer involved in the collection and storage of the residues to

be sold to the biorefinery during the production year

contains rocks and soil particles which have
a negative impact on biorefinery machinery. These
issues suggest that one-pass harvesting is an alterna-
tive that must be considered.

A detailed description of grain and stover
harvesting logistics was recently published [5]. The
additional requirements for trucks, combines, and
potentially one-pass harvesters, baling equipment,
and additional personnel are enormous. The person-
nel needs are transient in that the harvest window is
usually 30-50 days. However, the investment in addi-
tional equipment, whether purchased or leased is
significant. Harvesting stover while harvesting corn
grain requires three times the number of trucks and
personnel if using a one-pass harvester. Although this
equipment is not yet commercially available, several
agricultural machinery manufacturers are designing
these harvesters. Because most of the stover currently
is either left in the field, tilled under, or used for
bedding, or local markets (e.g., corn cobs), baling
equipment is not adequate in most farm operations
to handle a large increase in biomass harvest. One
possible solution could be transporting the field
materials to a collection station, possibly associated
with a grain elevator operation, and the stover sep-
arated from the grain at these off-field locations. The
stover then could be stored either as stacked bales or
as a wet pile. Bales require protection from the
elements, they are dry when baled and must remain
dry, at less than 20% moisture, to keep them from

deteriorating. In addition, the height of the stacks is
limited by the weight and heat that is generated, thus
requiring large amounts of field space. However,
if the biomass is in compacted, anaerobic, wet piles
at greater than 60% moisture, fungal growth is
inhibited and the biomass is very stable [5]. The
pile size is only limited by the height of a pump
head that continuously recycles the water from
a base collection reservoir. This configuration has
the added advantage of washing contaminants out
of the biomass that were collected from the field.
These “haystacks” are large and much higher than
bale stacks and thus have far less of a footprint on
the ground, minimizing field requirements. Wet stor-
age is a proven industry logistic in that the nonwood
fiber pulpers moved to this method of feedstock
storage several decades ago.

Recommendations: The production of ethanol
from corn stover as opposed to grain has signifi-
cantly more greenhouse gas reduction potential,
79% versus 25%, when burning E85 (85% ethanol
with 15% gasoline) on a per km basis [4, 6]. This fact
alone motivates development of logistics and infra-
structure solutions to develop the industry for all
concerned. Nevertheless, county by county plans
will be required to sustainably harvest agricultural
residues from any crop, based on climate, tillage,
and residue type. should be
included as part of the value chain to encourage
participation (Fig. 1). Small

Farmer networks

biomass facilities,
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including portable facilities, could be a positive
development for on-farm production of ethanol
from excess residues without investment in large
biorefinery infrastructure.

Perennial and Annual Herbaceous Biomass Crops
Sugar Crops

Introduction Sugar cane and sweet sorghum which
produce sugary syrup in their stems are members of the
Panicoid subfamily of the Poaceae family [7]. They
share the physiologically distinctive and highly produc-
tive C4 photosynthetic pathway. The C4 pathway is
fundamentally more efficient than the C3 classic Calvin
cycle alone and C4 plants are able to convert up to 2%
of incident solar energy into biomass [8]. Compared to
C3 plants, C4 plants lose less water as they can photo-
synthesize with stomata nearly closed, thus reducing
water loss to the environment and increasing water use
efficiency. In addition, plants using the C4 photosyn-
thetic pathway are better equipped to handle high
temperatures, drought, and nitrogen limitations than
closely related C3 plants [9, 10].

Sugar from sugar-producing plants can be used for
direct fermentation into ethanol. Among three major
sugar-producing plants, sugar cane and sweet sorghum
are adapted to warm temperate to tropical areas,
whereas sugar beet is grown only in temperate areas.
Sugar cane is the major crop in the Brazilian national
ethanol program which produces 15.9 billion liters of
ethanol a year [11]. Sweet sorghum is considered to be
one of the promising feed stocks for the production of
first-generation ethanol. Studies are being conducted
to produce ethanol from sweet sorghum sugary syrup
in the USA, India, and China [12-14]. Most ethanol
production using sugar beet takes place in Europe;
however, using sugar beet to produce ethanol could
potentially increase soil erosion and lower net energy
balance [15]. All the three sugar-producing plants are
a good source for first-generation ethanol production.
Compared to sugar beet, both sugar cane and sweet
sorghum produce higher biomass and additionally are
a good source of lignocellulosic biomass which can also
be used for second-generation ethanol production.

Sugar Cane Crystallized sugar from sugar cane was
reported in India 5,000 years ago [16]. Sugar cane is a

tall perennial grass of the genus Saccharum, native to
warm temperate to tropical regions of Asia. The plant
grows in clumps, and has solid, jointed, fibrous
stalks that are rich in sugar. Sword-shaped leaves,
similar to those of the corn plant, fold in a sheath
around the stem. Mature canes may be 3—6 m tall and
2.5-7.5 cm in diameter (Fig. 2a). All sugar cane species
interbreed, and the major commercial cultivars are
complex hybrids. Different species likely originated
in different locations with S. barberi originating in
India and S. edule and S. officinarum coming from
New Guinea. Sugar cane is grown in over 110 countries
with an estimated total production of 1,627 million Mg
in 2009, (FAOSTAT, http://faostat.fao.org/site/339/
default.aspx) more than six times the output of sugar
beet. Brazil is the world’s largest producer of sugar cane,
producing about one-third of the world’s crop,
followed by India (FAOSTAT).

Cultivation: Sugar cane cultivation requires a trop-
ical or temperate climate, with a minimum of 60 cm of
annual moisture. In prime growing regions of India,
Peru, Brazil, Bolivia, Colombia, Australia, Ecuador,
Cuba, Philippines, El Salvador, and Hawaii, sugar
cane can produce 20 kg m > biomass exposed to the
sun. Although sugar cane species produce seeds, sugar
cane propagation is through stem cuttings of immature
canes 8—12 months old, called “setts.” The setts are best
if taken from the upper third of the cane because the
buds are younger and less likely to dry out. Each sett
must contain at least one bud. The setts can be planted
at a 45° angle or laid horizontally in a furrow. It takes
12,500-20,000 setts to plant 1 ha. The setts are lightly
covered with soil until they sprout (10-14 days) and
then the sides of the furrow are turned inward [17, 18].
In the USA and Australia, billet planting is common.
Billets harvested from a mechanical harvester are
planted by a machine which opens and recloses the
ground.

Sugar cane is a perennial crop which usually pro-
duces harvests for about 3-6 years before being
replanted. The first crop is called the “plant crop”
and takes 9-24 months to mature, depending on
location [18, 19]. The cane is cut close to the ground
because the lower stem has the highest sugar content
and low cuts aid in ratooning, the emergence of new
crops from the stems and trash (leaves and tops) left
behind. Ratoon crops take about 1 year to mature.
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(@) Sugar cane. (b) Sweet Sorghum

As many as four or more ratoon crops may be produced
before replanting is necessary, mostly due to the slow
decline in yields.

The complete sugar cane crop cycle is variable,
depending on local climate, varieties, and cultural
practices. In Brazil, usually it is a 6-year cycle, in
which five cuts, four ratoon cultivation treatments,
and one field reforming are performed. Generally, the
first harvest is made 12 or 18 months after planting.
The following ratoon cane harvests are made once
a year, during 4 consecutive years [20].

Sugar cane is harvested by hand and mechanically.
Hand harvesting accounts for more than half of the
production, and is dominant in the developing world.
Mechanical harvesting uses a sugar cane combine,
a harvesting machine that can harvest 100 Mg each
hour, but machine-harvested cane must rapidly arrive
at the processing facility. Once cut, sugar cane begins to
lose its sugar content, and damage to the cane during

mechanical harvesting accelerates this decline. Some
sugar cane varieties are known to be capable of fixing
atmospheric nitrogen in association with a bacterium,
Acetobacter diazotrophicus. Unlike legumes and other
nitrogen fixing plants which form root nodules in
the soil in association with bacteria, A. diazotrophicus
lives within the intercellular spaces of the sugar cane’s
stem [21].

Breeding: The goal of cane breeding is to produce an
economic yield of sugar that can be sustained over
several ratoons. Breeding and selection of cane are not
simple processes since viable seeds are seldom pro-
duced. Sugar canes are highly polyploid, wind-
pollinated outbreeders. They are clonally propagated,
highly heterozygous, and intolerant to inbreeding. New
varieties are sought from the first-generation progeny
of crosses between clones. Five species are of interest to
cane breeders. S. officinarum (2n = 80) has good sugar
quality and low fiber, although it is susceptible to most
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of the main diseases, except gumming disease and
smut. S. spontaneum (2n = 40-128) is a source of
resistance to many diseases, including “Sereh,” mosaic,
gumming, red rot, and downy mildew. S. barberi (2n =
82-124) are considered the most important breeding
canes and are immune to gumming and mosaic and
resistant to downy mildew, but susceptible to smut and
red rot. S. sinense (2n = 82—124) is difficult to breed,
but has given rise to some useful breeding lines.
S. robustum (2n = 60-194) has been used to some
extent in breeding lines [22].

Yields: The annual global production of dry cut
sugar cane (sugar content: 55% dry basis) is about
328 million Mg. Asia is the primary production region,
which produces 44% of the total. South America stands
second with a total production of 110 Tg of sugar cane
(34%). The annual yield of dry sugar cane ranges from
14 to 22 Mg ha™" with an average of 17 Mg ha™". Brazil
is the largest single producer of sugar cane with about
27% of global production and a yield of 18 Mg ha™ .
The highest yield occurs in Peru, which produces more
than 32 Mg ha™ ' of dry sugar cane [23].

Diseases and pests: Many diseases and pests affect
sugar cane. Bacterial diseases include gumming disease
caused by Xanthomonas vasculorum (Cobb) Dows.
Yellowish stripes occur at the leaf tips, leaf blisters
occur, and the vascular bundles exude a yellowish
gum when cut. X. albilineans (Ashby) Dows causes
yellow stripes to occur on the leaf blade, many side-
shoots are produced, and the vascular bundles of the
stalk are red [24]. Fungal diseases such as red rot
(Colletotrichum falcatum Went), root rot (Pythium
graminicolum Subr.), pineapple disease (Thielaviopsis
parodoxa (de Seynes) C. Moreau), downy mildew
(Sclerospora  sacchari Miy), and (Ustilago
scitaminea Syd.) can also cause damage. Red rot causes
the setts to be seriously damaged at low temperatures.
Root rot was responsible for the failure of “Otaheite” (a
noble cane) in Mauritius in 1846. Downy mildew is
currently only found in the western Pacific and was
responsible for severe losses in Queensland until rigor-
ous controls were initiated. Smut causes black whiplike
organs to emerge from the center of the leaf-roll and
affects crops in southeastern Asia and South Africa
[18]. Mosaic is a viral disease, whose vectors include
Aphis maidis Fitch. It was first documented in Java in
1892 and causes severe stunting in some cases. Other

smut

viral diseases include ratoon stunting, chlorotic streak,
Fiji disease, and Sereh disease. The most destructive
insects of sugar cane are stem-borers, the larval stage
of several genera of moths. The larvae burrow into the
stem and on emergence cause weakened stems and loss
of sucrose. Biological control and use of transgenic Bt
sugarcane are the most efficient control for these
insects [18