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A B S T R A C T

White Spot Syndrome Virus (WSSV) causes White Spot Disease (WSD) and is historically the most devastating
disease in the shrimp industry. Global losses from this disease have previously exceeded $3 bn annually, having a
major impact on a global industry worth US$19 bn per annum. Shrimp are cultured predominantly in enclosed
ponds that are subject to considerable fluctuations in abiotic conditions and WSD outbreaks are increasingly
linked to periods of extreme weather, which may cause major fluctuations in pond culture conditions. Combined
with the intensity of production in these systems, the resulting suboptimal physicochemical conditions have a
major bearing on the susceptibility of shrimp to infection and disease. Current knowledge indicates that pond
temperature and salinity are major factors determining outbreak severity. WSSV appears to be most virulent in
water temperatures between 25 and 28 °C and salinities far removed from the isoosmotic point of shrimp.
Elevated temperatures (> 30 °C) may protect against WSD, depending on the stage of infection, however the
mechanisms mediating this effect have not been well established. Other factors relating to water quality that
may play key roles in determining outbreak severity include dissolved oxygen concentration, nitrogenous
compound concentration, partial pressure of carbon dioxide and pH, but data on their impacts on WSSV sus-
ceptibility in cultured shrimps is scarce. This illustrates a major research gap in our understanding of the in-
fluence of environmental conditions on disease. For example, it is not clear whether temperature manipulations
can be used effectively to prevent or mitigate WSD in cultured shrimp. Therefore, developing our understanding
of the impact of environmental conditions on shrimp susceptibility to WSSV may provide insight for WSD mi-
tigation when, even after decades of research, there is no effective practical prophylaxis or treatment.

1. Introduction

Exponential growth in the global human population is placing sig-
nificant pressure on natural resources and enhancing the need for
greater food production. The most recent estimates of population
growth predict that by 2050 there will be in excess of 9.7 billion people
(United Nations, 2015). In order to meet food needs, production has to
increase by at least 70% (FAO, 2009). An expanding middle income
sector has resulted in an increased consumption of animal products of
2.5% annually (Garcia and Rosenberg, 2010; Peterson and Fronc,
2007). Aquaculture has the potential to significantly relieve some of
these pressures, but is not always included in nutritional and food

security strategies (Fisher et al., 2017).
The majority of global aquaculture sites (~90%) operate on a small

scale and are situated in Asia, where there has been an almost eight-fold
growth in aquaculture since 1950 (FAO, 2016). In 2015, an estimated
76.6 million tonnes of aquaculture food products were harvested
worldwide, 9.6% of which were farmed crustaceans. Euryhaline shrimp
are the major output of crustacean farms and fisheries, with their
farming dominated by two penaeid species; the Pacific whiteleg shrimp
(Penaeus vannamei) and giant tiger prawn (Penaeus monodon). These
penaeids are the two most valuable commodities in the international
seafood trade, contributing $19bn and $5bn, respectively, to annual
market sales (Food and Agriculture Organization of the United Nations
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Statistics Division (FAOSTAT), 2017). Although most crustacean
farming takes place in Asia and Central America, the main consuming
regions are the USA, Japan and Europe with exports fuelling the glo-
balisation and success of the industry. Governments of developing
countries that are capable of farming shrimp have exploited this op-
portunity as a means of reducing poverty locally. However, building
ponds within tidal zones, which eliminates the cost of pumping water
from the sea, has incurred an environmental cost to wetland ecosystems
which in turn have suffered degradation impacting adversely on wild
fishery nurseries (Barraza-Guardado et al., 2013; Didar-Ul Islam and
Bhuiyan, 2016).

Rapid growth of the shrimp industry and intensification of farming
methods has been coupled with the emergence of devastating diseases,
arising as a result of complex interactions between the host, pathogen
and environment. Significant losses in the region of up to 70% of annual
marine and euryhaline shrimp harvests have been estimated to occur as
a result of disease (Flegel, 2019), providing a clear constraint on current
and future yields (Flegel, 2006; Lightner, 2011). Data from the Global
Aquaculture Alliance (GAA) shrimp farming survey has revealed that
the majority of losses (60%) were due to viral pathogens (Flegel, 2012).

Six viral diseases of Crustacea (including White Spot Disease, Yellow
Head Disease and Taura Syndrome) are currently listed by the World
Organisation for Animal Health (OIE), which recognise their potential
to cause substantial economic loss and spread to trading countries. Of
these, the greatest threat to shrimp aquaculture worldwide is White
Spot Disease (WSD) caused by White Spot Syndrome Virus (WSSV)
(Flegel, 2009). This single disease has caused an estimated 21bn USD in
economic damage since its emergence detected in 1992 (Lightner,
2011; Stentiford et al., 2012).

WSSV infection affects both wild and farmed shrimp populations
(Cavalli et al., 2010; Lo et al., 1996), but its impacts are most significant
within intensive aquaculture settings, where animals are reared at un-
naturally high densities. The majority of reviews thus far have focussed
on host physiology and molecular responses to infection (Flegel and
Sritunyalucksana, 2011), nutrition and feed enhancement (Tacon et al.,
2013) and the application of probiotics (Kumar et al., 2016) to prevent
disease outbreaks. However, WSD outbreaks are increasingly associated
with changes in environmental conditions that may lead to physiolo-
gical stress and a compromised ability of shrimp to resist disease.
Changes in water temperature, salinity, oxygenation and pH are parti-
cularly important in ensuring good animal health in aquaculture sys-
tems and managing water quality remains a major challenge for farms.
Furthermore, there is often a lack of understanding amongst shrimp
farmers on the importance of good water quality for optimising shrimp
health (Kumaran et al., 2015). The high stocking density of aquaculture
ponds contributes to many of the physicochemical stressors seen. As an
example, high biomass can cause hypoxia and drive acidification due to
elevated respiratory oxygen consumption and release of CO2 (Vinatea
et al., 2011). Periodic and synchronous moulting of these calcifying
Crustacea also alters the ionic composition of the water across the
production cycle (Saksena et al., 2006; Sahu et al., 2013). This process
is exacerbated by pond-side management and prophylactic addition of
inorganic salts, often based on an incomplete understanding of pond
physicochemistry and resultant impacts on shrimp physiology. It is
therefore important that the relationship between disease susceptibility
and environmental abiotic conditions are determined, as suboptimal
conditions within shrimp farms may promote infection, leading to in-
creased losses across farms. Moreover, there may be practical solutions
relating to improvements in specific pond conditions that could serve to
reduce the rates of shrimp diseases.

This review critically evaluates evidence from the literature on the
effects of alterations in abiotic environmental conditions on the oc-
currence and severity of WSD outbreaks. For each abiotic parameter
considered within this review, we summarise the available information
on their effects on penaeid shrimp physiology, evaluate evidence for
altered WSD outbreak occurrence or severity and discuss the

mechanisms that may lead to altered susceptibility (e.g. compromised
immune response). This review also considers the potential for condi-
tions in aquaculture systems to be optimised for disease prevention
given their importance as predictors of outbreak. Opportunities for
improvement include the monitoring and management of key water
parameters that could otherwise be favourable to WSD outbreaks if left
unmanaged. Critical appraisal of the data within this field has high-
lighted gaps for many of the factors considered important for shrimp
aquaculture. The link between these factors and disease outbreak re-
main speculative due to the sparse available information. Due to the
variable available information, it was not possible to conclude which
abiotic factors are most important in determining shrimp disease sus-
ceptibility. For instance, it is also not known whether the mechanism
for increased disease susceptibility is uniform across, or specific to,
different abiotic factors. Finally, we identify areas in which further
research will facilitate our understanding of disease dynamics and im-
plementation of practical solutions to the problems caused by WSD in
an aquaculture setting.

2. White Spot Syndrome Virus

White Spot Syndrome Virus was first detected in 1992 following an
outbreak of WSD in shrimp farms of China (Chou et al., 1995) and has
since spread throughout the major zones of shrimp farming in Asia,
Australia, Central and South America (Bondad Reantaso et al., 2001;
Inouye et al., 1994; Karunasagar et al., 1997; Park et al., 1998;
Stentiford and Lightner, 2011; Zhan et al., 1998). It is currently listed
by the International Committee on Taxonomy of Viruses (ICTV) as the
sole member of the genus Whispovirus within the family Nimaviridae
(Mayo, 2002a, 2002b). Several isolates have been sequenced and their
differences are reviewed by Verbruggen et al. (2016). Behavioural and
physiological symptoms of infection vary in severity between suscep-
tible hosts, and latently infected animals are able to survive in the ab-
sence of observable disease symptoms. Diseased animals generally ex-
hibit lethargic behaviour, hepatopancreatic discolouration, reduced
feeding and preening, resulting in loosening of the cuticle (Chou et al.,
1995; Pradeep et al., 2012). In some species, characteristic white cal-
cified spots also appear on the exoskeleton (Chou et al., 1995). Despite
the variation in clinical symptoms, the cumulative mortality of cultured
shrimp is consistently high, rapidly reaching 90–100% mortality from 3
to 10 days post infection (Wang et al., 1999; Zhan et al., 1998).

3. Temperature

3.1. Temperature conditions within shrimp ponds

Shrimp are typically reared in enclosed, shallow ponds where low
levels of water exchange coupled with tropical weather conditions
(Nicholls et al., 2005) allow for significant seasonal and diurnal fluc-
tuations in water temperature to occur. The most commonly farmed
penaeid shrimp, P. vannamei, is able to tolerate wide variations in
temperature, ranging from 7.5 to 42.0 °C, with farming recommended
above 12 °C (Kumlu et al., 2010). The optimal temperature for growth
of this species is reported to depend on size, with small shrimp
(< 5.0 g) growing most rapidly at 30 °C and larger shrimp (> 16.0 g)
growing most rapidly at 27 °C (Wyban et al., 1995).

Few studies are available that state the temperature conditions
within shrimp ponds and how they fluctuate. Many farmers have the
capacity to measure this, however this information is not publically
available, and limited published studies link rapid temperature fluc-
tuations in ponds (of 4.2–4.5 °C) following a tropical storm with var-
iation in viral loads and disease outbreak occurrence (Zhang et al.,
2016). Of the limited available data on shrimp pond temperature, this is
shown to range between 25 and 35 °C (Sahu et al., 2013), whilst in
India, water temperatures in semi-intensive shrimp ponds and rice
paddy fields have been shown to range between 22 and 37 °C (Gunalan
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et al., 2010; Saksena et al., 2006; Selvam et al., 2012), with lowest
temperatures being recorded in the morning and highest in the after-
noon (Tendencia & Verreth 2011). Due to the limited data in the lit-
erature, it is unclear whether these broad temperature ranges are re-
presentative of intensive and extensive aquaculture systems on a wider
global scale.

Associations between water temperature fluctuations and WSD
outbreaks have been inferred within some studies but no causal link
proven. Daily fluctuations> 3–4 °C have been weakly correlated with
episodes of WSD outbreak (Tendencia & Verreth, 2011) and during the
monsoon season, where runoff water from tropical storms led to re-
ductions in pond temperature, outbreaks have been recorded (Esparza-
Leal et al., 2010; Peinado-Guevara and López-Meyer, 2006; Tendencia
et al., 2010). Modelling of historic data suggests that the incidence of
WSD is increased in low ambient temperatures (24.5–27.2 °C) and
where daily atmospheric temperature variations are> 10 °C
(Piamsomboon et al., 2016). It is unclear to what extent these outbreaks
were initiated by changes in water temperature, or by dilution of sali-
nity and increased contaminants originating from runoff water. Sea-
sonal variations in WSD prevalence in broodstock and larvae have also
been reported, with increased outbreaks during monsoon season
(Withyachumnarnkul et al., 2003), supporting the hypothesis that re-
duced temperatures may confer an advantage to WSSV infection/viru-
lence. Collectively, these studies illustrate the wide natural variation in
pond water temperature and propose a link between unstable tem-
perature conditions and increased WSD outbreaks.

3.2. Disease restrictions at high and low temperatures

WSSV has a wide thermal tolerance that overlaps the entire thermal
range of P. vannamei, remaining infective following cryopreservation
(Momoyama et al., 1998). It is inactivated upon exposure to tempera-
tures above 50 °C for at least 120 min (Nakano et al., 1998). Fig. 1 il-
lustrates the relationship between water temperature and both shrimp
growth and WSSV replication. Controlled laboratory experiments have
demonstrated that a temperature range between 25 and 28 °C provides
optimum conditions for WSSV infection; resulting in higher levels of
mortality, with earlier disease onset (Jiang et al., 2019; Raj et al., 2012;
You et al., 2010), and higher WSSV copy numbers (You et al., 2010) in
WSSV-infected shrimp and crayfish (Jiang et al., 2019) (summarised in
Table 1). Protection (i.e. reduced mortality and virus replication) from

WSD has consistently been reported at high temperatures (> 30 °C)
(Granja et al., 2006, 2003; Jiang et al., 2019; Raj et al., 2012; Vidal
et al., 2001; You et al., 2010) regardless of virus exposure route. Very
high temperatures (> 50 °C) inactivate WSSV but cannot be applied as
a WSD control mechanism as they fall above the maximum thermal
tolerance (CTMax) of shrimp.

Laboratory experiments by Rahman et al. (2007a; 2007b) demon-
strated that the protective effect of high culture temperatures is de-
pendent on both the duration of the periods of increased temperature
and the stage of infection when they occur. In P. vannamei juveniles
exposed to WSSV during the acute infection stage (12 h post injection),
exposure to 33 °C for periods> 6 h per day delayed signs of outbreak
and mortality for both high (Thai-1) and low (Viet) virulence WSSV
strains. Conversely, periods of increased temperature that lasted only
6 h resulted in accelerated disease progression and increased cumula-
tive mortality (Rahman et al., 2007a). In a second study by these au-
thors, temperature increases from 27 °C to a constant 33 °C during acute
infection (prior to clinical signs), reduced and delayed mortality,
whereas during chronic infection disease progression was accelerated
(Rahman et al., 2007b). During chronic infection, as shrimp succumb to
disease, increased stress may prevent the protective effect of high
temperature and lead to increased virus replication. However, neither
study quantified the viral load (e.g. by qPCR) to confirm that this effect
was due to reduced viral replication, and thus the mechanism that re-
duces efficacy of increased temperature during chronic infection was
not established.

At temperatures of 32–33 °C, WSSV retains the ability to infect and
kill P. vannamei (Du et al., 2008; Vidal et al., 2001). The protective
effects seen are therefore not due to viral inactivation, and may occur
(at least in part) as a result of reduced viral replication (Reyes et al.,
2007). A temperature-induced reduction in viral replication has been
demonstrated in a range of invertebrate viruses exposed to high en-
vironmental temperatures within their host, such as Ross River Virus in
Ochlerotatus vigilax (Kay and Jennings, 2002), Western Equine En-
cephalomyelitis Virus in Culex tarsalis (Kramer et al., 1983) and Chi-
kungunya Virus in Aedes albopictus (Westbrook et al., 2010). These
elevated temperatures may be impairing the activity of viral enzymes or
enhancing the ability of hosts to respond to infection, with similar
mechanisms offering a useful line of investigation in the case of WSSV.
In addition, chemically-induced temperature-sensitive mutations in
baculovirus enzymes have been shown to have significant implications

Fig. 1. Thermal ranges for shrimp growth and WSSV replication. Thermal tolerance and optimal growth ranges of Pacific whiteleg shrimp (Penaeus vannamei)
(blue), and thermal tolerance and optimal replication ranges of White Spot Syndrome Virus (WSSV) (red). The abbreviations on the figure represent critical thermal
minima (CTMin) and critical thermal maxima (CTMax). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

R.S. Millard, et al. Journal of Invertebrate Pathology xxx (xxxx) xxxx

3



for various stages of viral replication and the assembly of dsDNA
viruses; including a complete lack of expression of late viral proteins
such as envelope proteins (Fan et al., 1996; Shikata et al., 1998). It is
plausible therefore that some WSSV genes are only expressed when
temperatures remain below 32 °C. To this end, short-term (~12 h) high
temperature exposures of aquaculture ponds during the grow out period
has been proposed to reduce viral disease outbreaks. In the case of Gill-
Associated Virus (GAV) this approach has been shown to effectively
reduce chronic infections in P. monodon likely due to increased ex-
pression of heat shock protein 70 (Hsp70) (de la Vega et al., 2006).
However, the emergence of Taura Syndrome Virus (TSV) isolates from
Belize (TSV-BZ) able to replicate under hyperthermic conditions, where
the reference TSV strain (TSV-HI) could not (Côté and Lightner, 2010),
indicates that hyperthermic protection can be strain-dependent, and
thermal manipulation as a management technique may result in the
appearance of temperature-permissible mutants. Moderate pond tem-
perature increases to> 30 °C have also been shown to result in mor-
talities in uninfected shrimp (Gao et al., 2011; You et al., 2010),
questioning the ubiquity of water temperature manipulation as a sui-
table solution for preventing infection.

3.3. Mechanism of hyperthermic protection

Infections often drive dynamic changes in thermal preference,
where aquatic hosts temporarily move towards warmer waters to in-
duce fever and boost immune parameters. Behavioural thermoregula-
tion in response to infection is well-documented in aquatic vertebrates
(Boltaña et al., 2013; Reynolds et al., 1976), and has also been de-
scribed in invertebrates such as the desert locus Schistocerca gregaria
(Elliot et al., 2002) and freshwater crayfish Cambarus bartonii (Casterlin
and Reynolds, 1980), and inferred in the Ponto-Caspian amphipod Di-
kerogammarus villosus (Rachalewski et al., 2018). Hyperthermic pro-
tection (moving to areas of elevated temperature) is a characteristic
feature of several shrimp species to viral infections, such as Infectious

Myonecrosis Virus (IMNV) (da Silva et al., 2015) and Infectious Hy-
podermal and Haematopoietic Necrosis Virus (IHHNV) (Montgomery-
Brock et al., 2007). This suggests that such a strategy may be a ubi-
quitous response of shrimp to viral infections; however, it is unclear
what impact this has on immune function. The presence of such a re-
sponse has direct implications for enhanced pond design. Traditionally
ponds are approximately one metre in depth and uniform. Introducing a
varied pond depth, which would enhance temperature stratification,
may offer a practical and low-cost strategy to using temperature as a
disease prophylaxis, enabling shrimp to display behavioural thermo-
regulation. This is therefore an important area for future study.

Despite this information, the mechanisms mediating WSD protec-
tion at elevated temperatures is not fully understood. Although several
studies have proposed that shrimp have increased immunocompetence
at elevated temperatures, evidence available to support this hypothesis
is somewhat limited. WSSV-infected shrimp reared at> 31 °C had a
significantly higher total haemocyte count (THC) (Guan et al., 2003;
You et al., 2010) and phenoloxidase (PO) activity (an integral enzyme
involved in invertebrate innate immune defences) when compared to
infected shrimp reared at 27–28 °C (You et al., 2010). However, an
increased apoptotic index associated with hyperthermia in WSSV-in-
fected shrimp has also been proposed as a mechanism for viral clear-
ance (Granja et al., 2003), which would result in contradictory lower
THCs in WSSV-infected shrimp at high temperatures. It has been sug-
gested that these effects could occur as a result of temperature-induced
changes to the transcription of immune related genes (such as Hsp70)
(Jiang et al., 2019). In particular, heat shock 70 kDa protein cognate 5
in P. vannamei might contribute to WSSV infection tolerance by pre-
venting protein aggregation (Yuan et al., 2017). Temperature increases
may therefore enhance the immune system within shrimp potentially
delaying mortalities to reach successful harvests, but further evidence is
necessary to support such a hypothesis.

A recent study in freshwater crayfish Pacifastacus leniusculus has
hypothesised that WSSV entry into cells could occur only in replicating

Table 1
Laboratory experiments studying the effects of temperature on WSD.

Species Temperature Impact of temperature on WSD outcome Citation

1 P. clarkii 19, 25 and 32 °C • Reduced mortality and fewer viral copies at 19 °C and 32 °C compared to 25 °C

• Impact on immune gene transcription
(Jiang et al., 2019)

2 P. monodon 16, 25, 27, 28, 32 and
36 °C

• Significantly higher survival at 32 °C and 36 °C (Raj et al., 2012)

3 P. japonicus 27 and 31 °C • Mortality reduced at 31 °C compared to 27 °C

• WSSV load higher at 27 °C than 31 °C

• THC (total haemocyte count) and PO (phenoloxidase) activity significantly higher
in shrimp at 31 °C

(You et al., 2010)

4 P. vannamei 27 °C-33 °C • Moralities reduced at 33 °C

• Temperature fluctuations to 33 °C for 6 h had both negative (WSSV-Viet) and
positive effects (WSSV-Thai-1) on WSD mortalities

• Temperature increases of 12 or 18 h per day (WSSV-Thai-1) had positive effects on
WSD

(Rahman et al.,
2007a)

5 P. vannamei 27, 30 and 33 °C • Shrimp kept at a constant 33 °C showed no signs of disease and low (0–30%)
mortality

• At constant 27 °C, 30 °C or switch to 27 °C post-challenge shrimp displayed disease
symptoms within 24 h

(Rahman, et al.,
2007b)

6 P. clarkii 10 and 24 °C • 100% mortality in crayfish transferred from 10 °C to 24 °C following WSSV
challenge compared to 0% in those transferred from 24 °C to 10 °C

• Lower water temperature reduced viral replication

(Du et al., 2008)

7 P. vannamei 25.8 and 32.3 °C • Survival always above 80% in 32.3 °C tanks compared to 0% at 25.8 °C

• Hemolymph PCR negative for WSSV at 32.3 °C
(Vidal et al., 2001)

8 P. vannamei subcuticular
epithelial cells

26 and 33 °C • Overexpression of viral genes at 26 °C compared to 33 °C

• Hyperthermia reduced WSSV gene expression
(Reyes et al., 2007)

9 P. chinensis 15, 23, 28 and 33 °C • 100% mortality reached by day 6 at 23 °C, delayed mortalities at 15 °C and 33 °C

• Greatest viral loads also at 23 and 28 °C

• THC lowest at 28 °C

(Guan et al., 2003)

10 P. vannamei 25 and 32 °C • Increased apoptotic index in shrimp at 32 °C (Granja et al., 2003)
11 P. chinensis 15, 20, 25, 30 and 35 °C • Temperature identified as a crucial factor determining WSSV replication

• 25 °C optimum temperature for WSSV replication

• Temperatures of 15 and 35 °C significantly reduced WSSV proliferation

(Gao et al., 2011)
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cells at an optimum water temperature (Korkut et al., 2018). In addi-
tion, there is now strong evidence for the involvement of heat shock
proteins in WSSV tolerance at elevated temperatures. Knockdown of
NAD-dependent aldehyde dehydrogenase (aldh), proteasome alpha 4
subunit (proteasome α4) and Hsp70 by RNA interference in P. monodon
resulted in the disappearance of hyperthermic protection when chal-
lenged with WSSV at 32 °C, indicating the involvement of these factors
in the host protection mechanism (Lin et al., 2011). Furthermore, study
of heat shock proteins (particularly heat shock 70 kDa protein cognate
5) has confirmed their involvement in WSSV tolerance (Yuan et al.,
2017). However, further research is required to fully elucidate the
functionality of this response, and the impact of temperature on virus
entry, replication, assembly and release.

3.4. Temperature management and future directions

Taken together, the literature indicates that the optimum tempera-
ture range for virus replication is within the optimal growth range of its
penaeid host. This is to be expected as viruses depend almost entirely
on their hosts for their replication. Hyperthermic protection depends
both on the duration of hyperthermia and on the stage of infection, and
occurs by mechanisms that are not yet fully understood but may involve
the increased immune responses of the host and/or upregulation of heat
shock proteins. Without a clear understanding of the physiological
consequences of culturing penaeids at high-temperatures it would be ill-
advised to promote this costly strategy to manage WSD among farmers.
In addition, due to WSSV having a wider thermal tolerance window
than shrimp (Fig. 1), alterations in temperature have the potential to
contribute to the mitigation of WSD but not to completely prevent or
treat this disease.

4. Salinity

4.1. Osmolarity within shrimp ponds

Penaeid shrimp are euryhaline, generally exhibiting a type 3 os-
moregulation pattern during their development (Charmantier et al.,
1988); they begin life as osmoconformers and transition to osmor-
egulators once metamorphosed into their adult form (Chong-Robles
et al., 2014). The majority of ion and water exchange in penaeids takes
place in the gill, gut and hypodermal tissues (Charmantier et al., 1988),
with P. vannamei able to tolerate extreme salinities of 0.5 to beyond 45
practical salinity units (psu) (equivalent to 0.5–45 ppt) (Wyban and
Sweeney, 1991).

Salinity has been extensively studied in relation to WSSV infection
as it affects many aspects of shrimp physiology, including: metabolic
rate, susceptibility to toxic metabolites, feeding rate, moulting, growth
and development (Brito et al., 2000; McCoid et al., 1984; McNamara
et al., 1986; O’Brien, 1994; Pequeux, 1995; Ponce-Palafox et al., 1997).
Salinity is shown to vary greatly in shrimp ponds, ranging from 0−40
psu depending on pond locality, which is determined by the site-spe-
cific degree of water evaporation and rainfall (John et al., 1990;
Saksena et al., 2006; Selvam et al., 2012; Zhang et al., 2016). P. van-
namei inhabits a wide range of salinities from 1 to 40 psu (Menz and
Blake, 1980), with an optimum salinity that is close to its isoosmotic
point (24.7 psu). Direct comparison of pond salinity data across sites is
difficult as measurements are not standardised. Nonetheless, pond
salinity predominantly depends on the source of water each farm uses,
which dictates whether high (seawater) or low (freshwater) salinity
culture is employed. In each condition, shrimp may be under osmotic
stress during periods when salinity deviates from its optimum poten-
tially increasing their susceptibility to other stressors and/or disease.
Salinity is measured regularly by farmers, and adjusted by the addition
of salts, especially following periods of heavy rainfall. These rapid
changes in salinity are likely to result in physiological stress to culture
animals and therefore alterations in their susceptibility to disease.

Outbreaks in ponds are frequently recorded following periods of
heavy rainfall where salinity drops to below 15 psu (Tendencia &
Verreth 2011) and following heavy surface runoff into ponds (Oseko,
2006; Tendencia et al., 2010). As well as reducing salinity and tem-
perature, such runoff can also carry contaminants that modify the biotic
and abiotic conditions within the ponds. There is no field data currently
available that links elevated pond salinity (such as can result from
evaporation) with a greater risk of disease outbreak, although this is
likely to cause significant stress to cultured animals.

4.2. High and low salinities are linked to disease outbreak

Following WSSV infection, the ability of P. vannamei to osmor-
egulate decreases significantly. Studies have shown that penaeid shrimp
maintained at suboptimal salinities were more susceptible to WSD,
succumbing to disease earlier, exhibiting increased mortality (Lin et al.,
2012; Liu et al., 2006; Ramos-Carreño et al., 2014; Vaseeharan et al.,
2013) and displaying increased copy numbers of viral major structural
protein VP664 transcripts (Liu et al., 2006; Ramos-Carreño et al.,
2014). These effects were most severe when there was a rapid rate of
salinity change (Liu et al., 2006; Van Thuong et al., 2016). The ability
to successfully farm shrimp at stable, low salinities (< 5 psu) supports
the theory that it is the rate of change, rather than the absolute salinity,
that may play a pertinent role in determining disease susceptibility.
This is particularly important in the face of climate change, which is
projected to result in increased occurrence of extreme weather events
that result in rapid alterations to abiotic factors (Fischer and Knutti,
2015). At high salinities (well above 35 psu), shrimp have been shown
to undergo weight loss and exhibit abnormally low locomotive activity
in both infected and uninfected states; possibly due to the elevated
energetic demand of osmoregulation, as well as the water loss experi-
enced during acclimation to high salinities (Bray et al., 1994; Perez-
Velazquez et al., 2007; Ramos-Carreño et al., 2014).

There is growing evidence that increased susceptibility to WSD is
due to an inability of osmotically-stressed shrimp to mount a regular
immune response. These responses have been characterised by changes
in haematological and biochemical variables including: THC, total
haemolymph protein level, PO activity and alkaline phosphatase ac-
tivity (Joseph and Philip, 2007). THC was shown to decrease in shrimp
following exposure to osmotic stress combined with WSSV infection
(Liu et al., 2006; Vaseeharan et al., 2013; Yu et al., 2003). Haemocytes
are responsible for clotting and the elimination of foreign materials
from the haemolymph, and reductions in levels of haemocytes are
strongly correlated with increased susceptibility to pathogens (Le
Moullac et al., 1998; Persson et al., 1987). Coagulation at WSSV in-
jection sites, phagocytosis and cell lysis during osmoregulation are the
hypothesised causes of reduced THC (Vaseeharan et al., 2013), with the
additional reduction due to salinity stress likely playing an important
role in modifying shrimp immunocompetence.

Following long-term (24-week) low salinity (2.5 and 5 psu) ex-
posure, P. vannamei is shown to have significantly lower immune
parameter measures such as PO activity, respiratory bursts, superoxide
dismutase (SOD) activity and lysozyme activity than those reared at 25
psu (Lin et al., 2012). Despite decreased haemocyte counts, the long-
evity and expression of pathogen recognition proteins that initiate the
proPO cascade (including lipopolysaccharide and β-glucan binding
protein and peroxinectin) were increased (Lin et al., 2012). However,
these results must be interpreted with care, as the water temperature
varied greatly during this experiment (20–32 °C), making the impact of
salinity as a single factor impossible to assess.

Haemocytes are responsible for the production of PO, which is often
increased following reductions in THC as a compensatory mechanism to
maintain pathogen resistance (Le Moullac et al., 1998). However,
conflicting results have been published with respect to salinity impacts
on PO production. Some support a projected increase associated with
osmotic stress (Liu et al., 2006; Yu et al., 2003), whilst others report a
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decrease (Vaseeharan et al., 2013) or no significant change (Joseph and
Philip, 2007). In the latter study, P. monodon were maintained at 15 psu
before acute changes to 0 psu and 35 psu, but all of these experimental
salinities are far from the isoosmotic point of this species (24.7 psu),
which may explain the lack of any PO response. Salinity increases can
lead to an acidosis in the haemolymph of decapod crustaceans, whilst
decreases can lead to alkylosis (Whiteley et al., 2001), which may drive
the observed changes to shrimp immune function.

Damage to the epithelial tissues, that includes the gills, which are
key players in osmotic and ionic regulation (Henry et al., 2012) and
also the primary target for WSSV infection, may also result in increased
WSD susceptibility. Carbajal-Sánchez et al. (2008) showed that sus-
ceptibility to WSD was constant at a range of salinities from 2 to 35 psu,
except at 15 psu where infections in the gills and gastric epithelia were
more severe. This study did not address specifically whether different
salinities affected tissue structure in the absence of WSSV infection as a
control, and instead focussed on counting hypertrophied nuclei to
gauge severity. In addition, whilst per-oral exposure to virions provides
a more accurate reflection of natural exposure routes, this method can
result in uneven virus dose delivery to animals that is biased by larger,
more voracious, individuals consuming greater viral loads (Gitterle
et al., 2006).

The combined effects of possible cellular damage, increased os-
moregulation requirements, and reduced immune parameters are likely
to explain the increased susceptibility of shrimp to WSD at non iso-
osmotic salinities and is supported by evidence that susceptibility to
Yellow Head Virus (YHV) (Navarro-Nava et al., 2011), TSV (Lightner,
2011), Photobacterium samselae subsp. damselae (Wang and Chen, 2006)
and Vibrio alginolyticus (Lin et al., 2012; Wang and Chen, 2005) infec-
tions also increased in penaeids reared under those conditions.

4.3. Implications for salinity management on farms

At a range of salinities from 0 to 40 psu, severe infection levels are
rapidly reached indicating that modifying salinity alone will not be
sufficient to deter WSSV outbreaks. At salinities of 25 psu (isoosmotic),
shrimp demonstrate a greater resilience to infection, with enhanced
immune parameters and greater energy availability due to the dimin-
ished need for continuous osmoregulation and stress responses.
However, the results of immune function studies must be interpreted
carefully, taking into account the experimental design adopted, as at
the time of the WSSV challenge shrimp immune systems may have been
fatigued following periods of acclimation to suboptimal salinities (and
salinity stress).

5. Dissolved oxygen concentrations

5.1. Oxygenation within aquatic environments

Within aquatic systems, dissolved oxygen (DO) concentrations are
heterogeneous, fluctuate depending on physical, chemical and biolo-
gical factors of the surrounding area, and undergo strong diurnal var-
iations, plummeting overnight due to the continued respiration of
aquatic life in the absence of photosynthesis. Oxygen becomes depleted
when demand outweighs autochthonous production and can be driven
by anthropogenic factors including the over-enrichment of the water
with nutrients (e.g. phosphorous compounds); usually via surface water
runoff from nearby agricultural sites and subsequent eutrophication.
The resulting hypoxic conditions can result in areas unable to support
the majority of aquatic life, giving rise to patches of habitat loss and
local degradation of water quality (Altieri and Gedan, 2015; Jenny
et al., 2016). In situ pond measurements of DO concentration are limited
with pond-scale studies reporting DO levels ranging from 2.9 to 5.0 mg/
L (Gunalan et al., 2010; Zhang et al., 2016). However, despite this
knowledge gap, evidence suggests that DO concentrations are sig-
nificantly reduced following heavy rainfall (Zhang et al., 2016).

5.2. Oxygen regulation in penaeids

Penaeid shrimp are oxyregulators, meaning they are able to actively
maintain their internal O2 concentration independently of environ-
mental O2 partial pressure, up to a critical threshold (Herreid, 1980). At
or below this threshold, their critical oxygen tension (PCRIT; which is
dependent on temperature and life stage), O2 consumption becomes the
limiting factor for metabolic rate. During short-term exposure to hy-
poxia, shrimp exhibit erratic behaviour and increase swimming to avoid
unfavourable conditions (Renaud, 1986). Conversely, during prolonged
exposure to reduced environmental oxygen (below PCRIT), penaeid
shrimp reduce their movement and lower their metabolic rate and O2

consumption (MacKay, 1974). Prolonged absence of sufficient DO also
leads to an increase in anaerobic metabolism, in order to maintain
survival (Kulkarni and Joshi, 1980).

During short-term exposures to hypoxia, shrimp can also display
avoidance behaviour, characterised by an increase in swimming and
erratic movement, aimed at moving away from areas with unfavourable
conditions (Renaud, 1986). Oxygen-sensitive transcription factors (in-
cluding hypoxia inducible factors (HIF)) are responsible for inducing a
wide range of gene expression changes when the cellular concentrations
of O2 are reduced in order to enhance survival in hypoxic conditions. To
date, HIF-1 has been characterised in P. vannamei (Sonanez-Organis
et al., 2009) and its expression is associated with induction of glycolytic
genes (Godoy-Lugo et al., 2019) and increased viral load in shrimp
(Miranda-Cruz et al., 2018) during WSSV infection.

5.3. DO concentrations and disease outbreaks

Generally, it is advised that DO concentrations are maintained
above 3.0 mg/L within aquaculture systems to sustain shrimp cultures,
and should be at least 5.0 mg/L within intensive systems (Cheng et al.,
2003b). However, these values are less than or equal to the PCRIT (the
O2 partial pressure below which an animal’s oxygen consumption rate
becomes dependent on O2 partial pressure) of P. vannamei which is
5.0 mg/L (at 28 °C) (Martínez-Palacios et al. 1996). DO concentrations
for shrimp culture are not generally reported within the literature, but
oxygen concentrations at which mortalities were reported were as low
as 1.2 mg/L in some instances (MacKay, 1974). To increase our un-
derstanding of pond conditions, accurate measurements of DO are re-
quired alongside temperature. These should be made throughout 24 h
periods, at different pond depths, and accounting for the impact of
respiring microbes present within the water and sediments on the pond
DO budget. A single laboratory study investigating the impacts of hy-
poxia on WSSV infection demonstrated that at 2.06 mg/L DO (at 23 °C)
P. vannamei susceptibility to infection increased causing significantly
higher cumulative mortalities (Lehmann et al., 2016). However, as DO
was experimentally maintained in part by respiratory O2 consumption
by animals, CO2 may have risen concomitantly throughout the study
period due to respiration. Therefore within this experimental setting it
is not possible to determine the relative contribution of reduced DO and
increased CO2 on the susceptibility of shrimp to WSSV.

There is a significant lack of information on the impacts of DO
concentrations on WSD. Although modelling of pond data from infected
farms in Mexico has inferred that DO plays an important role in de-
termining the severity of mortality events (with higher aeration earlier
in the culture period resulting in reduced shrimp mortalities in small
ponds (Ruiz-Velazco et al., 2010)), experimental data is required to
support this hypothesis. Hypoxia has been shown to increase suscept-
ibility of shrimp to bacterial infections including Vibrio alginolyticus,
Enterococcus (KM002) and Vibrio parahaemolyticus (Cheng et al., 2002a;
Le Moullac et al., 1998; Mikulski et al., 2000). However, it is not yet
clear from the available data whether hypoxia increases susceptibility
to WSD, and, importantly, the relative impact of low oxygen in ponds
compared to high CO2, as both stressors are often linked.
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5.4. Implications for DO management on farms

Evidence suggests that maintaining DO is important to reduce the
occurrence and/or minimise the impacts of disease outbreaks.
Monitoring of pond DO concentrations is of interest to farmers as under
hypoxic conditions feed consumption and growth rate is decreased and
penaeid shrimp are thought to exhibit increased susceptibility to dis-
ease due to depression in the phagocytic activity of haemocytes
(Direkbusarakom and Danayadol, 1998). The minimum required aera-
tion within ponds will depend on the PCRIT, density, biomass and age of
the species being cultured and the phytoplankton/microbe community
within the pond (such as in biofloc systems (Lara et al., 2017)). DO
concentrations are commonly maintained either by pumping air in from
the base of ponds or by surface agitation using paddlewheel aerators,
which have been shown to increase pond yield (Wyban et al., 1989).
However, in order to maximise economic return from aerator use,
diurnal patterns in DO concentrations must be monitored. For example,
it has been proposed that in ponds containing photosynthetic organ-
isms, aeration may not be required during daylight hours when peak
photosynthetic activity provides supersaturation of ponds (McGraw
et al., 2001). The relationship between DO concentrations, paddlewheel
aeration and shrimp feeding rates have been determined and provide a
powerful tool to allow aquaculturists to determine aeration require-
ments based on maximum daily feed amounts and stocking densities
(Hopkins et al., 1991).

6. Hypercapnia and pH

6.1. pH of aquatic environments

Hypercapnia, which is the elevation of carbon dioxide (CO2) con-
centrations in aquatic systems, occurs as a result of biological activity,
via the build-up of respiratory derived CO2. Peak CO2 concentrations
therefore usually occur overnight in aquaculture ponds when photo-
synthetic organisms cease carbon fixation due to lack of light, or fol-
lowing feeding when respiratory activity is very high. Hypercapnia
results in acidification of pond water and directly impacts the phy-
siology of the organisms in the pond (Burnett, 1997; Metzger et al.,
2007). pH is monitored extensively in shrimp aquaculture, and ma-
nipulated artificially via the addition of alkali compounds (e.g. NaOH,
CaO, CaOH), which aims to maintain ponds within an ideal pH range
from 7.8 to 8.3 to support high growth and calcification in euryhaline
shrimp (ASEAN, 1978). Nonetheless, despite a narrow proposed ideal
range, typical pH conditions in ponds across India and Bangladesh have
been shown to range from 5.24 to 8.25 (Sahu et al., 2013; Saksena
et al., 2006), suggesting that conditions are not always maintained
within this ideal boundary. Moreover, despite active pH manipulation,
alkali addition does not solve the underlying causal increase in pCO2,
an issue that remains largely overlooked due to the difficulty of mea-
suring CO2 directly in aquatic systems. Further data is required to de-
termine typical pCO2 ranges in shrimp ponds, but the limited available
data from aquaculture settings that employ minimal water exchange
indicate that pCO2 may be extremely high (up to 17,000 µatm or 35x
current atmospheric levels) (Ellis et al., 2017).

6.2. pH regulation in penaeids

Decapod crustaceans buffer their body fluids against pH changes in
the environment by altering the exchange of ions at the gills (Henry
et al., 1981), altering bicarbonate concentration in their haemolymph
(Defur, 1988) and by mobilising mineral carbonates of their exoske-
leton (Adelung, 1971; Henry et al., 1981; Morgan and McMahon,
1982). Each of these mechanisms is however energetically expensive,
with costs traded off against growth and other biological processes. In
accordance with this, shrimp mortality is increased at both high (> 8.5)
and low (<6.0) pH stress (Chen and Chen, 2003; Han et al., 2018;

Wang et al., 2002; Zhou et al., 2009). P. vannamei exhibit a strong
adaptive ability during gradual pH decrease (6.65) defined by a stabi-
lising cumulative mortality (6.67%), length and weight gain percen-
tage. In contrast, gradual pH increase (9.81) resulted in steadily in-
creasing mortalities (up to 39.9%) and continual length and weight gain
percentage decreases (Han et al., 2018). However, rapid decreases in
pH may negatively impact the ability of shrimp to regulate haemo-
lymph pH effectively (Pan et al., 2007). In sediment dwelling organisms
like penaeid shrimp, haemolymph osmotic pressure is significantly re-
duced when sediment pH is lowered from 7.0 to 6.5 (Lemonnier et al.,
2004) and results in slowed penaeid growth either through decreased
moulting frequency, a reduced size increment during moulting, or a
combination of the two. Under reduced pH conditions ions required for
carapace formation are depleted, altering carapace thickness, hardness
and structure in decapod crustaceans (Wickins, 1984). In densely
stocked conditions, the shore crab, Carcinus maenas, invests resources in
producing a thicker carapace to defend against nearby neighbours
(Souza et al., 2011). Reduced carapace calcification at low pH or re-
duced environment bicarbonate may therefore impede the ability of
crustaceans to produce this protective layer in certain culture condi-
tions and increase the probability of crop loss by cannibalism.

6.3. pH and disease outbreak

Within the wider literature, there are few environmental studies
addressing the effects of hypercapnia on shrimp physiology, and fewer
that consider hypercapnia together with disease outbreaks. Current
knowledge for WSD is limited to pond-scale studies, which are unable
to link single environmental conditions as causal to disease outbreak.
Laboratory studies that have tested this suggest that variations in CO2

and pH increase the risk of infection in shrimp by opportunistic pa-
thogens such as V. parahaemolyticus (Han et al., 2018; Mikulski et al.,
2000), V. alginolyticus (Chen et al., 2015; Li and Chen, 2008) and Lac-
tococcus garvieae (Cheng et al., 2003a). Gao et al. (2011) reported that
pH had a lower impact on WSSV proliferation in Chinese shrimp
compared to temperature and salinity. Optimum virus replication oc-
curred at pH 8.0 and was restrained at both high (8.5 and 9.0) and low
(6.5 and 7.5) pH. This is in contrast with data generated by monitoring
pond conditions which inferred that high pH may be associated with
WSSV outbreaks when in combination with low temperatures (Gunalan
et al., 2010), consistent with earlier predictions that high pH may be
associated with mass mortalities (Corsin et al., 2001). The discrepancy
between these results is most likely due to the variation in methods,
with one study altering pH alongside temperature and salinity within
tanks and the other using field data to infer correlations between con-
ditions and outbreak events in ponds. Hydrochloric acid addition was
used to manipulate pH within laboratory experiment, which does not
replicate pond conditions as it has no impact on pCO2 concentrations,
the driver of pH changes in intensive production settings. Recently,
Kathyayani et al. (2019) demonstrated increased cumulative mortality
in WSSV-injected P. vannamei following exposure to basic pH (pH 8 and
pH 10) stress. In order to determine the individual impacts of pH and of
pCO2 on WSD status of ponds, further studies that examine the impact
of pH and pCO2 each in isolation, before considering their interaction
and impacts in combination with other factors in environmentally
realistic scenarios are required.

6.4. Implications for pH management in farms

Throughout the culture period of shrimp, increasing biomass drives
CO2 production, and subsequent pond acidification. Maintenance of
optimal pH (target 7.8–8.3) in shrimp ponds is achieved by the addition
of alkali compounds; some of which replenish ions required for car-
apace formation following moults (e.g. CaO), and others that may en-
hance their depletion via calcium carbonate precipitation (e.g. NaOH).
Current evidence suggests that whilst considered alongside other
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factors, deviations in pH from an optimal range results in increased
occurrence of WSD outbreaks (Gao et al., 2011). Elevated pH increases
ammonia toxicity (Randall and Tsui, 2002) and prolonged exposure can
result in excessive calcium deposition in pockets beneath the exoske-
leton leading to misdiagnosis of WSD in shrimp farms (Sahoo et al.,
2005). Therefore, pH should be managed to minimise ammonia toxi-
city, prevent unnecessary emergency harvests and ensure fast and ef-
ficient carapace formation to minimise losses by cannibalism. Critically
farmers must also consider the wider implications of elevated pCO2, as
well as the impacts of changes in other minerals within the water,
which are presently not considered and therefore may be overlooked
with respect to WSD outbreaks.

7. Nitrogenous compounds

7.1. Nitrogenous compounds in the aquatic environment

Within pond ecosystems (particularly those that are fully enclosed),
ammonia (NH3), nitrite (NO2

–) and nitrate (NO3
–) concentrations often

exceed naturally occurring levels (Camargo et al., 2005; Ferreira et al.,
2011) due to the degradation of excess feed and metabolic wastes ex-
creted by culture animals (Millamena, 1990; Nhan et al., 2006). In
general, the toxicity of NH3, NO2

– and NO3
– in crustaceans varies de-

pending on developmental stage, with greater potency and often the
largest differences in tolerance reported during larval and juvenile
stages (Furtado et al., 2014; Jensen, 1990; Kuhn et al., 2010; Mallasen
and Valenti, 2006; Romano and Zeng, 2007; Zhao et al., 1997). Ele-
vated concentrations of these compounds have similar physiological
impacts on penaeid shrimp, including reduced feed intake, slowed de-
velopment, significantly reduced growth rates despite increased moult
frequency (Chen and Chen, 1992; Kuhn et al., 2010), and damage to the
gills including fouling, loss of structure and loss of function (De Freitas
Rebelo et al., 2000; Furtado et al., 2014; Kuhn et al., 2010; Romano and
Zeng, 2007). Increases in temperature and pH are also critically linked
to increasing NH3 toxicity in aquatic systems (Wurts, 1992) and oxygen
consumption in NH3-exposed penaeids is significantly higher than
controls (Chen and Lai, 1992; Chen and Lin, 1995; Racotta and
Hernández-Herrera, 2000; Wang et al., 2003). Exposure to nitrogenous
stress results in immunological responses in some crustaceans including
reductions in THC due to oxidative damage and apoptosis (Xian et al.,
2011), and significant changes in the expression of many genes that are
thought to play a role in apoptosis and immune function (Guo et al.,
2013; Lu et al., 2016). These alterations indicate a compromised im-
mune response (Jiang et al., 2004; Rodríguez-Ramos et al., 2008) which
may in turn infer an increased susceptibility to infections.

7.2. Nitrogenous compounds and disease outbreak

Few studies have explored the relationship between WSSV and NH3

stress, and those available have produced conflicting results, seemingly
due to differences in experimental design. Within studies that expose
penaeids to NH3 stress at the point of WSSV challenge, total ammonia
nitrogen (TAN) concentrations of 0.34–14 mgL-1 resulted in no sig-
nificant differences in cumulative mortality or viral replication (Xue
et al., 2017). In contrast, acclimation of P. monodon to 1.1–8.1 mgL-1

TAN for 10 days prior to WSSV challenge resulted in significantly
higher viral loads in the haemolymph, gills and pereopods of infected
shrimp, which were maximum at the highest NH3 concentration
(8.1 mg−1) (Fouzi et al., 2010).

These results suggest that prolonged exposure to nitrogenous com-
pounds that might occur in shrimp ponds increases susceptibility to
WSSV infection, and was recently confirmed experimentally by
Kathyayani et al. (2019). However, the hypothesis that 5 mg L−1 NH3

concentrations may reduce the virulence of WSSV (Jiang et al., 2004)
requires further study. The severity of bacterial infections has been
shown to increase in the presence of high NH3 concentrations. For

example, at increased NH3 concentrations M. rosenbergii susceptibility
to L. garvieae infection increased due to decreased phagocytic activity
and bacterial clearance (Cheng et al., 2003a), and P. vannameimortality
increased following V. alginolyticus infection due to decreases in pha-
gocytic activity (Liu and Chen, 2004). Similarly in the presence of ni-
trites there is an increased susceptibility to bacterial infection (Chand
and Sahoo, 2006; Cheng et al., 2002b; Tseng and Chen, 2004).

The effects of chronic exposure to sublethal nitrogen concentrations
and to elevated NO2

– and NO3
– concentrations on WSD in shrimp are

yet to be studied. However, as they have been shown to impact the
immune responses of euryhaline crustaceans they have the potential to
cause significant losses if not managed appropriately. Nitrogen accu-
mulation can be limited by stocking ponds at carrying capacity, sup-
plying only the required amount of feed, and by the periodic removal of
excess settleable solids from pond bottoms (Burford and Longmore,
2001). The latter is aided by incorporation of a central sloped well at
the pond bottom known as a “shrimp toilet” (Khan, 2018) to collect
excess waste. Rapid waste removal has been beneficial in the reduction
of Acute Hepatopancreatic Necrosis Disease (AHPND)-causing V. para-
haemolyticus in ponds (Kawahigashi, 2017) and so may also be applic-
able in the management of other diseases of shrimp.

8. Conclusion

Evidence from the reviewed literature supports the suggestion that
environmental factors influence the susceptibility of shrimp to WSD.
The available data is biased towards studies focused on temperature
and salinity and for these factors evidence suggests that the rate of
change, shrimp age and infection stage during exposure (e.g. to in-
creased temperatures) may dictate differences in susceptibility. Due to
the sparse information available many critical research questions re-
main and are summarised in Fig. 2. They include the need for further
research on the less studied abiotic factors such as salinity, hypoxia,
hypercapnia and nitrogenous compounds, and crucially, the effects of
combined changes in abiotic and biotic environmental conditions on
disease outbreak. This is particularly important when considering that
environmental stressors rarely occur in isolation and organisms in farm
settings are likely to be exposed to multiple biotic and abiotic stressors
simultaneously and in a fluctuating manner over time. However, pub-
lished measurements of abiotic conditions from across a wide range of
production settings that could inform our understanding of farm dy-
namics are not currently available, and when data are available, its
utility is hindered due to a lack of standardised measurements. Until
these knowledge gaps have been addressed, guidelines for the man-
agement of culture conditions at farms to improve resistance to disease
remain undefined.

Movement towards fully enclosed systems will offer the undeniable
benefit of stricter regulation of environmental conditions, however,
their implementation will be expensive and present specific challenges
for the management of water chemistry. In addition, the findings of this
review are of increasing importance in the face of climate change, as the
occurrence of extreme weather events that result in rapid changes in
environmental conditions are predicted to increase in frequency.
Resulting changes to environmental factors such as salinity and tem-
perature have the ability to alter the severity of disease outbreaks in
shrimp ponds if not carefully managed. These effects will be greatest for
(vulnerable) small-scale farmers in developing regions who are less able
to control pond conditions.

Continued research toward effective disease treatments for WSD,
together with improving disease resistance of shrimp stocks by genetic
selection, should remain a priority. However, this needs to occur in
parallel with improved understanding and management of combined
environmental conditions to relieve WSD and other disease-related
losses and to promote sustainable shrimp aquaculture.
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