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Abstract

There is increasing recognition of the need to understand behaviours of species important in
aquaculture to facilitate their production. This is particularly true of species where variations
in feeding behaviours may impact cultivation costs. The Pacific white shrimp (Litopenaeus
vannamei) is the most cultivated species in crustacean aquaculture globally, however, there are
few studies that have addressed its feeding behaviour in detail. The objective of the present
study was to evaluate the feeding behaviour of L. vannamei in response to feed-deprivation
treatments and moult status. In this study, twenty-four juvenile shrimp (10.51 + 2.17 g) were
divided across three different feed-deprivation conditions (+0 h (control), +24 h or +48 h; n=8
per treatment). All shrimp started from a baseline of 14 h feed-deprivation; all individuals had
their last food intake at 19.00. Those in the control group were recorded for behaviour at 09.00
the following day and were not feed-deprived for any additional time (+0 h), whereas the other
treatments were feed-deprived by one (+24 h treatment) or two (+48 h treatment) extra days.
Moult status was monitored as it changed in all shrimp throughout the course of the experiment.
Shrimp, provided with their usual food, were observed individually via video in test arenas for
20 minutes where feeding behaviours were recorded. Each shrimp was recorded 5 times across
different days, providing information on within-individual in addition to between-individual
variation. Filmed observations on individual shrimp showed a clear prevalence of feeding
activity in groups that were feed-deprived for +48 h compared to the other treatments. Shrimp
that were feed-deprived for +24 h also showed significantly increased feeding activity
compared to the control group. Shrimp in the inter-moult stage had significantly increased
feeding activity. Longer feed-deprivation reduced both within- and between-individual
variation across the majority of the behaviours that were scored. Repeatability analyses were
performed and also supported this finding, with greater repeatability of behaviours in shrimp
that were feed-deprived for +48 h. Thus, it was shown that feed-deprivation and moult status
have significant effects on L. vannamei feeding behaviour. The results of this study highlight
the relevance of feed-deprivation and moult status in nutritional trials and provide important
baseline information for developing the use of behaviour to improve L. vannamei production.

Key words: Attraction to feed, Feeding activity, Individual variation, Inter-moult, Penaeid
shrimp.



1. Introduction

There is a growing recognition of the relevance of understanding behaviours of species
important in aquaculture. Studying the behaviour of animals for production can provide
accurate indicators for assessing welfare (Martins et al., 2012), evaluating husbandry
techniques (Almazan-Rueda et al., 2004) and feed management protocols (Andrew et al., 2004;
Noble et al., 2007; Sanchez et al., 2009). Behaviours can be useful in offering a quick and non-
invasive indication of changes in the environment (Hazlett, 1995; Sih et al., 2004; Dingemanse
et al., 2010) however most of the advances in aquaculture in this area have been applied to
finfish production with fewer studies conducted in other aquaculture industries such as shrimp
production.

An area of shrimp aquaculture which is likely to benefit from understanding behaviours of
cultivated species is feeding (Bardera et al., 2018). Several studies have documented a range
of feeding inefficiencies associated with shrimp production (e.g. Davis et al., 2006; Smith and
Tabrett, 2013), which have been partly attributed to slow feeding activity by individuals
(Ullman et al., 2019). In penaeid shrimp, searching, detection and grasping of food are guided
by different sets of chemoreceptors (Steiner and Harpaz, 1987; Derby and Sorensen, 2008),
and a variety of behavioural repertoires have been observed in relation to chemical detection
of food and feeding stimulation (Lee and Meyers, 1996). When feed is offered, shrimp change
their behavioural profile by increasing the frequency of behaviours related to searching, such
as exploration and crawling. This is matched with decreases in the frequency of unrelated
behaviours, such as inactivity, cleaning and burrowing (Pontes and Arruda, 2005; Silva et al.,
2012).

An important factor that is likely to affect feeding behavioural repertoires and may potentially
influence attraction to feed of shrimp, as well as in other farmed animals, is variation in hunger
levels and the effect of feed-deprivation (Costero and Meyers, 1993). Often, in nutritional
studies where different feeds or feed components are trialled to determine preference or feeding
attraction, crustaceans are feed-deprived for a period of 18-24 h prior to testing (e.g. Holland
and Borski, 1993; Sanchez et al., 2005; Nunes et al., 2006; Derby et al., 2016). However,
crustacean feeding activity and behavioural responses may change with feed-deprivation time
and subsequently influence the results obtained (Lee and Meyers, 1997; Sanchez et al., 2005).
Feed-deprivation has been studied in several penaeid species (e.g. Cuzon et al., 1980;
Chandumpai et al., 1991; Rosas et al., 1995; Stuck et al., 1996; Comoglio et al., 2004),
however, these studies have mainly focussed on physiological and biochemical effects and, to
our knowledge, no one has yet considered the influence of feed-deprivation on behaviour.

A further factor that is likely to affect feeding behaviours of shrimp is the moult status of
individuals (Dall et al., 1990). Moulting can have substantial effects on overall activity (such
as locomotion and swimming) but is particularly important in feeding (Chan et al., 1988).
Indeed, penaeids have been observed to suppress feeding activity in the preliminary stages
before and after moulting (Dall, 1986; Harpaz et al., 1987; Chan et al., 1988; Dall et al., 1990;
Vega-Villasante et al., 2000). Importantly, depending on their moult stage, shrimp can show
more or less sensitivity to stress (Wajsbrot et al., 1990), and this can be an additional influence
on their overall behaviour (Heales et al., 1996), potentially contributing to individual variation



in crustacean feeding behaviour. In addition, due to phenotypic constraints in sensory
capabilities, morphological limitations or limits on learning abilities, variation in behavioural
plasticity between and within individuals in the same population can occur (Hazlett, 1995;
DeWitt et al., 1998; Wilson, 1998; Briffa et al., 2008, 2015; Briffa and Sneddon, 2016). These
individual differences will affect feeding behaviours, and understanding individual variation is
also likely to be of importance in species that are the focus of aquaculture.

One of the most important shrimp species in global aquaculture is the Pacific white shrimp
Litopenaeus vannamei which represents more than 70% of the world shrimp cultivation (FAO,
2018). The success in production of this species is a result of a number of factors, including its
tolerance to high densities, high average daily growth rates, and its ability to withstand a large
range of water parameters (Briggs et al., 2004; Bondad-Reantaso et al., 2012; Jory and Cabrera,
2012). However despite being such an important species in global production, there are few
studies documenting its behaviour, in particular with regards to feeding (but see Nunes et al.,
2006; Lima et al., 2009; Da Costa et al., 2016). This is surprising given that an important
constraint in L. vannamei production is the high feeding costs that are associated with this
species (Hung and Quy, 2013) and the slow feeding rates that are also observed (Costero and
Meyers, 1993; Pefiaflorida and Virtanen, 1996).

As feed-deprivation and moult status are likely to be crucial factors in determining feeding
behaviour in penaeid shrimp and may affect overall levels of between- and within individual
variation in behaviour, the aim of the present study was to evaluate feeding behaviour and
individual variation in L. vannamei. Different types of behaviours including state behaviours,
event behaviours and attraction-to-feed were observed repeatedly in individual shrimp in
relation to different feed-deprivation times (+0 h, +24 h, +48 h) and moult status stages (inter-
moult, pre-moult, post-moult) to understand the effects of these conditions on behaviours in L.
vannemei. It is envisaged that the results from this work will be of benefit to our understanding
of the fundamental feeding behaviour of L. vannamei and can help inform future behavioural
feed trials to improve the aquaculture of this globally valuable species.

2. Material and Methods
2.1. Shrimp husbandry

Juvenile Pacific white shrimp Litopenaeus vannamei were obtained from The Fresh Shrimp
Co. (Newcastle, United Kingdom) in July 2017 and maintained in two closed 300 |
recirculation systems at the University of the West of Scotland (Paisley, United Kingdom).
Each recirculation system was composed of three holding tanks (60 x 37 x 40 cm, length x
width x depth) and a sump tank (65 x 50 x 39 cm). Aeration was provided within all the system
tanks. Artificial seawater (Seamix, Peacock salt) was passed through a UV filter and parameters
in the holding tanks were 30 * 1 ppt salinity, 26.2 + 0.4° C temperature, > 5 mg/l dissolved
oxygen and 7.7 £ 0.2 pH (mean = S.E.). Approximately 22 L. vannamei juveniles were
allocated to each holding tank during the acclimation period and were held for 18 days before
experiments started. Photoperiod was maintained at 12 h light/12 h dark. Before use in
experiments, shrimp were fed ad libitum (~ 10% ration of tank biomass) a 57% crude protein



diet (Gemma Diamond 1.0, Skretting France) equally divided across three feeding sessions per
day (09.00, 13.00 and 19.00). Excess food and faeces were removed after each feeding.

Individuals of 10.51 £ 2.17 g (mean + S.E.) body mass and with all appendages in good
condition were selected from holding tanks for use in experiments. Twenty-four experimental
shrimp were selected and moved to an additional 220 | recirculation system with four holding
tanks (59 x 34 x 18 cm) and a sump tank (65 x 50 x 39 cm), with water treatment and parameters
as before. Shrimp were placed inside individual circular mesh chambers (diameter 18 cm). The
circular chambers were then divided between the four holding tanks (six in each). Eight shrimp
were allocated to each of the three feed-deprivation treatments (detailed below), such that each
holding tank contained two chambers from each treatment. Shrimp were acclimated inside the
circular mesh chambers for 5 days before any feed-deprivation was begun prior to experimental
trials. Shrimp were fed individually following the same protocol as in the holding tanks (i.e.
10% of their biomass per day, equally divided across three feeding sessions).

2.2. Experimental design and feeding regime

The 24 shrimp were divided across three feed-deprivation treatments, each with eight
individuals; +0 h (control), +24 h and +48 h feed-deprivation groups. As behavioural trials
were conducted in the morning (9.00-12.00), the control group was recorded for behaviour 14
h after they last fed (i.e. at 19.00 the previous day) and so provided a feed-deprivation baseline.
Food was withheld from the +24 h treatment for an additional 24 h (thus they experienced a
total of 38 h of feed-deprevation prior to behavioural trials) and from the +48 h treatment group
for an additional 48 h (a total of 62 h prior to behavioural trials). Five repeated behavioural
trials were recorded on each individual shrimp 3 days apart, thus the experimental design could
be used to examine overall differences among treatment groups as well as variation between-
and within-individuals. Moulting was also monitored throughout the experiment to investigate
the influence of moult status (inter, pre, post) on shrimp behaviour.

2.3. Behavioural trials

For behavioural trials, test arenas were constructed using polycarbonate (95 cm x 30 cm x 15
cm (length x width x depth); Fig. 1). Arenas comprised an acclimation chamber (A; 10 cm X
30 cm x 15 cm) that was opened by lifting a separating door at the start of the trial to allow
shrimp access to the rest of the arena. At the far end of the test arena a feeding tray (B; 6 cm X
6 cm x 1 cm) was positioned where the feed was dispensed. At the end of the test arena, an
isolated chamber (C; 10 cm x 30 cm x 15 cm) contained a Gopro Hero 3+ camera to record
shrimp feeding activity inside the feeding tray. A 1 cm? grid was placed under the bottom
surface of the maze to provide a correct scale for videos and to aid in analysis. In addition to
the GoPro camera within the maze, a video camera (Canon G15) was set-up directly above to
record the entire system.

For each behavioural trial, the test arena was filled with 25 | of fresh artificial sea water
(parameters as in the recirculation system), which was replaced with new sea water for each
subsequent trial. During each recording, no water current was generated to avoid the influence
of rheotaxis on the animal’s orientation towards the food source and affect the quality of video



recordings. Arena walls were also covered with black plastic to minimize disturbance to
shrimp. At the start of the trial, individual shrimp were transferred from their circular mesh
chamber and placed in the acclimation chamber and, after 10 minutes, the separating door was
removed so that the shrimp could explore the arena. The same feed that they received in the
holding tanks (1 g, 57% crude protein diet Gemma Diamond 1.0, Skretting France) was added
to the feeding area at the same time that the shrimp was placed in the system to reduce all
possible disturbances after acclimation. For recording of trials, both video cameras were turned
on at the point the separating door was removed, and the shrimp was filmed for 20 minutes for
analysis of behaviour (see below). In the week prior to experimental trials, the shrimp had been
introduced to the test arena for 20 minutes on three separate occasions, in the same way as in
the experiments, to allow them to become familiar with the arena. The same feed type and
quantity was also provided during these acclimation trials.

Figure 1. Dimensions of test arena where shrimp were recorded. Test arena was composed of: A =
acclimation area, B = feed area, C= camera area.

2.4. Behavioural units

An ethogram was developed for shrimp feeding behaviour based on the responses proposed by
Lee and Meyers (1996) (Table 1). Video analysis of behaviours was performed using BORIS
v. 6.0.1 software (Friard and Gamba, 2016).

Inactivity, detection, orientation, locomotion, fleeing and feeding were recorded as mutually
exclusive ‘state behaviours’ (Table la), accounting for the whole-time budget (i.e. 1200
seconds). These state behaviours were further classified as ‘passive’ or ‘active’ depending on
whether shrimp were moving. In addition, maxilliped beat, eye beat, and antennae wipe were
also recorded as ‘event behaviours’ (Table 1b). Instead of duration of time, these behaviours
were recorded as counts and could be performed at the same time as the ‘state behaviours’.

Table 1. Ethogram of Litopenaeus vannamei adapted from Lee and Meyers (1996). Two kinds of
behaviours are identified: (a) State Behaviours which are mutually exclusive, in total accounting for the



whole time budget; (b) Event Behaviours are independent of each other, being recorded as frequencies
and not included in the overall time budget.

Behaviour Description
. Shrimp is in a steady position without any movement
2 Inactivity rimp yp y
3 of its appendages.
3
<
3
® Detection Movement of shrimp appendages, such as mouthparts,
'3 antennules, antennae, pereiopods in a steady position.
» ©
o [a
>
2
3 . . Shrimp movement to orientate side-on to feed without
< Orientation . .. L .
3 changing the position of their middle point.
[<5]
g 2 ) o
N 3 . Shrimp movement forward or backward with position
= Locomotion
= 3 change.
<
3
® Vigorous movements against the wall of the
b Fleeing experimental maze associated with swimming
< behaviour.
Feeding Shrimp positioned on the feeding tray, eating food.
g Maxilliped beat ~ Shrimp beats and strokes maxillipeds.
o
=
©
S
m - -
- Eye beat Shrimp beats eyes against themselves.
o
>
m
= Antennae wipe  Shrimp wipes antennae.

2.5. Statistical analysis

Statistical analysis was performed using R software v. 3.4.3 and IBM SPSS Statistics v.25.

2.5.1. Behavioural differences in relation to feed-deprivation and moult status

Data obtained from video analysis were log transformed to achieve normality. Differences in
all considered behaviours within each feed-deprivation treatment and moult status were
analysed using a Generalised Linear Model (GLM), where feed-deprivation/moult status was
treated as a between factor and each behaviour was treated as a within-factor. Shrimp ID was
included as a random factor in the model to account for repeated observations owing to each



individual contributing data to each of the moult stages. It should be noted that whereas feed-
deprivation treatment was assigned (n=8), moult status was dependent on the shrimp that went
through their natural moulting cycle during the experiment; this was accounted for in the
statistical model. All 24 shrimp used in the present study went through all three moult stages
(pre-moult, inter-moult, post-moult), but the number of videos of each individual shrimp was
lower for the post-moult stage due to the shorter length of this stage. This made a total of nine
possible categories of shrimp status (i.e. three feed-deprivation states x three moult stages).
Due to violation in sphericity, Greenhouse-Geisser or Huynh-Feldt corrections were applied.
Where overall significant effects were found, tests of simple effects were performed followed
by post hoc tests. Post hoc analyses were performed using the Tukey test to analyse differences
between feed-deprivation or moult status treatments and Bonferroni pairwise comparisons
were performed to check differences between the behaviours analysed. Significant differences
were noted when p< 0.05.

2.5.2. Correlation of state behaviours

Pearson’s correlation analysis was performed on the state behaviours, using all the video
recordings that were observed with respect to feed-deprivation and moult status as separate
data points. There were five videos taken per shrimp (i.e. repeats over time) thus there were
120 video recordings in total. The correlations looked for overall relationships between the
different behaviours to identify whether any of them were closely correlated with time spent
feeding. A positive correlation indicates a positive relationship between two behaviours (i.e. a
high level of one behaviour is correlated with a high level of the other behaviour), whereas a
negative correlation between two behaviours indicates that one behaviour is being carried out
at the expense of the other.

2.5.3. Attraction-to-feed score

Attraction-to-feed score was calculated as the time taken by an individual to reach the feeding
tray for the first time in a trial divided by the total trial time (i.e. 1200 seconds) and then
expressed as a percentage. Values for the attraction score therefore ranged from 0-100% where
higher values represent greater attraction. Differences in this score were analysed according to
feed-deprivation group and moult status again using a GLM with feed-deprivation/moult status
as a between factor and the attraction-to-feed score as a within-factor. Again, shrimp ID was
included as a random factor in the model to account for repeated observations owing to each
individual contributing data to each of the moult stages. Due to violation in sphericity,
Greenhouse-Geisser or Huynh-Feldt corrections were applied. Where overall significant
effects were found, tests of simple effects were performed followed by post hoc tests. Post hoc
analyses were performed using the Tukey test to analyse differences between starvation or
moult status treatments. Significant differences were noted when p< 0.05.

In addition, a regression analysis was performed to validate whether the attraction-to-feed score
was a predictor of overall time spent feeding. Even though shrimp that initially moved to the
feeding tray quickly clearly had more time available in the trial to feed, early arrival at the
feeding station would not necessarily mean the remaining trial time would be spent feeding, as
the shrimp could leave the feeding station straight away.



2.5.4. Between- and within- individual variation

We investigated the effect of feed-deprivation on between and within-individual variation in
state behaviours and attraction-to-feed score by determining the consistency (i.e. repeatability)
in the behaviour of individuals. To achieve this, we performed univariate mixed-effects models
using the R package Ime4 (Bates et al., 2014). We analysed the consistency of shrimp behaviour
using starvation as a fixed factor. It was not possible to run this analysis according to moult
status due to a low sample size in some groups. We included the proportion of available time
spent performing each behaviour as the dependent variable, running separate mixed-effects
models for each behaviour in turn with shrimp identity included as a random factor (Zuur et
al., 2009). We then calculated the intraclass correlation coefficients (or repeatabilities) from
the model outputs by dividing the between-individual (i.e. Vindo) variance by the total variance
(i.e. Vindo + Veo; where Veg is the average within-individual plasticity towards any stimulus
that is statistically unaccounted for) (Dingemanse and Dochtermann, 2013). We used this
output to determine whether the time spent by an individual in each of the behaviours was
repeatable, that is whether a larger portion of the total variance can be attributed to differences
between individuals rather than within individuals (Nakagawa and Schielzeth, 2010;
Dingemanse and Dochtermann, 2013, Cleasby et al., 2015). To calculate confidence intervals
(95% CI) we used parametric bootstrapping with 1000 simulations using the R package ‘rptR’
(Stoffel et al., 2017). Repeatability estimates were deemed insignificant if the lower estimate
of the confidence interval approached zero (i.e. <0.1) (Houslay and Wilson, 2017).

In addition, a visual interpretation of the individual variation results was conducted through the
calculation of coefficients of variation (CV), for both the feed-deprivation and moult status
groups. The CV is a statistical measure of the dispersion of data points around a mean value,
with higher values indicating greater levels of variation. It is calculated by dividing the standard
deviation of the data series in question by its mean (i.e. CV = SD / mean). Data grouped by
feed-deprivation treatments were considered initially, followed by those grouped by moult
status, but only between-individual variation was analysed in relation to moult status due to
low sample size in the post-moult group.

3. Results
3.1. Behavioural differences in relation to feed-deprivation and moult status

Significant main effects of feed-deprivation (Fs173= 4.350, p<0.01) and moult status (Fs173=
4.776, p<0.001) were found in relation to state behaviours. However, with regards to event
behaviours, only moult status presented a significant effect in the model (F2,99=3.199; p<0.05).
As no significant interaction between feed-deprivation and moult status was found for either
state or event behaviours, the main effects of each condition were analysed independently in
relation to the observed behaviours.

Feed-deprivation: Overall, a significant difference in the time spent performing each state
behaviour was found (F249=11.032, p<0.001) with a significant interaction between feed-
deprivation period and behaviours performed (Fs49=3.108, p<0.018, Fig. 2a). Shrimp from the



control group spent more time inactive and performing detection behaviours than any of the
other behaviours (Fs95=47.507, p<0.001). However, with an increase in feed-deprivation
period, the differences between passive and active behaviours disappeared (Fig. 2a). When the
time spent performing the same behaviour was compared between treatment groups,
behaviours that were influenced by feed-deprivation treatment included inactivity (F2e3=
4.092, p<0.05), detection (F2,63= 10.343, p< 0.001) and feeding (F2,63= 6.312, p< 0.01). Tukey
post hoc analysis showed significant differences between control and + 48 h feed-deprivation
groups in relation to inactivity (p<0.05) and between the control and the other feed-deprivation
groups for detection (+24 h, p<0.01; +48 h, p<0.001) and feeding (+24 h, p <0.05; +48 h,
p<0.01; Fig. 2a).

A significant effect of feed-deprivation was also found in the performance of event behaviours
(F2,27= 39.516, p<0.001; Fig. 2b). Differences in the number of times that shrimp exhibited
these behaviours were also found within the control (F26:=1.947, p<0.001), +24 h
(F2,64=24.476, p<0.001) and +48 h (F263=30.528, p<0.001) feed-deprivation groups, with a
greater number of antennule wipes than eye and maxilliped beats (Fig. 2b). However, no
significant differences were found within each of the event behaviours according to feed-
deprivation periods.

Moult status. In general, a significant difference in the time spent performing each state
behaviour was found (F2,177=19.240, p<0.001). A significant interaction between moult status
and behaviour was also observed (Fs,177=4.269, p<0.01, Fig. 2c) and there was a difference in
the time spent performing different behaviours for each of the three moult status groups (inter-
moult: F243=6.195, p<0.01; pre-moult: F257=10.303, p<0.001; post-moult: F45=11.135,
p<0.001). Post-moult shrimp spent most of the time performing passive behaviours and fed for
significantly less time in comparison to the rest of behaviours (p<0.01 all). However, this
difference between passive behaviours and feeding was not seen in pre-moult or inter-moult
shrimp, where those behaviours were more equally distributed across the recording time. (Fig.
2¢). When each behaviour was compared between moult status, only time spent feeding was
significantly different (F2,63= 15.030, p<0.001), with inter-moult shrimp spending more time
feeding than pre-moult (p<0.05) and post-moult (p<0.001) shrimp. In addition, pre-moult
shrimp spent more time feeding than post-moult shrimp (p<0.05) (Fig. 2c).

Differences were found in the frequency of event behaviours (F2,121= 50.223, p<0.001), with a
significant effect of moult status (F2,121= 3.007, p<0.05; Fig. 2d). Inter-moult (F228=28.972,
p<0.001) and post-moult (F246=19.805, p<0.001) performed a higher number of antennae
wipes compared to eye and maxilliped beats, whereas pre-moult individuals (F246=12.540,
p<0.001) exhibited a lower number of eye beats in comparison to the other two behaviours
(Fig. 2d). Moreover, when each behaviour was compared between moult status, a significant
difference was found in relation to the number of eye beats (F2,63= 6.250, p<0.01) and antennae
wipes (F2,63= 5.743, p<0.01; Fig. 2d). Tukey tests showed that post-moult shrimp performed a
higher number of eye beats in relation to pre-moult (p<0.01) and inter-moult (p<0.05) shrimp.
Post-moult shrimp also performed a higher number of antennae wipes compared to pre-moult
(p<0.01) and inter-moult (p<0.05) shrimp (Fig. 2d).
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Figure 2. Average time (s) performing each state behaviour and event behaviour according to feed-
deprivation (A, B; n=8 shrimp per feed-deprivation treatment) and moult status (C, D; n= 24 shrimp
per moult status because each shrimp went through all three moult stages thus bars represent repeated
measurements on the same individuals). Presented with standard errors. Significant differences (Tukey:
p<0.05) in time spent performing different behaviours by animals within the same treatment are
indicated by capital letters, where bars sharing a letter are not statistically different. The absence of
letters indicates no significant differences were found within that treatment. Significant differences
(Tukey: p<0.05) between treatments within the same behaviour are indicated by lowercase letters and
the absence of letters indicates no significant differences between treatments for that behaviour were
found.

Correlation between analysed behaviours

The time budget of shrimp changed according to both feed-deprivation period and moult status
(Table 2). There was a general trend where feeding behaviour was negatively correlated with
the rest of the behaviours measured. However, for feed-deprivation, only inactivity was
significantly negatively correlated with feeding behaviour in the control group (-0.414,
p<0.001) whereas all behaviours showed a significant negative correlation with feeding at +24
h and +48 h feed-deprivation (Table 2). For moulting, there were no behaviours which were
significantly negatively correlated with feeding in the post-moult group and in the pre-moult
group, negative correlations with feeding reached significance with inactivity (-0.551,
p<0.001) and detection (-0.348, p<0.05). All behaviours showed a significant negative
correlation with feeding in the inter-moult group (Table 2).



Table 2. Correlation coefficient (r) between the different behaviours and feeding using all the video
observations made (120 behavioural observations) considered in relation to (A) feed-deprivation
periods (control, +24 h, +48 h (n=8 shrimp per treatment and 5 video observations per shrimp = 40
videos per treatment)) and then (B) moult status. The number of videos of each individual shrimp was
not the same for each moult stage due to the differences in the length of each stage, therefore there were
52 behavioural observations of inter-moult shrimp, 44 of pre-moult shrimp and 24 of post-moult
shrimp). Significant correlations are shown in bold and indicated as “p<0.05, “p<0.001. Shaded cells
represent negative correlations with feeding behaviour.

Pre-moult
A Control +24h +48h p Inter- Post-moult
Feeding moult
Inactivity -0.414™ -0.580™ -0.513™ -0.572™ -0.551™ -0.234
Detection -0.143 -0.369" -0.349" -0.448™ -0.348" -0.125
Orientation 0.002 -0.485™ -0.312" -0.425™ -0.134 0.169
Locomotion 0.087 -0.444™ -0.431™ -0.424™ -0.107 0.230
Fleeing -0.178 -0.393" -0.500™" -0.454 -0.162 0.066

Attraction-to-feed score

Significant differences in the attraction-to-feed score were found in relation to feed-deprivation
treatment (F2,63= 3.817, p<0.05; Fig. 3a) and moult status (F2e3= 4.374, p<0.05; Fig. 3b). The
+48 h feed-deprivation group and the inter-moult status had the highest attraction-to-feed
scores, and were significantly different from the control and post-moult groups, respectively
(Tukey’s test: p<0.05 both comparisons).

Moreover, the time spent feeding by individual shrimp could be strongly predicted by their
attraction-to-feed score (R%= 0.615, p<0.001; Fig. 3c). Shrimp that had the highest attraction-
to-feed score and therefore longer feeding times were predominantly from the +48 h feed-
deprivation group whereas the shrimp with the lowest attraction-to-feed score were from the
control group. Shrimp feed-deprived for +24 h were distributed along the attraction-to-feed
range (Fig. 3c).
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Figure 3. Attraction-to-feed score (%) of shrimp according to feed-deprivation periods (A; n= 8 shrimp
per feed-deprivation treatment) and moult status (B; n= 24 shrimp per moult status because each shrimp
went through all three moult stages, thus bars represent repeated measurements on the same
individuals). Presented with standard errors. Significant differences (Tukey: p<0.05; lowercase letters)
were found according to feed-deprivation periods between control and +48 h feed-deprivation and
between inter- and post-moult individuals in relation to moult status. (C) Correlation between the
attraction-to-feed score of each individual and the time spent feeding. Feed-deprivation groups are
identified by symbols; squares = control, diamonds = +24 h feed-deprivation, triangles = +48 h feed-
deprivation (n= 8 per feed-deprivation treatment).

Between- and within-individual variation

Analysis of repeatability with respect to feed-deprivation groups revealed significant
differences in behavioural consistency across treatments (Table 3). Significant repeatability
was found in the two passive behaviours considered here, inactivity and detection, across all
the feed-deprivation treatments, with the control group presenting the highest repeatability in
both behaviours. This contrasts with the active behaviours of orientation and fleeing which
were not found to be significantly repeatable across any of the feed-deprivation groups. With
regards to feeding, only individuals in the +48 h feed-deprivation group showed significant
repeatability of time spent engaging in this behaviour. In addition, behavioural consistency in
attraction to feed and locomotion was seen in shrimp starved for +24 h and +48 h (Table 3).

These results for the effect of feed-deprivation time are further illustrated in the CV analysis
(Fig. 4), which support the results presented by the repeatability analysis. For the passive



behaviours examined, there appears to be an increase in between-individual variation at the
greater feed-deprivation periods illustrated by increasing CV values. In contrast, with
increasing feed-deprivation periods, active behaviours showed a general decrease in between-
and within individual variation, illustrated by the CV data for both feeding and attraction.

As mentioned above, it was not possible to include moult status in the full repeatability analysis
as it was not possible to determine within-individual variation due to the short time each
individual shrimp spent in post-moult phase. However, analysis of between-individual
variation (Fig. 5) revealed a reduction in variation in all active behaviours when shrimp were
in inter-moult status. Although there was no clear pattern in the influence of moult status on
the CV for passive behaviours, shrimp in inter-moult presented the highest CV values.

Table 3. Repeatability estimates for measured behaviours according to feed-deprivation groups. Units
for mean are the proportions of time spent performing each behaviour (n= 8 shrimp per treatment).
Repeatability was calculated from univariate mixed-effects models with shrimp identity included as a
random effect. Parametric bootstrapping was used to calculate confidence intervals (95% CI).
Significant repeatability estimates are shown in bold.

Behaviour Starvation Mean Range Repeatability (95% CI)
Control 0.40 (0.05-0.92) 0.54 (0.25 - 0.66)
Inactivity +24 h 0.26 (0.03-10.76) 0.27 (0.16 —0.37)
+48 h 0.21 (0-0.77) 0.19 (0.15-10.27)
Control 0.24 (0.07 - 0.44) 0.23(0.20 - 0.29)
Detection +24h 0.17 (0.01-0.39) 0.16 (0.12-0.22)
+48 h 0.14 (0.02-0.34) 0.14 (0.10-0.19)
Control 0.07 (0-0.20) 0.07 (0.05-0.10)
Orientation +24h 0.09 (0.02-0.19) 0.09 (0.07 - 0.11)
+48 h 0.09 (0.02-0.17) 0.10 (0.07 - 0.11)
Control 0.14 (0-0.45) 0.17 (0.08 —0.21)
Locomotion +24 h 0.18 (0.04 - 0.48) 0.19 (0.13-0.23)
+48 h 0.12 (0.01-0.50) 0.24 (0.11 -0.32)
Control 0.07 (0-0.22) 0.11 (0.08 —0.13)
Fleeing +24 h 0.09 (0-0.57) 0.13 (0.08 — 0.15)
+48 h 0.14 (0.01-0.50) 0.13(0.07 - 0.21)
Control 0.07 (0-0.65) 0.09 (0.03 -0.11)
Feeding +24 h 0.20 (0-0.87) 0.17 (0.07 - 0.32)
+48 h 0.25 (0-0.89) 0.30 (0.14 - 0.36)
Control 0.25 (0-0.91) 0.28 (0.09 - 0.40)
Attraction +24h 0.33 (0-0.88) 0.33(0.18 —0.48)
+48 h 0.49 (0-0.96) 0.42 (0.31 - 0.66)
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Figure 5. Coefficient of variation for between-individuals in inter-moult (black circles), pre-moult (grey
circles) and post-moult status (white circles) with respect to time spent performing behaviours
(inactivity, detection, orientation, locomotion, fleeing and feeding) and attraction-to-feed score (n= 24
shrimp per moult status because each shrimp went through all three moult stages thus bars represent
repeated measurements on the same individuals).



4. Discussion

Although there has been a growing recognition of the importance of understanding animal
behaviours in aquaculture, less attention has been focused towards certain species that are
important in production, such as shrimp. This study therefore addressed this knowledge gap by
investigating behaviours in a globally important species in crustacean aquaculture, the Pacific
white shrimp L. vannamei, by specifically examining the effect of two conditions, feed-
deprivation and moult status, on feeding behaviours. Results indicated that L. vannamei adjusts
its behavioural repertoire and feeding attraction significantly according to different feed-
deprivation periods and at different stages in the moulting cycle. This therefore has potential
implications for our understanding of behaviours in aquaculture settings where individuals are
likely to exhibit differences in physiological state.

In this study we found that shrimp with additional feed-deprivation periods (i.e. +24 h, +48 h)
presented a significant increase in feeding and a decrease in inactivity and detection in
comparison to the control group. Similarly, individuals that were in inter-moult showed the
greatest levels of feeding. Hence, feed-deprivation and moult status are important factors that
should be properly controlled when nutritional studies are carried out. A number of studies that
have shrimp feeding as a central component, for example those that investigate nutrition, have
fasted experimental shrimp for 18-24 h (e.g. Holland and Borski, 1993; Sanchez et al., 2005;
Nunes et al., 2006; Derby et al., 2016; Silva et al., 2019) and used individuals in the same
moult status (e.g. Sanchez et al., 2005; Smith et al., 2005). However, this is not always common
practice and the results presented here suggest this to be an important consideration.

Of the limited studies conducted on L. vannamei, changes in feeding behaviour have been noted
according to different conditions. It has been shown that L. vannamei has higher feeding levels
during dark periods and more inactivity in the light (Pontes et al., 2006) and shrimp fed seven
times per day (i.e. not feed-deprived), also presented higher levels of inactivity (Lima et al.,
2009). In fact inactivity has been noted as the first behaviour to decrease when feed is offered
(Silvaetal., 2012). In the present study, when feed was available throughout behavioural trials,
passive, low energy, behaviours (i.e. inactivity, detection) (Da Costa et al., 2016), prevailed in
shrimp from the control treatment and post-moult status, where the lowest levels of feeding
activity were observed. In addition, inactivity was negatively correlated with feeding across all
feed-deprivation and moult groups, with stronger negative correlations in the more feed-
deprived or inter-moult shrimp. Passive behaviours, therefore, appear to be a useful first
indication of low feeding motivation.

Event behaviours as studied here (i.e. eye beat, maxilliped beat and antennae wipe) have not
been considered in previous studies of L. vannamei behaviour. Our results indicated that feed-
deprivation time had no effect on the occurrence of these behaviours, however significant
differences were found in relation to moult status. Post-moult shrimp displayed a higher
frequency of eye beats and antennae wipes compared to pre- and inter-moult shrimp. Shrimp
close to ecdysis (i.e. at the end of pre-moult and post-moult phases) are more susceptible to
stress (Wajsbrot et al., 1990) and so it is possible that the increase in these behaviours in post-
moult shrimp is a reflection of stress. Observations of mouthpart beating (such as maxilliped
beats as investigated here) have been previously documented in other crustaceans such as the



Caribbean spiny lobster (Panulirus argus) and can be linked to antennular grooming behaviour
(AGB) or auto-grooming (Barbato and Daniel, 1997; Wroblewska et al., 2002). This is where
crustaceans clean their mouthparts using their pereiopods or beat them energetically to remove
chemical particles from the antennules. Levels of AGB may differ depending on the chemical
attractant used (e.g. Zimmer-Faust et al., 1984; Barbato and Daniel, 1997; Daniel et al., 2001).
In the present study, no significant differences in the frequency of maxilliped beats were found
in relation to starvation or moult status, possibly because only one type of feed was used during
the experiment. Future studies could focus more on this behaviour to investigate if there is the
same connection between AGB and attractants in penaeid species.

Attraction towards food has been studied in previous experiments to assess shrimp choice
between different experimental feeds. Hartati and Briggs (1993) assessed attractiveness
according to the number of L. vannamei shrimp on feeding trays containing different diets and
the time spent feeding. Smith et al. (2005) calculated attraction in relation to the preference
between different experimental diets and a base diet in tanks containing 12 Asian tiger shrimp
(Penaeus monodon) juveniles. Nunes et al. (2006) used a similar approach to the present study,
calculating the orientation and locomotion time that individual shrimp required to reach an area
containing food within a Y-maze that presented the shrimp with a choice between two different
diets. In the present study, feed-deprivation and moult status significantly affected the
attraction-to-feed score, with shrimp deprived of feed for +48 h and in inter-moult status
showing the quickest approach to the feeding area. However, a fast approach to the feeding
tray and interaction with feed does not necessarily result in extended feeding times, as shrimp
can stop feeding after arriving at the tray. Whether shrimp remain to feed at the feeding tray
will depend on food-acceptance or rejection behaviour as previously documented in other
crustacean species such as the giant river prawn (Macrobrachium rosenbergii) (Steiner and
Harpaz, 1987) and the hermit crab (Pagurus granosimanus) (Wight et al., 1990). In the present
study, a positive correlation was found between feeding activity and the attraction-to-feed
score, suggesting that shrimp arriving quickly to the feeding tray were more motivated to feed.
This is perhaps not surprising as only one type of feed was used during this experiment and
was the diet that the shrimp had been previously fed on. It remains to be determined whether
the relationship between attraction-to-feed and feeding behaviour in Pacific white shrimp is
influenced by other types of feed. Indeed, it may be possible to use the strength of relationship
between attraction-to-feed and time spent feeding to assess feed quality and this idea warrants
further investigation. Regardless, our results clearly show that in developing parameters for
feeding trials, periods of feed deprivation and moult status have significant effects on shrimp
feeding behaviour that need to be carefully considered.

Individual variability is an important consideration for behavioural studies (Dingemanse and
Dochtermann, 2013; Briffa and Sneddon, 2016; Hewes and Chaves-Campos, 2018).
Behavioural variation between- and within-individuals of the same species which have been
subjected to similar conditions could indicate that behavioural plasticity is affected by different
conditions such as morphological limitations, sensory capabilities, limits on learning abilities
or genetic components (Hazlett, 1995; DeWitt et al., 1998; Briffa et al., 2015; Briffa and
Sneddon, 2016). Such limits on behavioural plasticity may result in consistent differences in
behaviour in individuals from the same population, affecting the likelihood of generating



inconclusive results in a study (Briffa et al., 2008; Dingemanse and Dochtermann, 2013). In
the present study, individual variation in relation to feed-deprivation was investigated using
repeatability analysis. Passive behaviours became less consistent (i.e. lower repeatability
values) and active behaviours (e.g. feeding) became more consistent (i.e. higher repeatability
values) as shrimp were feed-deprived for longer. These findings were further supported by the
results obtained from the CV analysis which showed a tendency towards reduction in the
between- (for both feed-deprivation and moult status) and within-individual (for feed-
deprivation only) variation in active behaviours when shrimp were in inter-moult status and
more feed-deprived.

Previous work on behavioural consistency has found similar findings in other crustacean
species. For example, hermit crabs (Pagurus bernhardus) (Briffa et al., 2008) and big hand
crabs (Heterozius rotundifrons) (Hazlett and Bach, 2009) were tested several times to
determine individual variation in relation to predator defence behaviour. Individuals differed
in their defence behaviour but presented high levels of individual consistency across
conditions. Alexander et al. (2015) found a reduction in between-individual variation in
feeding behaviour in marine amphipods (Echinogammarus marinus) when individuals were
feed-deprived for longer. However, within-individual variation increased with longer feed-
deprivation time. In penaeid shrimp, Santos et al. (2016) found that L. vannamei can increase
behavioural consistency in relation to feeding activity under constant conditions. Furthermore,
these results reflect how important feed-deprivation and moult status are in the reduction of
individual variation and this may have important implications for future behavioural studies.
The presence of repeatability in several behaviours measured in the present study tentatively
suggests the existence of animal personality in L. vannamei (Briffa and Weiss, 2010), a term
that explains these consistent differences in individual behaviour. This concept has been
addressed in other crustacean species (Briffa et al., 2008; Bridger et al., 2015; Hewes and
Chaves-Campos, 2018) but not in penaeid shrimp, thus presents an interesting avenue for future
research.

5. Conclusion

The results presented here suggest that feed-deprivation and moult status have a significant
effect on L. vannamei feeding behaviour with important implications for the design of future
behavioural and feed choice trials. The highest levels of feeding and reduced levels of
individual variation were found in shrimp that were feed-deprived for an additional 48 h, and
in inter-moult. Passive behaviours (i.e. inactivity, detection) were correlated with low feeding
motivation. Using a favourable diet, attraction-to-feed score was an effective method of
assessing levels of feeding activity and was also influenced by feed-deprivation and moult
status. Additionally, repeatability of some of the analysed behaviours may provide evidence of
animal personality in penaeid shrimp, although further research is required. We have identified
the importance of considering feed-deprivation and moult status when investigating feeding
behaviours of Pacific white shrimp, providing important baseline information in developing
the use of behaviour to improve Pacific white shrimp production.
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