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Abstract 

Identifying correct stocking densities is an important concern for shrimp farming especially 

when intensification of shrimp production is growing in order to meet increasing demand. 

Increased stocking densities generate greater competition among individuals, reduced feeding 

efficiencies and increased water degradation. Little is known, however, about the effects of 

stocking density on feeding behaviour and conspecific interactions in commercial shrimp 

species. Therefore, the aim of the present study was to investigate the effects of density and 

dominance hierarchies on the feeding behaviour of Pacific white shrimp (Litopenaeus 

vannamei). Juvenile shrimp (7.91 ± 1.81 g, n = 56) were divided into three density treatments 

(low: 6.2 shrimp/m2, medium: 12.4 shrimp/m2 and high: 24.8 shrimp/m2) with four groups at 

each density. Groups of shrimp were placed with feed in test arenas and recorded for 20 min, 

with each group recorded eight times on consecutive days. Video analysis was conducted via 

automated observation using EthoVision tracking software. Dominance hierarchies were 

observed within each group and were found to remain stable across observations. Therefore 

the effect of dominance on feeding behaviour was investigated via comparisons of behaviour 

of the most dominant and subordinate shrimp in each group. Results showed a clear effect of 

both density and dominance on L. vannamei feeding. A greater relative feed consumption was 

observed in shrimp at the high density, even though less time was spent on the feeding area 

due to space limitations on the feeding tray. Lowest levels of feeding activity were found in 

the low-density treatments, coupled with higher levels of exploratory behaviour (i.e. moving, 

distance and velocity) indicative of a reduced feeding motivation. Smaller distances and 

extended contact times between individuals were found with increasing density. Dominance 

influenced feeding behaviour; subordinates spent longer on the feeding area whereas dominants 

explored the test arena more, however, these differences were minimised at high density. 

Findings from this study therefore revealed how L. vannamei at high density (24.8 shrimp/m2) 

maximized feeding behaviours while minimising feeding inefficiencies due to dominance 

interactions. The study also showcased tracking shrimp feeding behaviour automatically at a 

group level.  

 

Keywords: Automated observation; Dominance hierarchy; Feeding efficiency; Penaeid 
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1. Introduction 

The Pacific white shrimp (Litopenaeus vannamei) is the most commercially valuable species 

in shrimp aquaculture, comprising more than 70% of the industry’s total global production 

(FAO, 2018). This focus is due to the suitability of L. vannamei for culture across a large range 

of environmental conditions (e.g. salinity, temperature), its high growth rates, and ability to 

tolerate very high densities (i.e. 100 – 400 shrimp/m2) (Ray et al., 2010; Bondad-Reantaso et 

al., 2012). Despite the potential for high stocking densities of L. vannamei, production 

strategies under commercial conditions routinely implement lower stocking densities, with 

extensive (i.e. 1 – 10 shrimp/m2), semi-intensive (10 – 25 shrimp/m2) and intensive (> 25 

shrimp/m2) production (Anh et al., 2010; Tacon et al., 2013). However, the intensification of 

shrimp production in commercial ponds is growing rapidly (Van et al., 2017) in order to meet 

increased demand (Boyd et al., 2017), and under higher densities (> 100 shrimp/m2), several 

production outputs such as feed conversion ratios, growth and survival rates are compromised 

(Araneda et al., 2008; Balakrishnan et al., 2011; Roy et al., 2020). This results from a 

combination of negative factors including disease incidence, accumulation of waste products, 

water quality degradation and the occurrence of adverse behaviours such as cannibalism 

(Arnold et al., 2006; Ruiz-Velazco et al., 2010; Zhang et al., 2010). In addition, more efforts 

in feed management are required when shrimp are stocked at high densities, as greater 

competition for access to feeding areas can restrict the number of shrimp feeding (Sanchez et 

al., 2005) leading to greater size heterogeneity within a population (Araneda et al., 2013).   

It is therefore evident that stocking density has an important role in feeding success in shrimp 

farming (Allan and Maguire, 1992) and should be considered when studying feeding behaviour 

in commercial shrimp. Limited work has been conducted on L. vannamei feeding behaviour in 

relation to different stocking densities. Sanchez et al. (2005) tested the effect of extensive (4.7 

shrimp/m2, 9.3 shrimp/m2) and semi-intensive stocking densities (14 shrimp/m2) and found that 

at lower, extensive densities shrimp were better able to assess attractability and palatability of 

experimental feeds. Similarly, Costa et al. (2016) found differences in L. vannamei feeding 

behaviour at three intensive stocking densities (50, 75 and 100 shrimp/m2). At a density of 50 

shrimp/m2, less time was required by individuals to reach the feeding area and extended feeding 

times were also observed compared to the other higher stocking densities. These results 

indicate that a more thorough understanding of how L. vannamei modifies its feeding behaviour 

according to stocking density may be useful for determining those densities which maximise 

feeding performance in commercial ponds. Additionally, it could improve future feeding trials 

testing novel feeds at a group level.  

Integral to the effects of stocking density on shrimp feeding behaviour, is the potential for 

dominance hierarchies to form within farmed populations. Dominance hierarchies have been 

studied in other crustacean species in relation to mating success (Correa et al., 2003; Thiel and 

Correa, 2004) and feeding (Thomas et al., 2003; Gilpin and Chadwick, 2019), but have not 

been considered under commercial conditions or for penaeid shrimp. Dominance hierarchies 

allow dominant and more aggressive individuals to gain access to scarce resources (e.g. 

receptive females, food) over subordinate individuals (Ryer and Olla, 1996). Animals that win 

or lose resources in early encounters with conspecifics during hierarchy formation may 

subsequently become more dominant or subordinate (Theraulaz et al., 1995), respectively, 

leading to greater polarisation of hierarchies. With regards to feeding, more dominant 

individuals are likely to monopolise feed for longer periods of time, growing faster than 



subordinates (Thomas et al., 2003; Rands et al., 2006). Several studies on fish and crustacean 

species have shown how individual differences in growth and feed intake are driven by 

dominance hierarchies (e.g. Thomas et al., 2003; Montero et al., 2009; Gomez-Raya et al., 

2018). Therefore, the occurrence of dominance hierarchies in farmed shrimp populations may 

have implications for commercial production. For example, physiological and behavioural 

differences between dominant and subordinate individuals may cause increased stress and 

aggression rates or decreased growth and feeding performance (Castanheira et al., 2017).  

Shrimp feeding behaviour is normally studied through direct manual observations (Nunes et 

al., 2006; Pontes et al., 2008) or by indirect observations via video recording (Bardera et al., 

2019a, 2020b), with the latter minimizing disturbances to shrimp. Videos can be analysed by 

human eye or automatically using tracking software (e.g. EthoVision XT). Non-automated 

observations are time-consuming, often requiring many hours to analyse the recordings 

whereas analysis using automated observations can be achieved in minutes (Bardera et al. 

2020a). Automated observations also present several advantages compared to manual 

observations such as decreasing observer fatigue and determination of several behaviours that 

are not easily calculated by direct observation (e.g. travel distances or velocity of individuals). 

For those reasons, the use of automated protocols to analyse behaviour are highly 

recommended when studying feeding behaviour in commercial shrimp such as L. vannamei 

(Bardera et al., 2020a).  

The aim of this study was to investigate the effect of stocking density and associated dominance 

hierarchies on L. vannamei feeding behaviour. At the start of the study, an automated tracking 

software (EthoVision XT) was evaluated for its use in determining feeding behaviour of shrimp 

held in groups by comparing manual and automated observations across several behaviours. 

EthoVision software was then used to distinguish differences in L. vannamei feeding behaviour 

between three different stocking densities (6.2 shrimp/m2, 12.4 shrimp/m2 and 24.8 shrimp/m2). 

The dominance index of each individual shrimp within the study was then determined based 

on their interactions with other individuals (e.g. the number of attacks or withdrawal behaviours 

performed). Repeated observations on the same individuals allowed investigation into the 

stability of dominance indices within each density treatment. Finally, the effect of dominance 

index on feeding behaviour was considered by comparing the feeding behaviour of the most 

dominant and subordinate individual in each group.  

 

2. Materials and Methods 

2.1. Shrimp Husbandry and Acclimation Period 

Pacific white shrimp Litopenaeus vannamei juveniles were obtained from FloGro Systems 

(Lincolnshire, United Kingdom) in June 2019 and stocked in two closed 300 l recirculation 

systems at the University of the West of Scotland (Paisley, United Kingdom). Each 

recirculation system comprised three holding tanks (60 x 37 x 40 cm, length x width x depth) 

and a sump tank (65 x 50 x 39 cm), with aeration provided within all the tanks. Filtered artificial 

sea water (Seamix, Peacock salt) was used (20 ± 1 ppt salinity, 26.1 ± 0.2º C temperature, > 5 

mg/l dissolved oxygen, 8.2 ± 0.1 pH, 134 ± 9 ppm alkalinity (mean ± S.E.)). Photoperiod was 

maintained at 12 h light/ 12 h dark. During an acclimation period of two weeks, shrimp were 

fed ad libitum with a 57% crude protein diet (Gemma Diamond 1.0, Skretting France) equally 



divided across three meals per day (09.00, 13.00 and 19.00). Excess food and faeces were 

removed after each meal. 

2.2. Experimental Population and Treatments 

Fifty-six shrimp (7.91 ± 1.81 g; mean ± S.E., body mass) with all appendages in good condition 

were selected from the holding tanks and moved to an additional 220 l recirculation system 

with three holding tanks (59 x 34 x 18 cm) and a sump tank (65 x 50 x 39 cm), with water 

parameters as before. Shrimp were held within this system in individual mesh circular 

chambers (diameter 18 cm) to help with transferring them to the test arena and to avoid 

interactions between shrimp that could damage their appendages.  

Shrimp were allocated to one of three different density treatments: low (two shrimp), medium 

(four shrimp) and high (eight shrimp), corresponding to 6.2 shrimp/m2, 12.4 shrimp/m2 and 

24.8 shrimp/m2, respectively. There were four groups (i.e. replicates) per density treatment and 

each of these were recorded eight times across consecutive days, resulting in a total of 32 

observations per density treatment. Shrimp were feed-deprived for 24 h prior to the recordings, 

with feed provided only inside the test arena during a trial. Shrimp were randomly selected for 

trials from mixed sex tanks and assigned to each group. Whilst moulting phase was monitored 

continuously throughout the trials (according to Bardera et al., 2019a), shrimp were selected 

from across the whole moult cycle as it was not logistically possible to select individuals at 

certain moult stages.  

Shrimp were tagged on the eye stalk using a single plastic coloured ring for individual 

recognition (Fig. 1). Different colours (red, yellow, blue or black) and positions (left or right 

eyestalk) were used depending on density treatment so that all individuals were identifiable. 

Preliminary observations during the first 24 h after tags were attached to shrimp were carried 

out to evaluate the effect of tags on shrimp behaviour. Shrimp did not exhibit any abnormal 

behaviour during that time or during the trials. 

 2.3. Test Arena and Recording Protocol  

The circular test arena was made of medium-density polyethylene (69 cm x 36 cm; diameter x 

depth). An internal polyethylene structure was used to form eight acclimation chambers (18 - 

25 cm x 15 cm x 25 cm; lengths x width x depth) around the outside edge which could be 

removed simultaneously. The structure was removed at the start of the trial releasing shrimp 

into the whole test arena for each recording. In the centre of the tank, a feeding area (24 cm 

diameter) was marked where feed was introduced (Fig. 2). A video camera (Canon Legria HF-

S21) was set-up directly above the arena to record the entire system and the test arena was 

filled with 60 l of artificial sea water (parameters as before) for each recording. No water 

current or aeration was produced during the trials as this could have influenced the quality of 

video recordings or orientation of shrimp towards the food source. Lack of aeration over the 

short time frame of the recordings was not considered to negatively affect water quality and 

dissolved oxygen remained consistently above 5 mg/l.  

Shrimp were introduced into individual acclimation chambers for 10 min prior to the start of a 

trial. For the low and medium-density treatments where there were more acclimation 



compartments than shrimp, shrimp were introduced into opposite acclimation chambers. Feed 

was added to the feeding area and the video camera was activated just before removing the 

acclimation chamber structure. Feed (36.6% crude protein diet, Skretting ARC) quantity was 

proportional to the number of shrimp allocated to each density treatment (i.e. low, 1 g; medium, 

2 g; high 4 g). Shrimp feeding behaviour was recorded for 20 min, then the video recording 

was stopped, and the shrimp were returned to their individual chambers within the recirculation 

system. Leftover feed was siphoned and placed in an oven at 60ºC for 12 h. After that, samples 

were weighed to calculate the percentage of feed consumed in each recording. Feed samples 

for each density group (i.e. 1 g, 2 g and 4 g) were also measured to calculate mass change due 

to absorption of water during 20 min in the tank followed by loss of moisture when dried in the 

oven. This allowed accurate determination of the amount of food consumed during each trial.   

2.4. Behavioural Analysis 

All video recordings were analysed using EthoVision XT v.15 tracking software (Noldus 

Information Technology Inc.), with behavioural data on all individuals in each trial obtained 

simultaneously via the EthoVision Social Interaction Module. Although reliability of this 

software was validated for tracking single penaeid shrimp in Bardera et al. (2020a), it was 

necessary to validate its use for tracking and analysing behaviour at a group level. Therefore, 

15% of the total observations, representing 15 videos equally divided among the density 

treatments (i.e. n= 5 each), were analysed manually and then compared with the results 

provided by the software. 

Behavioural observations were considered to fall into one of three groups. The first group were 

behaviours that related to direct interaction with the feed, the second were behaviours that 

related to interaction with the test arena and the third were social behaviours in relation to 

interactions between individuals. Behaviours tracked by EthoVision were time spent on the 

feeding area, attraction-to-feed score, number of transitions to the feeding area, average 

distance-to-feed throughout a trial, time spent moving, distance travelled by shrimp, average 

speed during a trial, distance between individuals and body contact (Table 1; Bardera et al., 

2020a). Behaviours that were manually detected were time spent on the feeding area, attraction-

to-feed score, transitions to the feeding area, time spent moving and time individuals spent in 

body contact. Manual observations were carried out without knowledge of automated 

observation results to avoid any unconscious bias. 

In order to obtain the automated behavioural measurements, EthoVision was provided with the 

dimensions (cm) and subsections (i.e. feeding area) of the test arena, and a calibration scale (in 

cm) for accurate analysis of behaviours (e.g. distances and velocity of individuals). Video 

recordings were started and stopped using a remote control, allowing the camera to remain in 

the same position and ensuring that arena settings were as consistent as possible across 

recordings. In brief, detection settings were set to ‘dynamic substraction’ as this was found to 

be the best option for detecting L. vannamei individuals (Bardera et al., 2020a). Prior to the 

start of video analysis, each individual shrimp was selected in the opening frame of the video 

by drawing a square around its body. For 20 min video recordings, EthoVision analysed at 2 x 

normal speed for low density, normal speed for medium density, and 2 x slower for high 

density, requiring 10, 20 and 40 min for data extraction, respectively (Core Duo i5-6300U 2.50 

GHz 8GB RAM). In addition to behavioural analysis, EthoVision provided heatmaps of the 

distribution of shrimp within the test arena.  



2.5. Statistical Analysis 

Statistical analysis was carried out using R software v. 3.5.2 (R Core Team, 2017). The five 

behaviours that were manually tracked by an observer (time spent feeding, attraction-to-feed 

score, transitions, moving and body contact) were compared to automated observations made 

by EthoVision. Concordance was tested using Kendall’s W test. Results of this comparison 

served to validate the reliability of EthoVision’s Social Interaction Module for tracking 

behaviour at a group level, therefore only automated observations were used in the analyses 

below.    

2.5.1. Density effect 

The effect of density (i.e. low, medium, high; n = 4 groups for each density with 8 repeated 

observations made on each group over time) on L. vannamei behaviours measured by 

EthoVision (Table 1) was analysed using generalised mixed-effect models (GLMM) in the R 

package ‘lme4’ (Bates et al., 2019). Univariate models for each behaviour were constructed 

with density as a fixed factor and group as a random factor, thus accounting for repeated 

measurements on the same group (Zuur et al., 2009). All behavioural data followed a Gamma 

distribution except transitions which followed a Poisson distribution. In models where main 

effects were significant, post-hoc comparisons between density treatments were conducted 

using the R package ‘Multcomp’ (Hothorn et al., 2020). 

Further analysis was performed to investigate differences in the percentage of feed consumed 

at each density of shrimp. A Kruskal-Wallis test was used to investigate overall differences 

followed by a post-hoc Mann-Whitney U test. In addition, Spearman correlations between the 

percentage of feed consumed and each of the observed behaviours were carried out to assess 

whether behaviours were effective predictors for the quantity of feed consumed. Additional 

information to visualise behavioural differences in relation to density was obtained from 

distribution heatmaps generated by EthoVision.  

2.5.2. Dominance effect 

Tagging of individuals allowed evaluation of the interaction between shrimp in each group (n 

= 4 for each density) across recordings. Interactions between two individuals were counted 

either as ‘win’, when a shrimp moved towards another causing it to flee, or ‘defeat’, when a 

shrimp fled from an approaching individual. Using this information, dominance indices were 

determined for each individual shrimp (n = 56) following the dyadic dominance index (Dij) (De 

Vries et al., 2006), which is based on the David’s score approach (see David, 1987), and was 

calculated as:  

Dij = Sij/Nij – ((Sij/Nij – 0.5)/(Nij + 1)) 

where Sij is the number of wins of one individual (i) against another individual (j) and Nij is the 

total number of interactions (i.e. wins and defeats) between both individuals. For every shrimp, 

this procedure was repeated with every individual it could interact with at its given density. 

Thus, for every recording each shrimp held in a group of two had one Dij index, each shrimp 

held in a group of four had three values of Dij and each shrimp held in a group of eight had 

seven Dij values per recording.  These scores were averaged to calculate the dominance index 



(Dij) for each shrimp per recording, with higher or lower Dij indicating greater or lesser 

dominance, respectively.  

Concordance in the average dominance index per recording was analysed for each shrimp 

across observations using Kendall’s W test, indicating a high degree of consistency across 

repeated trials (W = 0.450; ꭓ2(55) = 197.909, p < 0.001). Therefore, these values were averaged 

to produce a single Dij for each shrimp. For each density treatment, a K-means cluster analysis 

based on Euclidean distances classified shrimp based on their average individual dominance 

index, resulting in two different dominance categories; dominant (i.e. high Dij) and subordinate 

(i.e. low Dij). The most dominant and the most subordinate individuals in every group within 

each density treatment were then identified (n=4 dominant and subordinate shrimp in total per 

density).  

Behavioural differences that were obtained via EthoVision were investigated in relation to 

dominance (i.e. dominant, subordinate) and the interaction between dominance and density 

(i.e. low, medium, high) was analysed using generalised mixed-effect models (GLMM) in the 

R package ‘lme4’, as before (Bates et al., 2019). Univariate models for each behaviour were 

calculated with dominance and density as fixed factors and shrimp as a random factor (Zuur et 

al., 2009), with Gamma distribution in all behaviours aside from number of transitions which 

followed a Poisson distribution. Post-hoc analyses were carried out using the R package 

‘Multcomp’ (Hothorn et al., 2020) for main effects and ‘lsmeans’ (Lenth, 2018) for 

interactions. Distance-between-subjects and body contact were not included in this analysis, as 

at low density (i.e. two shrimp) these behaviours were the same for each individual in the pair. 

2.5.2.1. Behavioural variability in relation to dominance  

To compare the levels of intra-individual variation in behaviour to determine whether it 

differed between dominant and subordinate individuals, coefficients of variation (CV) were 

calculated for every individual for each behaviour performed. CV is a standardised measure of 

the dispersion of data points around a mean value, where greater levels of variation are 

indicated by higher CV values. It is calculated by dividing the standard deviation of the data 

series in question by its mean (i.e. CV = SD/mean). Differences in CV between dominant and 

subordinate individuals within each density treatment were calculated using the R package 

‘cvequality’ (Marwick, 2019) with the Modified Signed-Likelihood Ratio Test (MSLRT) 

(Krishnamoorthy and Lee, 2014).  

 

3. Results 

3.1. Software reliability  

Manual observations of shrimp behaviour showed significant similarity with those obtained 

from EthoVision, for time spent on the feeding area (98.0% similarity, ꭓ2(2,14) = 27.450, p < 

0.05; Fig. 3a), attraction-to-feed score (97.0% similarity, ꭓ2(2,14) = 27.150, p < 0.05; Fig. 3b), 

number of transitions (93.4% similarity, ꭓ2(2,14) = 26.154, p < 0.05; Fig. 3c), time spent 

moving (93.4% similarity, ꭓ2(2,14) = 26.161, p < 0.05; Fig. 3d) and body contact (95.0% 

similarity, ꭓ2(2,14) = 26.600, p < 0.05; Fig. 3e). 

 



3.2. Effect of density on shrimp behaviour 

Once EthoVision was validated for analysis of behaviour at a group level using comparisons 

to the five manually tracked behaviours, further steps focused on determining whether group 

feeding responses were affected by density in the EthoVison-tracked behaviours. Behaviours 

which involved direct interaction with the feeding area were evaluated first. A significant effect 

of density was found on time spent on the feeding area (ꭓ2(2) = 6.536, p < 0.05; Fig. 4a), with 

shrimp in the medium density spending more time on the feeding area compared to shrimp 

from the low (Z = 2.603, p < 0.05) and high (Z = 2.504, p < 0.05) densities. No effect of density 

was found on attraction-to-feed score (Fig. 4b). A significant effect of density was found in the 

number of transitions to the feeding area (ꭓ2(2) = 7.060, p < 0.05; Fig. 4c), with high density 

shrimp making a greater number of transitions than shrimp at the medium (Z = 6.297, p < 

0.001) and low (Z = 1.067, p < 0.05) densities. No significant differences between densities in 

distance-to-feed were found (Fig. 4d). 

For behaviours within the test arena, significant differences in the time spent moving were 

found (ꭓ2(2) = 20.490, p < 0.001; Fig. 4e), with shrimp held at low densities showing greater 

activity than shrimp at medium (Z= 2.148, p < 0.05) and high (Z= 2.374, p < 0.05) densities. 

Similarly, an effect of density on distance moved was found (ꭓ2(2) = 32.543, p < 0.001; Fig. 

4f), with shrimp at low densities travelling further distances than shrimp at medium (Z= 2.486, 

p < 0.05) and high (Z= 2.291, p < 0.05) densities. Velocity was also affected by density (ꭓ2(2) 

= 18.779, p < 0.001; Fig. 4g), with shrimp at low densities having greater velocities than shrimp 

at medium (Z= 2.448, p < 0.05) and high (Z= 2.374, p < 0.05) densities.  

In relation to social behaviours, differences in the distance-between-subjects were found (ꭓ2(2) 

= 16.718, p < 0.001; Fig. 4h), with low density shrimp being further apart from each other than 

shrimp at the medium (Z= 2.331, p < 0.05) and high (Z= 2.485, p < 0.05) densities. Similarly, 

differences were found in the time spent in body contact (ꭓ2(2) = 14.908, p < 0.001; Fig. 4i), 

with low density shrimp spending less time in body contact than shrimp at medium (Z= 3.313, 

p < 0.01) and high (Z= 5.406, p < 0.001) densities. In addition, a significantly lower time spent 

in body contact was found at the medium compared to the high density (Z = 2.398, p < 0.05). 

3.2.1. Feed consumed (%) 

There were significant differences in the percentage of feed consumed in relation to density 

(Kruskal-Wallis: ꭓ2(2) = 20.893, p < 0.001; Fig. 5). Shrimp at the highest density consumed 

proportionally more feed compared with shrimp at both medium (Z = 2.310, p < 0.05) and low 

(Z = 4.237, p < 0.001) densities. Moreover, shrimp at the medium density consumed 

proportionally more feed than shrimp at the low density (Z = 2.861, p < 0.01).  

Time spent on the feeding area (R2 = 0.29, p < 0.01) and attraction-to-feed score (R2 = 0.28, p 

< 0.01) were both correlated with the amount of feed consumed when all density treatments 

were considered together. No other significant correlations with the remaining behaviours were 

found. When considered according to density treatment, time spent on the feeding area was 

correlated with feed consumption at low density (R2 = 0.46, p < 0.01; Fig. 6a) and attraction-

to-feed score was significantly correlated with feed consumed at medium (R2 = 0.50, p < 0.01) 

and high (R2 = 0.45, p < 0.01) densities (Fig. 6b). 

 



3.2.2. Spatial distribution 

Spatial distributions around the test arena were analysed using heatmaps generated by 

EthoVision (Fig. 7). Qualitative observations on the time spent by shrimp according to the 

density treatment support the quantitative behavioural differences found above.  

3.3. Dominance effect 

3.3.1. Concordance across observations 

In order to determine the degree of concordance in dominance indices across recordings, 

Kendall’s coefficient of concordance was calculated. High levels of concordance were found 

across observations both when all density treatments were considered together (W = 0.450; 

ꭓ2(55) = 197.909, p < 0.001) and within each density treatment: low (W = 0.454; ꭓ2(7) = 25.424, 

p < 0.001), medium (W = 0.438; ꭓ2(15) = 52.814, p < 0.001) and high (W = 0.427; ꭓ2(31) = 

105.814, p < 0.001). 

3.3.2. Behavioural differences according to dominance status 

The effect of dominance on feeding behaviour and its interaction with density treatments was 

then evaluated by comparing the most dominant and subordinate individuals from each group. 

As a comprehensive analysis of density effects involving every shrimp in each group was 

carried out above, here we focus on the effects of dominance, and its interaction with density 

only. Behaviours in relation to the feeding area were considered first. A main effect of 

dominance was found in relation to time spent on feeding area (Table 2), with subordinates 

spending more time on the feeding area than dominants. An interaction between dominance 

and density was found (Table 2), with dominant individuals spending less time on the feeding 

area at low (Z = 4.314, p < 0.001) and medium densities (Z = 7.441, p < 0.001). However, no 

difference in time spent on the feeding area was found between dominant and subordinate 

individuals at high densities (Fig. 8a). No effect of dominance on attraction-to-feed or number 

of transitions was found.  There was an effect of dominance on distance-to-feed (Table 2; Fig. 

8b), with dominant individuals exhibiting greater distances than subordinate shrimp, an effect 

which was consistent across densities. Dominance had a significant effect on the time spent 

moving (Table 2; Fig. 8c), the total distance travelled (Table 2; Fig. 8d), and the average 

velocity (Table 2; Fig. 8e) within the test arena with dominance effects consistent across 

densities (Table 2). Dominants moved for longer, covered greater distances and had a higher 

average velocity than subordinates.  

3.3.3. Behavioural variability in relation to dominance  

Differences in levels of intra-individual variation in some behaviours were found between 

dominant and subordinate individuals, but this was density-dependent (Fig. 9). Dominant 

individuals presented greater behavioural consistency in relation to attraction-to-feed score at 

medium (MSLRT = 5.642, p < 0.05) and high densities (MSLRT = 4.392, p < 0.05; Fig. 9a); 

distance-to-feed at low (MSLRT = 6.696, p < 0.01), medium (MSLRT = 7.201, p < 0.01) and 

high densities (MSLRT = 3.941, p < 0.05; Fig. 9b); time spent moving at low (MSLRT = 4.598, 

p < 0.05) and medium densities (MSLRT = 3.840, p < 0.05; Fig. 9c); distance travelled 

(MSLRT = 5.258, p < 0.05; Fig. 9d) and velocity (MSLRT = 5.786, p < 0.05; Fig. 9e) at the 

medium density.  

 



4. Discussion 

Stocking density is an important concern for shrimp farming. Increased densities can translate 

into greater production (Engle et al., 2017), however, setbacks may occur at higher shrimp 

densities as a result of greater competition and negative interactions among individuals, as well 

as deterioration of shrimp health and water quality (as seen in densities > 100 shrimp/m2: Ruiz-

Velazco et al., 2010; Araneda et al., 2013; Liu et al., 2017). Therefore, for shrimp held at higher 

densities, there is often a requirement for more efficient feeding practices and pond 

management strategies (Otoshi et al., 2007). Understanding feeding behaviour is central to 

feeding efficiency (Bardera et al., 2019b), and interactions among shrimp at different densities 

may influence overall feeding responses. While information on shrimp feeding behaviour is 

growing, there is a limited understanding of how it is influenced by density. Therefore, the 

current study, using an automated tracking software (EthoVision), evaluated differences in L. 

vannamei feeding behaviour when held at three densities (low: 6.2 shrimp/m2, medium: 12.4 

shrimp/m2, high: 24.8 shrimp/m2) and investigated the associated effects of dominance 

hierarchies. Using EthoVision tracking software, L. vannamei feeding behaviour was 

monitored at a group level, and strong correlations between manual and automated 

observations confirmed the suitability of the software for analysing group behaviour. Overall, 

an effect of density was found on L. vannamei feeding behaviour, with shrimp eating more in 

the high density treatment. In addition, behavioural differences between dominant and 

subordinate individuals were minimised at the high stocking density.   

In this study, a positive effect of density on feed consumption was found, with a greater 

percentage consumed when shrimp were held at the high density. This was despite a 

corresponding reduction in time spent in the feeding area. The negative relationship between 

the time spent in the feeding area and feed consumption was also reported by Costa et al. 

(2016), when studying L. vannamei feeding behaviour at three stocking densities (50 

shrimp/m2, 75 shrimp/m2 and 100 shrimp/m2). There are, however, considerable differences in 

stocking densities between these two studies. Costa et al. (2016) used 7, 11 and 15 shrimp, 

respectively, and carried out behavioural observations in much smaller arenas (0.18 m2 vs 0.32 

m2 in this study). The number of shrimp per group in their low density treatment was similar 

to the number of shrimp in our high density groups (7 vs 8 shrimp, respectively), corresponding 

to a low stocking density that was approximately double our high density treatments (50 

shrimp/m2 vs 24.8 shrimp/m2, respectively). Costa et al. (2016) found the greatest feed 

consumption at their low density (i.e. 7 shrimp), with a reduced time spent on the feeding tray, 

similar to the findings in our study at the high density. Therefore, it is plausible when 

combining both studies that to maximise feed intake, an ideal group size for laboratory feeding 

trials would range from 25 – 50 shrimp/m2. Further research is needed to confirm this under 

commercial conditions.  

In the current study, shrimp held at the high density appeared to balance reductions in time 

spent in the feeding area with increased feed consumption via a higher number of transitions 

to the feeding area. This may be a reflection of the limitation on available space for feeding, 

requiring shrimp to enter and leave the feeding area a greater number of times to obtain feed. 

This was not observed at the medium density where shrimp were able to remain for a longer 

duration. Sanchez et al. (2005) found increased competition levels when shrimp were held at 

higher densities (i.e. 9.3 shrimp/m2 and 14 shrimp/m2), with the number of shrimp on feeding 

trays restricted. The ‘higher’ densities in their studies are most similar to our ‘medium’ density, 



and caution is needed when comparing density levels across studies. Size of feeding tray may 

also impact the number of shrimp able to feed at one time.  Results provided by the heatmaps 

in the current study supported these observations, where shrimp at the medium density were 

more concentrated on the feeding area than shrimp held at the high density. The somewhat 

counter-intuitive relationship between increased feed consumption and a reduction in time 

spent on the feeding area at the high density was further confirmed by the lack of significant 

correlation between these variables. Indeed, a significant correlation between feed 

consumption and time in the feeding area was only found in the low density treatment. 

However, a significant correlation between feed consumption and attraction-to-feed was found 

in shrimp held at medium and high densities, indicating that attraction-to-feed (i.e. the time 

taken to first reach the feeding area) may be a better measure of feeding activity when observing 

shrimp at higher densities (i.e. > 12 shrimp/m2, semi-intensive and intensive production 

strategies).  

Feed consumption rates were lowest in shrimp held at the low density, aligning with the 

greatest frequencies in exploratory behaviours (i.e. moving, distance, velocity). A negative 

relationship between feed consumption and exploration has been shown previously in L. 

vannamei (Costa et al., 2016; Bardera et al., 2020a). This reduced feeding consumption at low 

density may be caused by reduced social cues between shrimp, known to be important for 

informing other individuals where feed is located, decreasing location time (Ryer and Olla, 

1992; Ranta et al., 1993). Higher densities may also promote an increased dispersion of feed 

particles around the tank (as shrimp rarely consume the whole pellet), spreading olfactory 

information about the feed and stimulating other shrimp to locate potential feed sources. This 

social facilitation of food sources has been previously documented in other invertebrate species 

(e.g. social wasps Polybia occidentalis; Hrncir et al., 2007). In addition, Chavanich et al. 

(2016) found that feeding success in L. vannamei was density-dependent, as they were able to 

outcompete Asian tiger shrimp (Penaeus monodon) for food when an increased ratio of L. 

vannamei individuals were present. Thus, as a result of these social and density-dependent 

aspects of feeding, the low density (6.2 shrimp/m2) of shrimp used in the current study is not 

recommended for future feeding trials analysing shrimp behaviour at a group level.  

In addition to exploratory behaviours, the degree of contact between individuals was 

investigated here. Social aggregation (i.e. schooling, shoaling, swarming) among conspecifics 

has been found in some shrimp species such as Palaemon elegans and Crangon crangon 

(Evans et al., 2007). While drivers for aggregation might be species-specific (Tidau and Briffa, 

2019), it is generally considered an anti-predatory strategy which can also reduce stress and 

enhance feeding within a population (O’Brien, 1988). In the current study, closer distances and 

extended contact times between shrimp were observed at higher densities and were positively 

related to increased feed consumption. Positive relationships between aggregation behaviours 

and stocking densities have been shown in some commercial finfish species (Uglem et al., 

2009; Arechavala-Lopez et al., 2019), however, evidence of social aggregation in shrimp under 

commercial settings is lacking and remains anecdotal. Further work needs to investigate the 

relevance of L. vannamei social behaviours under commercial conditions and their implications 

for shrimp production.  



The increased interaction among conspecifics at higher densities highlights the importance of 

evaluating the existence of dominance hierarchies and their effects on L. vannamei feeding. As 

such, dominance hierarchies within groups were determined across observations by assigning 

each shrimp a dyadic dominance index (Dij). Shrimp were subsequently classified as either 

dominant (i.e. higher Dij) or subordinate (i.e. lower Dij), with classifications within each group 

found to be stable across all recordings, regardless of density treatment. This stability in the 

formation of dominance hierarchies has not previously been observed in penaeid shrimp but is 

known in other crustacean species such as crayfish (Astacus astacus) (Goessmann et al., 2000) 

and spiny lobster (Panulirus argus) (Shabani et al., 2009). Minimising polarisation of 

dominance hierarchies is likely to be of benefit in production, as greater differences between 

dominant and subordinate individuals may result in increased stress and aggression rates with 

associated reductions in growth and feeding performance (Castanheira et al., 2017). In the 

current study, several behavioural differences were found in relation to dominance; dominant 

shrimp explored the test arena more while subordinates spent more time in the feeding area. 

Dominant individuals are often characterised by increased time spent with a food source 

(Thomas et al., 2003), however, the effect of dominance on the time spent in the feeding area 

in the current study was shaped by shrimp density, with no differences found at the high 

density. Fewest differences between dominant and subordinate shrimp were found at the high 

density (i.e. 24.8 shrimp/m2), where the greatest feed consumption was found, suggesting 

favourable conditions for production and future group feeding trials. 

Increased aggressive behaviours have been reported in L. vannamei when food sources are 

limited (Moss and Moss, 2006). In the present study feed was administered in excess (< 30% 

was consumed in each recording) and lower competition for feed may have allowed dominants 

more time for exploration. Greater behavioural consistency in all exploratory behaviours, as 

well as in attraction to the feed was exhibited by dominant shrimp, and previous studies have 

shown that dominance may allow individuals to better explore novel environments leading to 

increased feeding opportunities (Huntingford et al., 2010). Therefore, two different 

behavioural strategies appeared to exist; dominants generally arrived first to the feeding area, 

possibly consuming the quantity of feed needed and then spending the remaining time 

exploring while subordinates were less exploratory, spending more time on the feeding area, 

although this does not necessarily mean that they fed more. As density increased, dominant 

shrimp allocated progressively more time on the feeding area despite feed being administered 

in excess. This trend for dominant shrimp to spend more time on the feeding area may continue 

with densities increasing beyond the ones used in the present study, indicating the importance 

of establishing optimal stocking densities to minimise differences between dominant and 

subordinate individuals. Here it was only possible to calculate the feed consumed by the group, 

thus we do not know whether dominants traded-off food consumption for exploration.  Further 

research is needed to assess whether the difference in behaviour between shrimp of different 

dominance status equates to differences in individual feed consumption, which could have 

subsequent implications for individual nutrition.  

 

5. Conclusion 



This study has shown that density had a positive effect on feed consumption, even though 

shrimp spent less time on the feeding area when stocked at high density. Reduced time spent 

on the feeding area at the high density was possibly explained by crowding of shrimp on the 

feeding area, resulting in increased movement to and from the feeding area to access feed as 

seen with the higher number of transitions. Overall, reduced feeding activity was found at the 

low density, with shrimp exhibiting increased exploratory behaviours. Social aggregation, 

indicated by closer distances and extended contact times increased with density, highlighting 

the importance of understanding interactions among individuals during L. vannamei feeding. 

Stable dominance hierarchies existed in L. vannamei groups independent of density treatment. 

Dominant shrimp explored more whereas subordinates spent more time on the feeding area. 

This effect of dominance was density-dependent with differences disappearing at high density. 

The current study confirms a clear effect of stocking density and dominance hierarchies on L. 

vannamei feeding behaviour, indicating the importance of establishing optimal stocking 

densities for production. In addition, this study introduces the possibility for using automated 

tracking of shrimp behaviour at a group level with the potential to be applied under commercial 

conditions. To achieve this further studies are needed to evaluate increased stocking densities 

using automated behaviour tracking.  
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Figure 1. Experimental shrimp tagged with coloured rings: red, yellow, blue and black (left to right) on 

the eye stalk. Only one ring was allocated to each shrimp, with different colours (red, yellow, blue or 

black) and combinations (left or right eyestalk) allowing individual identification.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 2. Overhead view of circular test arena with dimensions. Test arena included eight acclimation 

chambers (numbered 1-8) which had partitions removed just before the video recording was started, 

and a feeding area marked at the centre of the arena where feed was dispensed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 3. Significant correlations between automated and manual observations (n = 5 per density 

treatment; low (triangles), medium (squares) and high (circles)) made on (a) time spent on feeding area 

(s), (b) attraction-to-feed score (%), (c) number of transitions, (d) time spent moving (s) and (e) body 

contact (s) with regression line (shading represents 95% CI) and equation added for illustration.  

 



 

Figure 4. Differences in analysed behaviours according to density (n = 4 groups per density with 8 

repeated observations on each group); low (white), medium (light grey), high (dark grey). Average 

results from all recordings are shown in relation to (a) time spent on feeding area (s); (b) attraction-to-

feed score (%); (c) number of transitions; (d) distance-to-feed (cm); (e) time spent moving (s); (f) total 

distance travelled (cm); (g) average velocity (cm/s); (h) distance between subjects (cm) and (i) body 

contact (s). Presented with standard errors. Significant differences in behaviours between density are 

indicated by letters, where bars sharing a letter are not statistically different.  

 

 

 

 



 

 

Figure 5. Percentage of feed consumed according to density (low, medium and high) (n = 4 groups per 

density with 8 repeated observations on each group). Median and interquartile ranges are represented 

in each box. Significant differences are indicated by asterisks (* < 0.05, ** < 0.01, *** < 0.001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 6. Spearman correlations between feed consumed (%) and (a) time spent on feeding area (s), (b) 

attraction-to-feed score (%) in relation to density (red: High, blue: Medium, green: Low). Correlation 

coefficients and p- values are represented for each correlation. Regression lines and 95% CI are included 

in the illustration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 7. Heatmaps generated by EthoVision of shrimp distribution in experimental tanks during 

recordings (20 min). All recordings are integrated for each density treatment (i.e. low, medium and 

high; n = 4 groups with 8 recordings each). Presence of shrimp in different parts of the test arena is 

depicted by a colour scale of blue to red indicating low to high presence, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 8. Differences in analysed behaviours according to an individual’s dyadic dominance index (S: 

subordinate, D: dominant) at each density; low (white), medium (light grey), high (dark grey) (n = 4 

dominant and 4 subordinate individuals per density treatment with behaviours averaged across 8 

recordings). (a) time spent on the feeding area (s); (b) distance-to-feed (cm); (c) time spent moving (s); 

(d) total distance travelled (cm) and (e) average velocity (cm/s). Presented as means with standard 

errors. Significant differences in behaviours between dominance categories are indicated by asterisks 

(* p < 0.05; ** p < 0.01; *** p < 0.001) and within the same dominance status across density treatments 

by letters, where bars sharing a letter are not statistically different. 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 9. Coefficients of variation in behaviours according to dominant (black) and subordinate (white) 

individuals (n= 4 dominant and 4 subordinate individuals per density treatment with behaviours 

averaged across 8 recordings) within each density treatment (low, medium and high). Analysis was 

performed separately for each behaviour, with (a) attraction-to-feed score (%); (b) distance-to-feed 

(cm); (c) time spent moving (s); (d) total distance travelled (cm) and (e) average velocity (cm/s). N.B 

some data points overlap. Significant differences between dominant and subordinate individuals within 

density treatment are indicated by asterisks (* p<0.05; ** p<0.01).  

 

 

 

 

 

 

 

 

 

 

 



Table 1. Behaviours of Litopenaeus vannamei measured both manually and using EthoVision XT v.15 

tracking software (adapted from Bardera et al., In Press). Only behaviours in bold were manually 

scored. Behaviours named differently by the software are indicated.   
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Behaviour Description 

Feeding 

Time (s) spent on the feeding area, eating food. 

Calculated by EthoVision as the ‘time spent in 

zone’, where ‘zone’ was defined as the feeding 

area.  

Attraction-to-feed  

Time (s) taken by shrimp to first arrive at the 

feeding area divided by the total recording time (i.e. 

1200 s), expressed as a percentage. Calculated by 

EthoVision as ‘latency-to-zone’ where ‘zone’ is the 

feeding area. Results were inverted to get attraction 

rather than latency values. 

Transitions 
Number of times the shrimp entered the feeding 

area (i.e. zone).   

Distance-to-feed 

Average distance (cm) between shrimp and feeding 

area during the recording.  Calculated by 

EthoVision as ‘distance-to-zone’, where ‘zone’ is 

the feeding area. 
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Moving Time spent moving (s) during the recording.  

Distance 
Distance (cm) travelled by shrimp during the 

recording.  

Velocity 
Average velocity (cm/s) of the shrimp during the 

recording.   
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Distance-between-

subjects 

Average distance (cm) between any two shrimp of 

the same group during the recording. 

Body contact 
Average time spent in contact (s) between 

individuals of the same group during the recording. 



Table 2. Results of GLMM used to determine the effects of dominance, density and its interaction on 

L. vannamei behaviours. 

 

Behaviour 
 Dominance  Density  Interaction 

 χ2  p  χ2  p  χ2  p 

Time spent on feeding area  5.639  0.018  2.093  0.351  26.001  <0.001 

Attraction-to-feed  0.120  0.729  1.501  0.472  0.035  0.982 

Nº of transitions  1.901  0.168  5.303  0.028  2.663  0.264 

Distance-to-feed  13.134  <0.001  1.993  0.369  0.085  0.958 

Time spent moving  56.039  <0.001  9.991  0.006  1.769  0.413 

Total distance travelled  50.293  <0.001  15.470  <0.001  1.264  0.531 

Average velocity  50.829  <0.001  14.276  <0.001  1.271  0.529 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


