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INTRODUCTION

Several stressors have been studied during the road 
transport of livestock, but little is known about sea trans-

port stressors, including the motions produced by ships 
(Norris, 2005; Phillips, 2008). One common conse-
quence that animals and humans experience during sea, 
land, and air transport is motion sickness (MS; Javid 
and Naylor, 2002; Stevens and Parsons, 2002; Lackner, 
2009). Humans and animals show various symptoms, 
such as loss of appetite, vomiting, and tachycardia 
(Bos et al., 2008; Buyuklu et al., 2009; Lackner, 2009; 
Macefield, 2009; Burton et al., 2010; Cai et al., 2010; 
Chen et al., 2010). Autonomic responses that take place 
during MS are associated with stress responses (Lackner, 
2009), but it is unclear which comes first. Transport has 
also been reported to affect body posture (Cockram et 
al., 2004) and rumination (Cockram, 2007).
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ABSTRACT: The motion of ships can cause discom-
fort and stress in humans, but little is known about 
the impact on sheep welfare, despite many sheep trav-
eling long distances by ship during live export. We 
tested whether exposing sheep to roll (side to side 
movement), heave (up and down movement), and 
pitch (front to back movement) with similar ampli-
tude and period conditions to a commercial livestock 
transport vessel would affect their behavior and 
physiology. Specifically, we tested the effects of these 
motions and a control treatment on behavior, heart 
rate variability, rumination, body posture, and balance 
of sheep. Four sheep (37 ± 0.1 kg) were restrained 
in pairs in a crate, which was placed on a moveable 
and programmable platform that generated roll and 
pitch motions. An electric forklift was used to pro-
duce heave motion. The treatments were applied for 
30 min each time in a changeover design with 1 rep-
etition over 8 consecutive days. Sheep behavior was 
recorded continuously from video records, and heart 
rate monitors were attached to determine heart rate 

and its variability. Heave reduced the time that sheep 
spent ruminating, compared with the other 3 treat-
ments (P < 0.001). The 2 sheep spent more time during 
heave with their heads 1 above the head of the other 
(P < 0.001) and looking toward their companion (P = 
0.02), indicating greater affiliative behavior. Sheep 
spent more time during heave standing with their back 
supported on the crate (P = 0.006) and less time lying 
down (P = 0.01). Roll caused more stepping motions 
than pitch and control, indicating loss of balance 
(P < 0.001). Sheep experiencing heave and roll had 
increased heart rates and reduced interbeat intervals 
(IBI) compared to the control (P < 0.001). The IBI of 
sheep in the heave treatment had an increased ratio of 
low to high frequency duration (P = 0.01), indicating 
reduced parasympathetic control of stress responses. 
Therefore, there was both behavioral and physiologi-
cal evidence that heave and roll caused stress, with 
sheep experiencing roll apparently coping better by 
regular posture changes and heave causing the sheep 
to seek the close presence of their companion.
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In relation to sea transport motion, heave (up and 
down motion along the vertical axis), roll (oscillatory 
motion about the longitudinal axis), and pitch (oscillato-
ry motion about the transverse axis; Ibrahim and Grace, 
2010) are most studied because of their relevance to 
ship security and human health (Wertheim et al., 1998; 
Stevens and Parsons, 2002). Heave is the most relevant 
motion to MS in humans (Lawther and Griffin, 1988; 
Wertheim et al., 1998; Shupak and Gordon, 2006), and 
its impact has been described in cats (Lang et al., 1999), 
squirrel monkeys (Holmes et al., 2009), and rats (Cai et 
al., 2010). Nonetheless, roll and pitch motions can by 
themselves cause MS responses (Wertheim et al., 1998; 
Howarth and Griffin, 2003).

The hypothesis of this study was that exposing 
sheep to roll, heave, and pitch with amplitude and pe-
riod conditions similar to a commercial livestock trans-
port vessel would affect their physiology and behavior. 
Specifically, the objective was to examine the effects of 
roll, pitch, and heave on the behavior, heart rate and its 
variability, rumination, and body posture of sheep.

MATERIALS AND METHODS

The study was conducted at the University of 
Queensland, Australia (27.3° S lat; 152.2° E long). 
Approval for this research was obtained from the 
University’s Animal Ethics Committee (SVS/443/10).

Animals, Housing, and Management

The design of this novel methodology for expos-
ing sheep to floor movement, programming the move-
ment of the platform, heart rate monitoring, and video 
recording of behavior have been described in full else-
where (Santurtun et al., 2014). In brief, 4 Merino cross 
wethers, approximately 24 mo of age, weighing (mean 
± SEM) 37.4 ± 0.1 kg, and shorn over the front half 
of the body to facilitate heart rate monitor placement 
were acquired from the University’s flock. Before and 
after each trial, sheep were kept in a small paddock 
with ad libitum water and wheaten chaff and access to 
the experimental rooms. During the trials, sheep were 
restrained in pairs in a crate of 3 tubular steel bars 
(0.87 m wide by 1.2 m long by 0.95 m high), divided 
in 2 by a 3-barred division, which prevented them 
from turning around. This provided 0.56 m2/sheep, 
almost twice that of the national standard (0.285 m2 
for half wool sheep; DAFF, 2011), to allow expres-
sion of behavior. The crate was covered with a white 
cotton sheet to reduce near distance visual stimulation, 
which might encourage MS (Bos et al., 2005). Chaff 
and water were not offered when the sheep were in the 
crate but were available ad libitum in racks at all other 

times. In addition, 1 kg of lucerne pellets was offered 
at 1600 h daily.

Simulating Sea Transport Motions

Amplitude and Period. The dimensions of the MV 
Ocean Drover, the world’s largest purpose-built live-
stock carrier, were used to determine the typical am-
plitude and duration of roll, heave, and pitch to which 
the sheep would be exposed. The amplitude used for 
this experiment represented 33% of the maximum tol-
erance required when a ship is converted from a cargo 
to a livestock carrier (Skraastad, 1983). The resultant 
amplitudes and durations (Table 1) were equivalent 
to the expected dynamic environment of a ship with 
dimensional characteristics similar to the MV Ocean 
Drover in moderate seas (McDonald, 1993).

Pitch, Roll and Heave Equipment. The crate was 
positioned on a 0.8-m-wide by 1.2-m-long motion 
platform (Model T2sMP, CKAS Mechatronics Pty 
Ltd, Melbourne, Australia) capable of producing roll 
and pitch movements independently or in combina-
tion with the aid of 2 crank arms. The platform moved 
in 2 directions to simulate roll and pitch, with move-
ment duration determined from computer commands 
(Santurtun et al., 2014). It responded to a computer 
sending motions programming commands through 
a Belkin hi-speed universal serial bus (USB) 2.0 
(Belkin, Playa Vista, CA). An electric forklift (Model 
SHR5550 series, Crown Equipment Corporation, New 
Bremen, OH) was used to elevate the platform to pro-
duce heave motion. The forklift had a maximum el-
evation of 3200 mm, and a potential lifting speed of 
between 0.18 and 0.28 m/s, depending on load. The 
forklift motor was covered with egg boxes and foam 
mats to reduce the noise, and set to reach an elevation 
of 670 mm within a 3-s period. The characteristics of 
the apparatus have been described in more detail pre-
viously (Santurtun et al., 2014).

Experimental Protocol

Sheep were habituated through positive reinforce-
ment with feed pellets to the different potential stress-
ors they would face during the experiment, including 
handling, heart rate monitor fitting and wearing, forklift 

Table 1. Amplitudes and durations used for pitch, roll, 
and heave motions

Amplitude Duration
Roll 8.0° each side 15 s (7.5 s left, 7.5 s right)
Pitch 2.3° each side 6 s (3 s left, 3 s right)
Heave 67 cm up + 67 cm down 6 s (3 s up, 3 s down)
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noise, ramp for loading and unloading, experimental 
rooms, and the crate over a period of 32 d. During the 
experiment, sheep were exposed in pairs to 4 treat-
ments, pitch, roll, heave, and control, in the crate for 
30-min periods. This time period, although substantially 
shorter than most sea journeys, was selected to mini-
mize stress to the animals while still allowing time to 
collect sufficient data to determine behavior and heart 
rate responses, acknowledging the heart rate monitors’ 
limited capacity to store data. Detailed monitoring of 
changes in responses over time was undertaken to in-
form future duration of treatments. The treatments were 
applied in a 4 × 4 Latin square with 1 repetition/d for 
8 d. In total, each sheep was exposed to 16 treatment 
periods, 8 in the morning and 8 in the afternoon. Sheep 
experienced treatments in 4 possible pairs (1 + 2, 3 + 4, 
2 + 3, and 1 + 4) so that pair effects could be evaluated.

Behavior Recording

Sheep behavior was recorded continuously in real 
time by 4 video cameras (Kobi CCD Video Camera, 
Model K-32HCVF, Ashmore, QLD, Australia) during 
exposure to treatment. A digital video recorder (Kobi 
H.266, Model XQ-L 900H) was used to record the im-
ages, and the video data were then analyzed using a 
continuous recording of each animal and Cowlog 2.0 
behavior software for coding of behaviors (Hänninen 
and Pastell, 2009), according to the following etho-
gram. The duration of time spent in the following 
mutually exclusive states was continuously recorded: 
standing (not ruminating), no support or supporting 
their body against the crate or the division; lying (not 
ruminating); standing or lying ruminating. In addition, 
the duration of various head positions, which has been 
shown to relate to emotional state (Hall et al., 1998; 
Hemsworth et al., 2011) was recorded as up, middle, 
down (relative to withers), above/under the compan-
ion sheep, toward companion sheep, turned around, or 
toward side bars. Finally stepping was recorded as an 
event. After each exposure to treatment, sheep were 
taken to an adjacent paddock and eating pellets, drink-
ing, standing, and walking behavior were recorded by 
an instantaneous scan every 10 s by a single observer 
outside the paddock for 30 min to determine post-
treatment behavior.

Heart Rate Variability

Heart rate monitors (Polar S810i, Kempele, 
Finland) were attached to each sheep for detection of 
heart rate and interbeat intervals (IBI) during the 30-
min exposure to treatment in the crate. Four sections 
of 512 beats (approximately 6 min) were extracted 

from each treatment for time and frequency domain 
analysis. Kubios HRV 2.1 software (Tarvainen et al., 
2014) was used to detect anomalies and obtain heart 
rate variability (HRV) variables. The following 3 time 
domain variables were examined to measure changes 
to the sympathetic and parasympathetic branches of 
the autonomous nervous system: IBI mean (RR mean; 
RR is the interval between successive Rs [where R is 
a point corresponding to the peak of the QRS complex 
of the Electrocardiogram wave]); square root of the 
mean of the sum of the squares of different successive 
IBIs (RMSSD), which reflects the integrity of vagus 
nerve-mediated autonomic control of the heart; and the 
number of pairs of successive IBIs differing by more 
than 50 ms (NN50), which is correlated to RMSSD 
and hence also reflects vagal activity. Interbeat interval 
mean is less descriptive and provides general variabil-
ity information (von Borell et al., 2007). In addition, 
a frequency domain analysis was done using a Fast 
Fourier Transformation (FFT) obtaining high (HF) 
and low frequency (LF) bands, expressed in normal-
ized units (n.u.), and as a ratio (LF:HF). High frequen-
cy has been associated with vagal activity (Malliani 
et al., 1994) and LF with both sympathetic and vagal 
activity (Cerutti et al., 1995; von Borell et al., 2007). 
Frequency bands widths (LF: 0.04 to 0.2 Hz; HF: 0.2 
to 0.4 Hz) were assigned according to sheep recom-
mended ranges (von Borell et al., 2007).

Statistical Analyses

During analyses, all data were checked for normal 
distribution of residuals using the Anderson-Darling 
test. For data not satisfying the Anderson-Darling test, 
log10 transformations were made, and back-transformed 
means are reported in addition to transformed data. 
Preliminary analyses determined that the sheep within 
each pair was not a significant predictor of behavior 
or heart rate results, and individual sheep were there-
fore considered valid as replicates. For this purpose, a 
general linear model produced residuals that were not 
normally distributed; therefore, mood median tests were 
conducted for all variables to check the independence 
of the companion animal variable. This produced no 
statistical significance (P > 0.05) in any variable, indi-
cating that identity of the companion sheep did not af-
fect any treatment effects. Proportion of time spent and 
frequency of each behavior, HRV time domain, and FFT 
data were analyzed using a general linear model with 
the following factors: treatment, day, sheep (nested with 
treatment), and treatment-day interactions using the sta-
tistical package Minitab 16 (Minitab Inc., State College, 
PA). Post hoc Tukey’s tests were used to identify which 
means were significantly different from each other.
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RESULTS

Behavior
Sheep spent more time during heave with their 

heads under or above the head of their companion (P < 
0.001) and toward the companion sheep (P = 0.02) 
than in the roll, pitch, or control treatments (Table 2). 
No significant treatment differences were observed for 
head up, middle, down, turned around, or toward side 
bars. Sheep spent more time standing during heave 
with their body supported on the crate (P = 0.006) 
compared with sheep in roll, pitch, or control treat-
ments. During roll and pitch, they spent almost no time 
unsupported, whereas those in heave and control treat-
ments spent more time without support (P < 0.001). 
Little time was spent standing against the division for 
support, and there were no treatment differences (P 
= 0.59). Sheep spent less time lying when experienc-
ing heave in relation to the other treatments (P = 0.01; 
Table 2). Roll produced more stepping in total than 
pitch and control, with heave intermediate (P < 0.001). 
Heave reduced the time sheep spent ruminating in re-
lation to the other treatments (P < 0.001; Table 2).

Heart Rate Variability

The IBI was shorter, and thus heart rate was higher, 
for sheep experiencing roll and heave treatments com-
pared with control, with pitch intermediate (Table 3; P 
< 0.001). The RMSSD was lower for the heave treat-

ment (P = 0.04) compared to control. The IBI in the 
heave treatment had a reduced high frequency band (P 
= 0.003) and increased low frequency band (P = 0.004) 
and ratio (P = 0.010) compared to control. A trend for 
a decreased NN50 was observed during heave relative 
to control (P = 0.09; Table 3).

Post-Treatment Behaviors

In the residual period, no sheep were observed to 
lie down, but sheep that had been exposed to the con-
trol treatment ate for less time (P = 0.01) and stood 
for longer (P = 0.01) than sheep exposed to the other 3 
treatments (Table 4). No treatment differences were ob-
served for walking (P = 0.24) and drinking (P = 0.63).

DISCUSSION

The hypothesis that roll, heave, and pitch at simi-
lar levels to those experienced during commercial 
transport would affect sheep physiology, balance, and 
behavior was confirmed. The results suggest that first 
heave and then roll could have a negative impact on 
sheep welfare. This agrees with research on the ca-
pacity of these motions to affect humans (Lawther 
and Griffin, 1988; Wertheim et al., 1998; Shupak and 
Gordon, 2006; Joseph and Griffin, 2008a).

Heave greatly reduced the time spent ruminating in 
relation to roll, pitch, and control treatments. This could 
derive from activation of the vestibular system (i.e., oto-
lith organs), which is linked to the vagus nuclei, area 

Table 2. Mean time spent by sheep in different head positions, standing, lying, and ruminating, and mean of 
frequency of stepping events during roll, heave, pitch, and control treatments.

Treatment
Behavior Roll Heave Pitch Control SED P-value
Head position

Under/above, s/30 min1 1.22b (16.6) 2.34a(218.8) 1.21b (16.2) 1.03b (10.7) 0.110  <0.001
Toward companion, s/30 min 151.8 b 309.1a 193.4ab 140.4b 27.10 0.02
Turned around, s/30 min1 0.82 (6.6) 0.71 (5.1) 0.70 (5.0) 0.89 (7.8) 0.138 0.88
Up, s/30 min 63.9 38.9 43.6 43.3 16.80 0.11
Middle, s/30 min 326.7 215.2 250.5 214.9 45.01 0.57
Down, s/30 min 408.6 427.3 381.6 334.2 43.41 0.73
Toward side bars, s/30 min 49.0 65.9 61.4 36.8 13.41 0.70

Standing2

Against crate, s/30 min 169b 408a 190b 131b 37.1 0.006
No support, s/30 min1 0.33b (2.1) 2.97a (933) 0.45b (2.8) 2.70a(501) 0.071  <0.001
Against division, s/30 min 0.25 0.26 0.00 0.82 0.305 0.59

Lying2, s/30 min 574a 212b 743a 910a 97.1 0.01
Stepping rate, number/30 min1 2.32a (209) 1.98ab (96) 1.65bc (45) 1.50c (32) 0.064  <0.001
Ruminating, s/30 min 809a 166b 839a 941a 70.0  <0.001

a-cWithin a row, least square means without a common superscript differ (P < 0.05) by Tukey’s test.
1Statistical analyses were performed on log10 transformed data. Least squares means were calculated and then back transformed for presentation in this 

table in parentheses.
2Not ruminating.
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postrema, and other areas of the brain (Balaban, 1996; 
Lackner, 2009; Hasler, 2013). The RMSSD and HF 
band, indicating vagus nerve mediated autonomic con-
trol of the heart, were significantly reduced in this treat-
ment. Further research is required to determine if these 
sheep are experiencing malaise and inappetence (Kenny 
and Tarrant, 1987; Provenza et al., 1994; Muth, 2006). 
In humans and other animal species, the central involve-
ment of the autonomic nervous system during MS has 
been suggested to change the gastrointestinal physiol-
ogy (Muth, 2006; Hasler, 2013). Within the autonomic 
nervous system, the sympathetic adrenal medullary sys-
tem reduces stomach activity and produces an emetic re-
sponse, with the parasympathetic system reversing these 
responses (Muth, 2006; Trentini et al., 2008; Hasler, 
2013). Heart rate variability analysis suggests a decrease 
of the parasympathetic activity in the heave treatment, 
supporting the hypothesis that heave reduced rumina-
tion as a result of MS. However, rumination could have 
been reduced as a result of stress, as reported in road 
transport studies (Grigor et al., 1998; Das et al., 2001; 
Cockram, 2004), or in combination with travel sickness 
responses (Kenny and Tarrant, 1987).

Heave and roll were more important than pitch for 
their capacity to affect body posture and balance, as they 
are for humans (Shupak and Gordon, 2006). During 
heave, sheep positioned their head above or below their 
companion’s head as well as having their head turned 
toward their companion for twice as long as in the other 
3 treatments. This affiliative behavior has not been re-
ported previously, but it could be a result of stress, with 
sheep being a highly gregarious species, and is similar to 
sheep putting their head under the withers of other sheep 
during stress associated with transport or slaughter (Hall 
et al., 1998; Hemsworth et al., 2011). This behavior 
could also have the purpose of reducing the impact of the 
motion as described in humans (Bittner and Guignard, 
1985) and improving balance as observed previously 

in sheep (Jones et al., 2010). Alternatively, it could be 
residual infant behavior such as sucking (Dwyer and 
Lawrence, 1998) or a submissive position under stress-
ful conditions (Done-Currie et al., 1984; Nowak et al., 
2008). The interpretation of these behaviors requires 
further motivational and neurophysiological investiga-
tion (Rushen, 2000). Nonetheless, considering that the 
identity of the companion sheep did not affect the treat-
ment effects and that sheep do not like to be in contact 
during transport (Broom and Fraser, 2007; Jones et al., 
2010), the lowering of the head beneath the body of the 
conspecific may have a balance function as well as be a 
possible stress response. The sheep did not brace them-
selves against the division during heave, only against 
the crate, suggesting that body contact was deliberately 
avoided perhaps because of potential loss of balance if 
the conspecific moved suddenly. It would be interesting 
to learn if the dominant animal has its head above or be-
low the subordinate conspecific in this behavior.

Sheep spent more time supporting their body on 
the crate during heave and reduced time lying down. 
Body movement control is limited during lying down, 
as the sheep is effectively like a cylinder on a mov-
ing floor, whereas when standing the 4 feet are used 
to maintain position. Support of the body against the 
crate during heave, but not roll, may have been due to 
less predictability in the heave movements caused by 
variation in motor speed. In comparison, roll move-
ments were smooth and sheep were observed to sway 
in response to these. Decreased resting behavior in 
sheep that are being transported has been considered 
a source of stress (Cockram, 2004). The stress in this 
case could be exacerbated by the postural instability 
and loss of body control associated with MS (Riccio 
and Stoffregen, 1991; Stoffregen et al., 2010).

Roll had an impact on sheep stepping more than 
control and pitch, and during this motion, the sheep 
spent less time with their back supported on the crate 

Table 3. Heart rate and its variability during roll, heave, pitch, and control treatments
Treatment

Measure1 Roll Heave Pitch Control SED P-value
HR mean, beats/min 83.5a 84.0a 81.0ab 79.2b 0.70  <0.001
IBIs mean, ms2 2.860b (724.4) 2.858b(721.1) 2.870ab(741.3) 2.885a (767.4) 0.003  <0.001
RMSSD, ms2 1.57ab (37.1) 1.55b (35.5) 1.60a (39.8) 1.59ab (38.9) 0.011 0.04
NN50, count 1.77 1.73 1.83 1.85 0.188 0.09
HF, n.u. 28.3ab 26.8b 31.3ab 33.1a 0.97 0.003
LF, n.u. 71.4ab 72.8a 68.5ab 66.6b 0.98 0.004
LF:HF2, ms2 0.473ab (2.9) 0.496a (3.1) 0.404ab (2.5) 0.359b (2.3) 0.0241 0.010

a,bWithin a row, least square means without a common superscript differ (P < 0.05) by Tukey’s test.
1HR, heart rate; IBI, Interbeat intervals; RMSSD, Square root of the mean of the sum of the squares of different successive IBIs; NN50, number of pairs 

of successive IBIs differing by more than 50 ms; HF, Fast Fourier Transformation high frequency band; LF, Fast Fourier Transformation low frequency 
band; n.u., normalized units.

2Statistical analyses were performed on log10 transformed data. Least squares means are provided (with back transformed means).
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than during heave and control treatments. This was 
probably to overcome the potential loss of balance 
during roll. Roll is an angular motion and is less nat-
ural to the locomotion mechanism of a sheep; their 
hooves’ design copes well with backward and for-
ward motions, like heave or pitch, rather than side 
angular motions (Alexander, 2003).

Responses to pitch were not statistically differ-
ent from the control treatment for behavior and HRV, 
except that sheep experiencing pitch spent less time 
standing unsupported than those in the control treat-
ment. This suggests mild risk to loss of balance. The 
absence of major negative effects of this motion may 
have been due to its low amplitude compared to roll, as 
experienced on ships, but may also reflect the fact that 
the worst MS and stress situations occur when pitch is 
combined with roll and heave motions (Wertheim et al., 
1998; Joseph and Griffin, 2008b). Further experiments 
should measure the combination of these motions.

Heave and roll heart rate and HRV analyses sug-
gested physiological stress responses as a result of 
these motions. The mean heart rate during both of these 
motions was not elevated to levels experienced during 
previous livestock road transport studies (Hall et al., 
1998; Andronie et al., 2008). This could be because 
the sheep were accustomed to the apparatus, whereas 
the neophobic response of sheep to road vehicles prob-
ably exacerbated the effects of the movement. Heart 
rate mean is of limited value to assess sympathovagal 
input, as it summarizes the contribution of all compo-
nents of the cardiac activity (Tulppo et al., 1998). The 
interval between beats and most importantly the HRV 
measurements that represent vagal regulatory activ-
ity, in particular RMSSD and the HF band, indicated 
a reduction in parasympathetic nervous system activ-
ity (which counteracts stress effects) with heave (von 
Borell et al., 2007). Only heart rate elevation gave an 
indication of a stress response to roll, suggesting the 
stress response was greatest in the heave treatment.

Post treatment behavior analysis showed sheep 
spending more time eating and less time standing do-
ing nothing after being exposed to motion in relation 

to the control treatment. This may be comfort eating 
as a result of the stress in heave and roll. It has been 
reported that stress increases food intake in other ani-
mal species (Ortolani et al., 2011; McMillan, 2013).

Conclusions

These results indicate that heave and roll require 
sheep to make regular behavioral and physiologi-
cal adjustments to body instability. Sheep exposed to 
heave showed affiliative behavior toward their part-
ner in the crate and rumination was greatly reduced, 
both suggesting stress. Heart rate measurements also 
suggested that sheep in this treatment experienced the 
greatest stress level and probably reduced parasym-
pathetic activity. Roll primarily affected balance, re-
quiring the sheep to make corrective stepping move-
ments, but there was some evidence of stress from an 
elevated heart rate. Sheep were not greatly affected by 
the pitch movement, probably because the amplitude 
in our experiment, which simulated the amplitude of 
the movement observed in ships, was lower than roll.
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