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Microclimatic conditions and their effects on sheep behavior  
during a live export shipment from Australia to the Middle East1

M. K. Pines and C. J. C. Phillips2

Centre for Animal Welfare and Ethics, School of Veterinary Sciences,  
The University of Queensland, Gatton, Queensland 4343, Australia

ABSTRACT: The microclimate can potentially impact 
the health and welfare of livestock exported by ship. 
Within-pen microclimatic conditions were recorded and 
the effects of ammonia on sheep behavior investigated 
on a voyage from Australia to the Middle East. 
Ammonia, carbon dioxide, and hydrogen sulfide as well 
as wet-bulb, dry-bulb, and dew-point temperature and 
air speed were mapped in 20 open-deck focal pens, with 
the focus on the behavior and location of a marked sheep 
in each pen. Air speed was highly variable in most pens, 
with pockets of high but transient concentrations of 
ammonia (30.7 to 44.2 mg/m3) in 20% of pens that had 
no or minimal air flow. Carbon dioxide concentrations 
varied in some pens, but overall concentrations of 
carbon dioxide and hydrogen sulfide were low. Sheep 
in pens previously identified to have high ammonia 

concentrations, high wet-bulb temperatures, and low 
wind speed stood longer (P = 0.003) and spent less time 
feeding (P = 0.01) and ruminating (P = 0.004) than those 
in pens previously identified with low ammonia, low 
wet-bulb temperature, and high wind speed. Moreover, 
sheep exposed to increased ammonia concentrations 
held their head higher (P = 0.004) to avoid the greater 
ammonia concentrations at lower heights, and these 
sheep had more conjunctivitis (P < 0.001). Sheep 
movement around the pen was limited. Increased time 
spent lying down (P = 0.04) and more rhythmical 
behavior in the second half of the voyage indicated 
that the sheep adjusted to shipboard conditions over 
time. It is concluded that high, transient concentrations 
of ammonia existed in some pens, which adversely 
affected the behavior of sheep.
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INTRODUCTION

The welfare of transported livestock is affected by 
microclimate (e.g., thermal, psychometric, and gaseous 
conditions; Randall, 1993; Hall and Bradshaw, 1998; 
Beatty et al., 2006). For Australian livestock export, 
which includes voyages from winter into a northern 
hemisphere summer (Beatty et al., 2006), shipboard 
environment is of concern (Pines et al., 2007). 
Previous microclimatic studies focused on temperature 
and airflow relations to heat stress (Maunsell Australia 
Pty., 2000a,b; Barnes et al., 2004). Data were collected 

either via data loggers or manually from set locations 
(Maunsell Australia Pty., 2004). Single recordings 
of wet-bulb temperature do not accurately represent 
ambient conditions (McCarthy, 2005), so in one of the 
first systematic microclimate studies ammonia (NH3), 
other noxious gases and environmental variables were 
monitored in transects (Pines and Phillips, 2011). 
Ammonia was greatest in pens with insufficient 
ventilation, high temperatures and humidity, or both. At 
these levels NH3 produced a pulmonary macrophage 
response in livestock and reduced feed intake and BW 
gain of sheep under laboratory conditions (Phillips et 
al., 2010, 2011). It also reduced activity and irritated 
mucosa of eyes, throat, and nose, with increased 
lacrimation, nasal secretions, sneezing, and coughing. 
It is unclear whether these responses recorded under 
laboratory conditions occur on live export shipments.

It was hypothesized that NH3, along with other 
noxious gases, and the microclimate on live export 
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shipments would influence the behavior of sheep. 
Therefore, the within-pen concentrations of NH3, 
carbon dioxide (CO2), and hydrogen sulfide (H2S) as 
well as wet- and dry-bulb and dew-point temperature 
and air flow were characterized on a live export vessel 
transporting sheep from Australia to the Middle East, 
with the principle research aim being to test the effects 
of NH3 on sheep behavior and eye condition over the 
duration of the voyage.

MATERIALS AND METHODS

The Animal Ethics Committee of the University of 
Queensland approved all sheep-related procedures used 
in this study.

Voyage and Sheep

A 10-d voyage was undertaken from Fremantle, 
Australia, to Muscat, Oman, during July, with sheep 
transferred from a cool Mediterranean midwinter in 
Australia to a hot, humid subtropical midsummer in the 
Middle East. The vessel had 5 decks below and 4 decks 
above sea level, with the latter having sides that were 
approximately 87% open, taking the steel structure into 
consideration. Additional ventilation was provided by 
reversible fans operating at 60 air changes/h through 32 
air supply vents and 2 exhaust vents. Each deck contained 
38 to 122 pens of sheep and, on this occasion, the vessel 
transported Merino and Merino-cross wethers (44 to 58 
kg), rams (70 kg), lambs (38 kg), ewes (53 kg), and ram 
hoggets (yearlings; 50 to 52 kg). Feed pellets, which had 
a propensity to fragment, and water were available ad 
libitum in troughs positioned along the open sides of the 
pens, bordering the walkways. Only those pens on the 
periphery of the open deck received direct or diffuse 
sunlight. However, all pens were dimly illuminated day 
and night by fluorescent lights in the walkways. Sheep 
waste accumulated on the pen floor forming a soft, friable 
material under low humidity conditions (Phillips, 2008). 
The waste pad, which was approximately 45 mm in depth 
by the end of the voyage, was cleaned out only after the 
sheep had been discharged (Pines and Phillips, 2011).

Given the need to visit the focal sites (pens) regularly 
for behavior data collection, they were chosen from just the 
front half of the open-sided decks. These decks contained 
109, 120, 122, and 122 sheep pens, with ventilation shafts 
fed by the fans and positioned at the intersection of 3 or 4 
pens. Based on the results of Pines and Phillips (2011), 10 
pens that had been found to have low NH3 concentrations 
(Low; mean 9.5 mg/m3) and a further 10 with high 
concentrations (High; mean 16.6 mg/m3) were selected 
for the current study (SED 1.73 mg/m3, P = 0.001) were 
selected for the current study. Wet-bulb temperature (26.7, 

27.3°C, P = 0.03), dew point (25.2, 25.9°C, P = 0.01), 
and median air speed (1.10, 0.33 m/s, P < 0.001) differed 
between Low and High NH3 concentrations. Dry-bulb 
temperature did not (31.2, 31.3°C, respectively, P = 0.81). 
Six pens contained lambs, 4 pens contained ewes, and the 
remaining 10 pens contained wethers. Pen area ranged 
from 53 to 77 m2, deck height was approximately 2.15 m, 
and stocking densities ranged from 0.26 to 0.36 m2/head, 
with the larger wethers and ewes having greater space, 
consistent with the Australian Standards for the Export 
of Livestock (AGDAFF, 2011). There were, therefore, 
approximately 1.3 to 1.8 sheep/m3 air.

Microclimatic Conditions

Wet- and dry-bulb temperature, dew-point 
temperature, air speed, and atmospheric NH3, CO2, 
and H2S concentrations were mapped in a 2.2-m2 grid 
in the 20 focal pens (n = 10/NH3 treatment). So, in a 
4.4 by 17.7 m pen, 16 samples were collected whereas 
12 samples were collected in the smaller 4.4 by 13.2 m 
pens. Each pen was mapped once during d 2 to 8 of the 
voyage (with 2 to 4 pens mapped/d). All air samples 
were collected within the pen at standing sheep head 
height (approximately 60 cm above the pen floor).

Direct comparisons between pens were potentially 
inaccurate because pens were necessarily mapped on 
different days; therefore, the sections of the pen with 
the greatest and lowest concentrations of NH3 were 
resampled in each of the 20 mapped pens on a single day 
(d 9) of the voyage.

Sheep Behavior and the Prevalence of Conjunctivitis

The behavior and pen space usage of 20 marked sheep 
(1/pen for each Low and High pen) were recorded. Focal 
sheep were randomly selected and marked on the nape of 
the neck using a red water-based paint to distinguish them 
from the rest of the sheep in the pen. Group size in pens 
ranged from 131 to 299 sheep. The behavior and location 
of each focal sheep was scored every 30 min for 4.5 h 
between 0330 and 2130 h over a 4-d period between d 2 
and 5 (first half of the voyage) and again between d 6 and 
9 (second half of the voyage). Records were taken from 
outside each pen so as not to disturb the focal sheep. Pens 
with Low and High NH3 treatments were evenly allocated 
to 2 researchers, who each recorded 10 pens/deck on 2 
decks. A different time period was sampled on each of 
the 4 d, so that after 4 d there were data for every 30-min 
interval between 0330 and 2130 h.

A scan-sampling technique was used to record sheep 
behavior, where the group was scanned for the location 
of each focal sheep, and the behavior of that sheep at that 
instant was recorded (whether the sheep was standing, lying, 
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feeding/drinking, or ruminating and the vertical position of 
the head; Hall et al., 1998). A measure of pen space usage 
was obtained by dividing the pen into 2.2 m2 imaginary 
segments and noting which segment the head of the focal 
sheep occupied at each 30-min interval. Depending on pen 
size, there were either 12 or 16 imaginary segments/pen.

The proportion of visible sheep within the 20 focal pens 
with 1 or both eyes more than half closed was scored, using 
scan sampling, as a measure of conjunctivitis potentially 
caused by atmospheric NH3 (Ames, 1991; Sahinduran, 
2004; Phillips et al., 2010), dust (Brightling and Lightfoot, 
2003), and/or ovine keratoconjunctivitis pathogens (Dun 
and Cert, 2009). Each focal pen was scored daily during d 4 
to 10 of the voyage. Apart from conjunctivitis, there was no 
evidence of morbidity or mortality in any of the focal sheep.

Measuring Devices

Ammonia was measured using a Neotox Mk NH3 
Meter (accuracy: ±3.8 mg/m3and resolution: 0.8 mg/
m3; Nutech Australia, Western Australia, Australia). To 
ensure that the Neotox meter did not drift, repeat readings 
were periodically taken with QRae gas detection tubes, 
corrected for dry-bulb temperature, and a QRae Plus 
meter (SD < 12% and resolution: 1.50 mg/m3; RAE 
Systems, San Jose, CA; see Pines and Phillips, 2011, for 
the relationship between these 3 devices). The Neotox 
meter and the QRae Plus meter were factory calibrated 
before the voyage; fresh air was calibrated each time the 
instrument was used during the voyage and challenged 
daily throughout the voyage with a standardized dose 
of 18.7 mg/m3 NH3 from a cylinder with a regulator. 
The QRae Plus meter was not used after d 3 of the 
voyage because of drift in readings. After completing 
pen recordings with the Neotox meter on d 9, the final 
resampling of pens on d 9 of the voyage was done with 
the QRae gas-detection tubes. The calibration routine and 
devices used to measure the other microclimatic variables 
were previously described by Pines and Phillips (2011).

Statistical Analysis

The difference in pen NH3 concentrations between 
Low and High was tested using a GLM, with NH3 
treatment as the only factor. Residuals were normally 
distributed by the Anderson-Darling test. Microclimatic 
variables were mapped using PopTools software (Hood, 
2001). The mean within-pen range for each microclimatic 
variable was determined by subtracting the minimum 
value from the maximum for each pen.

Effect of NH3 treatment (Low vs. High) and period 
of the voyage (first vs. second half), together with the 
interaction between these 2 factors and sheep within 
treatment, on the behavior of sheep were investigated in 

a repeated measures GLM using the statistical package 
Minitab (State College, PA). Residuals were normally 
distributed by the Anderson-Darling test for all variables 
except feeding data, which was transformed by adding 
1 and taking log10 of the new data to achieve normally 
distributed residuals.

The prevalence of conjunctivitis was analyzed 
with day of voyage used as a repeated measures and 
sheep pen, NH3 treatment, and NH3 treatment × day as 
additional factors. Percentages of each pen with sheep 
exhibiting conjunctivitis were transformed by adding 
1 and taking log10 of these values to achieve normal 
distribution of the residuals.

RESULTS

Within-Pen Microclimatic Conditions
Ammonia. Ammonia was present throughout all focal 

pens during the sampling period, with concentrations 
ranging from 5.3 to 44.2 mg/m3 (Fig. 1). There was a 
strong tendency for the mean NH3 concentration in the 
High pens (9.7 mg/m3) to be greater (P = 0.06) than that 
in the Low treatment pens (6.0 mg/m3). The mean within-
pen NH3 range (maximum – minimum concentration) 
was 9.5 mg/m3. Fifteen of the pens had relatively 
constant concentrations throughout the pen (within-pen 
range 3.0 to 7.5 mg/m3); however, the within-pen range 
was between 24.7 to 27.7 mg/m3 in 3 pens whereas 
localized pockets of NH3 (30.7 to 44.2 mg/m3) were 
observed in 4 pens where concentrations changed by as 
much as 18.7 mg/m3 in the space of 2.2 m.

Subsequent resampling of the locations where the 
maximum and minimum concentrations were found 
suggested that NH3 concentrations were transient. 
Resampling readings (range 0.8 to 13.5 mg/m3) were much 
less than those from the initial mapping (5.3 to 44.2 mg/m3). 
Approximately 40% of the pens with maximum initial 
NH3 concentrations had concentrations less than those 
with minimum initial NH3 concentrations whereas NH3 
concentrations did not change between minimum and 
maximum concentrations in about 5% of the pens.

Carbon Dioxide and Hydrogen Sulfide. Carbon 
dioxide concentrations ranged between 581 and 
3,663 mg/m3 (Fig. 2), with the mean within-pen range of 
CO2 concentration of 484 ± 103 mg/m3, and these values 
were well below the human time weighted average (TWA; 
NOHSC, 1995) limit of 9,689 mg/m3. Of the 20 pens 
mapped, only 3 had areas of relatively high CO2 (2,384 to 
3,663 mg/m3); the remaining 17 pens had consistently low 
concentrations of CO2 throughout the pen.

Hydrogen sulfide was detected in 65% of the 
pens; however, the maximum H2S concentration was 
only 1.4 mg/m3 (Fig. 3), considerably less than the 
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recommended maximum TWA for humans of 15.0 mg/m3 
(NOHSC, 1995). The greatest range in H2S concentrations 
in any pen was 1.4 mg/m3 (deck 9, row 6, and pens 1 to 4); 
however, the H2S concentration was relatively constant 
(range 0.3 ± 0.2 mg/m3) throughout most pens.

Air Speed, Temperature, and Dew Point

Air speed varied within most pens (range 1.44 ± 0.16 
m/s), with no recordable air movement in 65% of the pens, 

and air flow was absent across most of 1 pen (deck 9, row 
6, and pens 9 to 12; Fig. 4). Wet-bulb temperature (range 
1.10 ± 0.20°C) varied little within each pen (Fig. 5). In 
addition, the range in dry-bulb (0.95 ± 0.12°C; Fig. 6) and 
dew-point temperatures (1.2 ± 0.2°C; Fig. 7) was small.

Sheep Behavior

Feeding (P = 0.01) and ruminating (P = 0.004) times 
were decreased and standing time increased (P = 0.003) 

Figure 1. Ammonia concentrations (mg/m3) within 20 open decks at 2.2-m intervals.

Figure 2. Carbon dioxide concentrations (mg/m3) within 20 open decks at 2.2-m intervals.
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in High pens compared with Low pens (Table 1). There 
was also a tendency for lying time to be decreased in 
High compared to Low pens (P = 0.07). Furthermore, 
sheep in High pens spent less time with their head down, 
compared with sheep in Low pens (P = 0.04).

In the second half of the voyage, sheep spent a longer 
(P = 0.04) period lying down and less (P = 0.04) time 
standing compared with the first half. Among the standing 
sheep, those in the second half of the voyage were more 

likely to have their head down than those in the first half 
(P = 0.003).

Circadian Cycle. The circadian cycle tended to be 
more fixed in its rhythmical pattern during d 6 to 9 than 
d 2 to 5 (Fig. 8). During d 6 to 9, feeding peaked from 
0530 to 0930 h and from 1430 to 1830 h. Time spent 
lying down tended to be maximum outside of the feeding 
peaks during d 6 to 9, but this pattern was less evident 
during d 2 to 5. During d 6 to 9 the sheep spent as much 
time lying down as they did standing up before 0530 and 

Figure 3. Hydrogen sulfide concentrations (mg/m3) within 20 open decks at 2.2-m intervals.

Figure 4. Air speed (m/s) within 20 open decks at 2.2-m intervals.
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after 1630 h whereas most sheep were standing during 
these periods in the first half of the voyage.

Pen Use. The positioning of the sheep within the 
pen was not random. Despite sheep occupying all 
sections of the pen, individuals spent most of their time 
in specific parts of the pen (Fig. 9). During the first 
half of the voyage, 75% of the focal sheep were not 
randomly distributed throughout the pen whereas during 
the second half of the voyage, 100% were not randomly 

distributed. The proportion of the pen used by the focal 
sheep (including areas in which they were observed just 
once) decreased (P = 0.001) from 74.1 ± 3.9% during 
the first half of the voyage to 63.1 ± 2.6% in the second 
half of the voyage.

Conjunctivitis. The mean percentages of sheep with 
conjunctivitis differed (P < 0.001) between the Low and 
High treatment (0.9 and 2.2%, respectively). There was 
no effect of day of the voyage (P = 0.07) or interactive 

Figure 5. Wet-bulb temperatures (°C) within 20 open decks at 2.2-m intervals.

Figure 6. Dry-bulb temperatures (°C) within 20 open decks at 2.2-m intervals.
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effect between day and NH3 treatment (P = 0.37) on the 
prevalence of conjunctivitis.

DISCUSSION

Pen Microclimate
Ship voyages expose livestock for a prolonged 

period to changing NH3 concentrations. Although 
previous work has shown considerable variation in NH3 
concentrations between pens (Pines and Phillips, 2011), 
little variation in concentrations was found within 80% 
of the pens of the current study. Small pockets of very 
high NH3 concentrations (29.2 to 44.2 mg/m3) were 
found in 20% of pens. Retesting of points with extreme 
concentrations revealed that these NH3 pockets were 
transient. The NH3 concentrations found in some of the 
pens were above the concentrations (TWA: 18.7 mg/m3) 
recommended for live export (Costa et al., 2003; Tudor 

et al., 2003). According to the study of Phillips et al. 
(2011), prolonged exposure to such concentrations may 
have transitory adverse effects on the welfare of sheep, 
in particular an inflammatory response of the respiratory 
system.

Previous research found that NH3 concentrations 
on the open deck of this ship were correlated negatively 
with cumulative wind and air speed and positively with 
the interaction between dew point and air speed (Pines 
and Phillips, 2011). Of these factors, it is likely that the 
wind passing through the decks, a result of the prevailing 
conditions, ship speed, and direction and degree of 
resistance caused by the infrastructure (McCarthy, 2005), 
fluctuated the most and was the probable reason for the 
transient nature of high NH3 pockets, which occurred in 
places of no or minimal air flow. Although there were 
ventilation shafts spread evenly throughout the vessel, 
air speed varied considerably within many of the pens 
(65% of pens were “dead spaces” in which little or no 

Table 1. Effect of ammonia treatment1 and period of the voyage on sheep behavior2

 
Item

Ammonia treatment3  
P-value

Period of the voyage  
P-value

 
SEDLow High First half Second half

Feeding, log10 (% time + 1) 0.84 0.53 0.013 0.68 0.69 0.983 0.167
Percent time 6.0 2.4 3.8 3.8
Lying, % time 32.8 24.5 0.067 24.2 33.4 0.045 6.17
Standing, % time 58.0 70.8 0.003 68.8 60.0 0.039 5.69
Ruminating, % time 30.6 17.4 0.004 23.9 24.1 0.966 0.059
Head down, % time 26.8 19.6 0.036 17.9 28.5 0.003 0.046

1Sheep were monitored in 10 pens previously recorded with low ammonia concentrations and 10 pens previously recorded with high ammonia concentrations.
2There were no (P ≥ 0.129) ammonia treatment × period of the voyage interactions.
3Low = low NH3 concentration; High = high NH3 concentration.

Figure 7. Dew-point temperatures (°C) within 20 open decks at 2.2-m intervals.
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air flow was detected). Given the variability of air speed 
within the pen and the negative correlation between air 
flow and NH3, it is expected that the concentration of 
NH3 would also be highly variable within some pens.

By contrast, wet-bulb, dry-bulb, and dew-point 
temperatures were all relatively uniform throughout 
each pen. This is consistent with the results of McCarthy 
(2005), who found that wet-bulb temperature varied 
little within and between open-deck pens.

Of the other noxious gases measured, CO2 was also 
found to accumulate in small pockets within a small 
percentage (15%) of pens. Even though the maximum CO2 
concentration was well below the TWA limit, it is possible 
that sheep may be more sensitive to CO2 than humans. 
Hydrogen sulfide was absent in 35% of the pens and in 
low, relatively consistent concentrations in the remaining 
65% of pens. Like CO2, the within-pen concentrations of 
H2S were well below the TWA limits for humans.

These findings have implications for the monitoring of 
within-pen microclimatic conditions onboard vessels with 
ventilation ports positioned at the intersection between 
pens. Careful site selection and a sufficient number of sites 
are needed when monitoring within-pen concentrations of 
atmospheric NH3 and air flow, given that pockets of the 
former exist and the latter is highly variable. To monitor 
NH3, it is recommended to take measurements from areas 
of low airflow to monitor the greatest concentrations 
and measurements from a combination of high- and 

low-airflow sites for an overall assessment. Wet-bulb, 
dry-bulb, and dew-point temperature varied little within 
pens; therefore, a central measurement should adequately 
represent the surrounding conditions. Given that the 
concentrations of H2S and CO2 were well below safety 
limits for humans, it is not necessary to regularly monitor 
these variables for human welfare, but the sensitivity of 
sheep requires further investigation.

Sheep Behavior and Ammonia Treatment

The repeated measurements of NH3 concentration in 
the 20 pens tended to confirm the results of the previous 
study that identified 10 pens with high NH3 concentrations 
and 10 with low NH3 concentrations (Pines and Phillips, 
2011). Ammonia treatment affected sheep behavior, 
in spite of the fact that it was not possible to know the 
exact NH3 concentration the focal sheep were exposed to, 
because the focal sheep were able to move freely through 
pens where NH3 concentrations varied an average of 10 
mg/m3 and varied by as much 11 mg/m3 over the course 
of the voyage (Pines and Phillips, 2011). Time that the 
sheep spent feeding, lying, and ruminating decreased 
whereas the time spent standing increased in High pens 
compared with Low pens. A recent study of sheep exposed 
to NH3 concentrations under a microclimate and stocking 
density similar to shipboard conditions for 12 d provided 
evidence of similar behavior changes linked to high NH3 
concentrations (Phillips et al., 2011). In that study sheep 
exposed to 11.2 to 33.7 mg/m3 NH3 in pens where excreta 
was allowed to accumulate spent 11% more time standing 
than sheep exposed to less than 6.0 mg/m3 in pens that 
were cleaned regularly to prevent NH3 liberation. This 
suggests that differences in NH3 concentration were 
responsible for the changes in sheep behavior in the 
current study. In their greatest NH3 concentration, 
Phillips et al. (2011) demonstrated that sheep spent 35% 
less time standing with their head lowered, in accordance 
with the reduction in time with head lowered in this study. 
This may indicate an attempt to escape from stagnant air 
with increased NH3 (Phillips et al., 2012) because NH3 
concentration declined with distance from the floor in this 
ship (Pines and Phillips, 2011).

Phillips et al. (2011) recorded an almost 23% reduction 
in DM intake in sheep exposed to NH3, which concurs 
with the recorded reduction in feeding time recorded 
in the present experiment. Their study also identified a 
reduction in BW gain in increased NH3 concentrations, 
which probably stems from the reduction in both feeding 
and rumination observed in the current study. This may be 
due to discomfort experienced when feed or feed boluses 
pass over irritated mucosal surfaces in the buccal cavity. 
Previous research has demonstrated that NH3 irritates the 
mucosal surfaces of the eyes and nose of exposed sheep 

Figure 8. Proportion of the total time spent standing, feeding, and lying 
from 0330 to 2030 h local time during A) d 2 to 5 and B) d 6 to 9 of the 
voyage.intervals.
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(Drummond et al., 1976; Phillips et al., 2011). It is easier 
to measure irritation of these surfaces than the buccal 
cavity, but it is reasonable to hypothesize that the buccal 
cavity probably becomes irritated, especially in hot 
conditions when inspiration via the mouth occurs during 
panting (Stockman et al., 2011).

The proportion of sheep showing signs of 
conjunctivitis was likely an underestimation because 
it was not possible to observe the eyes of sheep with 
their heads down or facing away from the researcher. 

Conjunctivitis in livestock has been suggested to result 
from both dust in pre-export assembly depots and 
from pelleted feed used in the assembly depot and/or 
aboard ship (Brightling and Lightfoot, 2003). Increased 
NH3 concentrations are also believed to irritate the 
mucosal surfaces of the eyes, resulting in conjunctivitis 
(Ames, 1991; Sahinduran, 2004). Results of the present 
study suggest that NH3 exposure can increase the 
prevalence of conjunctivitis in sheep on live export 
shipments. However, because conjunctivitis was not 

Figure 9. Percentage of time 20 focal sheep spent in each section of the pen during A) d 2 to 5 and B) d 6 to 9 of the voyage.
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measured before d 4 of the voyage, it is difficult to 
preclude a preexisting ocular condition unrelated to the 
environmental conditions on the vessel.

Sheep Behavior in the First  
and Second Halves of the Voyage

Increased head lowering in the second half of the 
voyage may indicate discomfort (Hall et al., 1998; 
Hemsworth et al., 2011). Alternatively, with sheep 
spending more time lying down and less time standing 
up during the second half of the voyage, the lowered head 
may simply be an indication of increased resting or it 
could indicate an attempt to lower their point of balance. 
Resting, as indicated by time spent lying down, has also 
been shown to increase with journey duration in road 
transport (Cockram et al., 2004) and was observed more 
in the second half of the voyage in this study. There was 
also evidence that feeding and lying behavior became 
more fixed in rhythmical patterns during the second half 
of the voyage compared with first half of the voyage. 
Together, these changes in behavior probably indicate 
that the sheep were adjusting to shipboard conditions, 
feeding times, and crew movements.

The sheep made less use of the available pen space 
during the second half of the voyage, possibly because 
they preferred to remain among known conspecifics or 
within a section of the pen with which they are familiar 
(Wolf et al., 2009). Support for the latter argument can 
be found in the response of the sheep to the stockman 
moving through each pen daily looking for sick and 
injured sheep. This action invariably forced the sheep to 
move en masse to the other end of the pen. Yet, despite 
this daily movement, once the stockman had left the pen, 
individuals appeared to return to sections of the pen they 
had previously occupied, suggesting that they preferred 
certain sections of the pen.

Two behaviors that did not change with voyage 
duration were the amount of time spent feeding and 
the amount of time spent ruminating. This is in contrast 
to the study of Black et al. (1994), who reported a 
decrease in the amount of time lambs spent feeding and 
ruminating over a 24-d voyage from New Zealand to the 
Middle East. In that study, the proportion of time spent 
feeding was greater than that recorded in the present 
study, which may have been affected by differences in 
feed quality and availability, temperature, and sheep 
body condition between the 2 experiments.

Conclusions

Atmospheric NH3, CO2, and H2S concentrations 
varied little within most focal pens on board a live export 
vessel although semitransient pockets of NH3 occurred 

in some pens. Air flow was highly variable within most 
pens whereas other measured microclimatic variables 
were relatively constant. Sheep in pens previously 
identified to have increased NH3 concentrations, high 
wet-bulb temperatures, and low wind speed spent 
longer standing and less time feeding and ruminating 
than those in pens identified with decreased NH3, low 
wet-bulb temperatures, and high wind speed. They 
also held their head higher (perhaps to avoid increased 
NH3 concentrations at lower heights) and had more 
conjunctivitis. An understanding of the variability 
of within-pen conditions will help in the design and 
management of pens to ensure consistent microclimatic 
environment conditions.
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