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ABSTRACT KEYWORDS
Pasture access can benefit dairy cows’ behavior, health, and welfare, but Animal welfare; continuous
herds are increasingly housed indoors full-time. Recent infrared thermal- housing; thermography;

imaging (thermography) studies suggest that higher eye temperatures may zero-grazing
be a physiological indicator of chronic stress. We, therefore, hypothesized
that, compared to cows with pasture access, cows housed indoors full-time
would have higher eye temperatures. In a two-phase crossover experiment,
29 Holstein-Friesian dairy cows experienced 18 days of overnight pasture
access and 18 days of full-time indoor housing. We measured each animal’s
eye temperature 16 times (eight/phase). During Phase One, cows with
pasture access had higher eye temperatures than cows housed indoors full-
time (contrary to our hypothesis). However, during Phase Two, cows with
pasture access had lower eye temperatures than cows housed indoors full-
time. It is, therefore, unclear whether eye temperature reflected disparities
in dairy cow welfare between different housing treatments.

Introduction

Dairy cattle are increasingly housed indoors throughout the year (Knaus, 2016; USDA, 2016; van
den Pol-van Dasselaar, Hennessy, & Isselstein, 2020). Full-time indoor housing means that
grazing area accessibility no longer constrains herd size, enabling farmers to keep more animals
(Arnott, Ferris, & O’connell, 2017). Moreover, cattle housed indoors are typically fed energy-
dense diets, which meet their high metabolic requirements better than grass (Olmos et al.,
2009b). Indoor housing also shelters cows against adverse weather conditions (Schiitz, Rogers,
Poulouin, Cox, & Tucker, 2010; Tucker et al., 2007) so, in temperate regions, even cows with
summer pasture access are usually kept indoors during winter. Most dairy cows, therefore, spend
long periods indoors.

Animal welfare scientists (Arnott et al., 2017; Charlton & Rutter, 2017; Mee & Boyle, 2020; Smid,
Weary, & von Keyserlingk, 2020) and dairy consumers (Ellis, Billington, McNeil, & McKeegan, 2009;
Hotzel, Cardoso, Roslindo, & von Keyserlingk, 2017; Schuppli, Von Keyserlingk, & Weary, 2014) are
concerned about full-time indoor housing. Given the choice between pasture and free stall housing,
cows usually spend longer at pasture, at least at night (Charlton, Rutter, East, & Sinclair, 2011;
Kismul, Sporndly, Hoglind, Naess, & Eriksson, 2018; Legrand, Von Keyserlingk, & Weary, 2009).
Cattle also work as hard to access pasture as they work to access high-energy feed (total mixed
ration; Von Keyserlingk, Cestari, Franks, Fregonesi, & Weary, 2017). These findings show that cows
prefer — and are motivated to access — pasture. Compared to full-time indoor housing, pasture
provides a softer lying and walking substrate, resulting in less disrupted lying behavior (associated
with good welfare; Crump et al.,, 2019a, O’Connell, Giller, & Meaney, 1989; Olmos et al., 2009a).
Pasture is also linked to lower risks of lameness (Barker, Leach, Whay, Bell, & Main, 2010; Haskell,
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Rennie, Bowell, Bell, & Lawrence, 2006; Olmos et al., 2009a) and mastitis (Firth et al., 2019; Goldberg
et al., 1992; Washburn, White, Green, & Benson, 2002).

Few studies have explored the physiological effects of pasture access (Arnott et al., 2017; but see
e.g., Comin et al., 2011; Grille, Adrien, Olmos, Chilibroste, & Damidn, 2019). Sharma, Umapathy,
Kumar, and Phillips (2019) recorded an inverse correlation between daily access to outdoor yards
and hair cortisol levels (a general stress marker), suggesting pasture access may reduce stress. Olmos
et al. (2009b), on the other hand, reported that plasma cortisol concentration did not differ between
pasture-based and free stall housing systems. However, blood metabolite levels linked pasture access
to more negative energy balance — a sign of nutritional stress and poor welfare. Other studies have
found positive correlations between inclement weather and cows’ cortisol levels (Tucker et al., 2007;
Webster, Stewart, Rogers, & Verkerk, 2008). These findings suggest that, when nutritional needs are
unmet or weather conditions are poor, pasture access can be stressful.

Infrared thermography has been proposed as a noninvasive physiological indicator of animal
welfare (Clay-Warner & Robinson, 2015; Godyn, Herbut, & Angrecka, 2019; McManus et al., 2016;
for criticism of this approach, see Ede, Lecorps, von Keyserlingk, & Weary, 2019). As part of the
acute stress response, blood-flow increases to core organs, such as the heart and lungs, preparing the
individual for activity (“stress-induced hyperthermia”; Zethof, Van Der Heyden, Tolboom, & Olivier,
1994). Some authors suggest that infrared thermal images can record corresponding vasoconstriction
in peripheral regions, such as the eyes and ears, with lower surface temperatures indicating higher
stress (Travain & Valsecchi, 2021). For example, dairy cattle’s eye temperature can drop immediately
after exposure to acute stressors (e.g., startle and restraint; Stewart et al., 2008a) and painful
procedures (e.g., hot-iron disbudding without anaesthetic; Stewart, Stafford, Dowling, Schaefer, &
Webster, 2008b), which the authors attributed to vasoconstriction of peripheral blood vessels.
Infrared thermography has also recorded peripheral temperature drops following aversive stimulus
exposure in macaques (Nakayama, Goto, Kuraoka, & Nakamura, 2005) and rats (Vianna & Carrive,
2005), although other dairy cow studies have linked acute stress to higher peripheral temperatures
(e.g., cathaterization: Stewart et al., 2007; claw-trimming: Gémez et al., 2018).

Over longer time scales, some experimental evidence suggests that chronic stress increases eye
temperature. For example, Franchi, Jensen, Herskin, McNeill, and Phillips (2021) found that dairy
cow eye temperature was higher 2 days after abrupt dry-off and regrouping (a stressful event; Zobel,
Weary, Leslie, & Von Keyserlingk, 2015), compared to the day before dry-off. Uddin, Phillips, Goma,
and McNeill (2019) also found that right lateralized dairy cows had higher eye temperatures than left
lateralized cows. Because the right hemisphere primarily controls the fight-or-flight response,
passing on the right enables cows to easily view potential threats with their contralateral left eye
(Robins & Phillips, 2010). Right lateralization, therefore, indicates an anxious temperament in dairy
cows (Goma et al., 2018; Phillips, Oevermans, Syrett, Jespersen, & Pearce, 2015), so Uddin et al.
linked higher eye temperatures to anxiety. Several studies have reported similar findings (Goma
et al., 2018; Lee et al., 2018; Phillips et al., 2015), although Uddin, Phillips, Auboeuf, and McNeill
(2021) failed to replicate the association between eye temperature and right lateralization. Moreover,
stress-induced spikes in eye temperature were higher in fearful than non-fearful calves (Lecorps,
Kappel, Weary, & von Keyserlingk, 2018) and horses (Dai et al., 2015).

In past papers, we compared dairy cow welfare at pasture and indoors using behavioral and
cognitive indicators (Crump et al., 2019a, 2019b, 2021). Cows at pasture had longer overnight lying
durations than those indoors, as well as longer lying bouts and more synchronous herd lying
behavior (Crump et al., 2019a). These findings suggest that cows at pasture were more comfortable,
less restless, and encountered less aggression (but see Tucker, Jensen, de Passillé, Hianninen, &
Rushen, 2021). Cows also had higher daily step counts at pasture. In humans, exercise improves
psychological wellbeing (Bailey, Hetrick, Rosenbaum, Purcell, & Parker, 2018; Ernst, Olson, Pinel,
Lam, & Christie, 2006). As well as measuring behavior, we individually trained the cows on a spatial
judgment bias task — a measure of emotional state (Burman, Parker, Paul, & Mendl, 2008; Harding,
Paul, & Mendl, 2004; Neave, Daros, Costa, von Keyserlingk, & Weary, 2013). Buckets on one side of
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an alley were rewarded with 130 g of grain-based concentrate feed, whereas buckets on the other side
of an alley were unreinforced. Housing treatment did not affect animals’ responses on test trials to
ambiguous buckets, intermediate between the rewarded and unreinforced locations (Crump et al.,
2019b, 2021). However, PAS cows were slower to the rewarded bucket location than PEN cows.
Reduced reward anticipation in the PAS treatment suggests that cattle with pasture access had more
rewarding lives (see Spruijt, Van den Bos, & Pijlman, 2001; Watters & Krebs, 2019).

In this study, we took infrared thermal images of each cows’ right eye after the aforementioned
judgment bias testing (see Crump et al., 2019b, 2021). We hypothesized that dairy cows would have
higher eye temperatures when they were housed indoors full-time compared to when they had
overnight pasture access. This effect would indicate chronic stress during full-time indoor housing.

Materials and methods

All experimental procedures were approved by the Animal Research Ethics Committee, School of
Biological Sciences, Queen’s University Belfast (approval number: QUB-BS-AREC-18-005).

Animals and housing

This experiment was carried out at the Agri-food and Biosciences Institute (AFBI), Hillsborough,
County Down, Northern Ireland (54°5° north; 6°1” west). We tested 29 lactating Holstein-Friesian
dairy cows, who were 2.7-8.7 years old (mean: 4.3 years) and 209-273 days since calving (mean:
241 days) at recruitment (May 2, 2018). Three cows not tested in the experiment were used to
increase the total group size to 32. All animals had experience of pasture, although they were housed
indoors for eight weeks before testing. Indoor housing comprised two interconnected pens
13.3 x 8.5 m. Each pen had 16 free stalls fitted with rubber mats, and concrete walking areas that
were scraped clean six times/day. Grass silage, provided at 0900 h, was available through an open
feed barrier ad libitum. Water was also offered ad libitum. At 0630 h and 1500 h, animals were
milked in a rotary parlor. The indoor housing was naturally ventilated, with no additional
ventilation.

Experimental procedure and treatments

Before the experiment, we installed plywood barriers to separate the pens, and divided the herd into
two groups of 16. A treatment-blind veterinary graduate pseudorandomly assigned animals to each
group, based on mobility score (following the AHDB, 2019 scoring system). We then used
a repeated-measures crossover design, with both phases lasting 18 days (Phase One: June 25-July
13, 2018; Phase Two: July 16-August 3, 2018). The two treatments were overnight pasture access
(PAS) and full-time indoor housing (PEN). Animals in the PAS treatment were managed on
a rotational grazing system for 18 h from 1600 h to 1000 h (area grazed: 1,370-3,950 m? distance
to parlor: 190-295 m), and then kept in their indoor pen during the day from 1000 h to1600 h.
Herbage was higher quality in Phase One than Phase Two, measured three times per phase as mean
oven dry matter (DM) content (mean *+ SD; Phase One: 239 + 8.6 g/kg; Phase Two: 215 + 8.6 g/kg),
mean crude protein content (Phase One: 226 + 11.5 g/kg DM; Phase Two: 207 + 11.5 g/kg DM), and
mean metabolizable energy content (Phase One: 12.0 MJ/kg DM; Phase Two: 10.9 MJ/kg). Animals
in the PEN treatment were kept in their indoor pen 24 h/day, except during milking.

Eye temperature was recorded immediately after judgment bias sessions (between 1000-1600 h),
with subject order (and thus time) newly randomized each day. We took one good-quality infrared
thermal image of each cows’ right eye (eight images/cow/treatment; 16 images/cow total), because
the right eye gives highly repeatable thermal images (Scoley, Gordon, & Morrison, 2019). We used
a FLIR E8 Infrared Camera (FLIR Systems, Kent, UK) at a 90° angle and 1.5 m distance. According
to the manufacturer, this model has a temperature measurement accuracy of +2%, thermal sensitivity
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of < 0.06°C, spectral range of 7.5-13 pm, and resolution of 320 x 240 pixels. We used an emissivity
setting of 0.95 (as in Church et al.,, 2014; Gloster, Ebert, Gubbins, Bashiruddin, & Paton, 2011).
Images were captured during cows” daytime indoor housing to reduce the effects of sunlight, rain,
and wind (Church et al., 2014). The same experimenter took every image. This process always took <
2 min after the last judgment bias trial. We did not restrain cows for thermography so, throughout
the study, we returned animals to their home pen without capturing an image in 20 trials (when the
animal was agitated). Due to equipment malfunction, we also did not collect thermographic data on
the seventh testing day of Phase Two (July 302,018).

After downloading each thermal image onto a computer, we extracted data using FLIR Tools
software (FLIR Systems, Kent, UK). We recorded temperature in the lacrimal caruncle region of the
eye, due to the consistency of this region’s temperature (Stewart et al., 2008b). Data were extracted
treatment blind. To explore the effects of weather conditions, we used recordings from a UK Met
Office weather station 17 km from AFBI Hillsborough (Katesbridge). We also entered contemporary
mean temperature and humidity into the FLIR Tools software during image processing, and set
object distance to 1.5 m.

Statistical analysis

Data were analyzed using a general linear mixed-effects model in the statistics program R (R Core
Team, Cran-r-project, Vienna, Austria; version 3.6.2; package “lme4”; Bates, Michler, Bolker, &
Walker, 2014). To improve model fit, we log-transformed the response variable: eye temperature.
The fixed effects were treatment, treatment order, latency to rewarded bucket locations during the
preceding judgment bias testing session (accounting for general activity; see Nakayama et al., 2005),
as well as three weather variables (daily mean environmental temperature, daily mean windspeed,
and h/day with humidity > 90%). Cow ID and day number were included as random effects. We
included the treatment x treatment order interaction and all interactions contained within treatment
x bucket latency x temperature x humidity x windspeed. We dropped interactions if this lowered
the Akaike Information Criterion value by > 5 (Burnham & Anderson, 2002). Throughout this
manuscript, we regard P-values < 0.05 as statistically significant.

Results

In the 415 thermal images captured, eye temperature ranged from 31.9 to 40.2°C (mean: 37.8°C).
There was a significant treatment x treatment order interaction effect on eye temperature (x*; = 7.70,
P = 0.005; Figure 1). In the group that underwent the PAS treatment during Phase One, eye
temperature was higher in the PAS treatment than the PEN treatment. In the group that underwent
the PAS treatment during Phase Two, eye temperature was lower in the PAS treatment than the PEN
treatment. We found no significant relationship between eye temperature and latency to the
rewarded bucket location (x22 = 3.20, P = 0.20), and the treatment x bucket latency interaction
was not significant (le = 0.00, P = 0.96).

Throughout our study, daily environmental temperature ranged between 11.2 and 20.7°C (mean:
15.7°C), daily windspeed was 2-8 kn (mean: 4.4 kn), and h/day with humidity > 90% was 0-15 h
(mean: 6.9 h). We found two significant three-way interactions involving weather variables. First,
a treatment x temperature x windspeed interaction (x*; = 5.66, P = 0.02). At high windspeeds, there
was a negative correlation between environmental temperature and eye temperature in the PAS
treatment, but a positive correlation in the PEN treatment. This effect was smaller at lower wind-
speeds. Second, a treatment x windspeed x humidity interaction (x*;, = 6.97, P = 0.01): at high
windspeeds, there was a positive association between humidity and eye temperature in the PAS
treatment, but a negative association in the PEN treatment. At low windspeeds, there was a negative
association between humidity and eye temperature in both treatments, but the effect was greater for
the PAS treatment. No other treatment x weather variable interactions were significant.
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Figure 1. Effect of housing treatment (PAS/PEN) and treatment order (PAS-first/PAS second) on eye temperature during our two-
phase crossover experiment. There was no significant association between either treatment or treatment order and eye
temperature, but the treatment x treatment order interaction was significant. PAS: 18-day treatment where cows had overnight
pasture access; PEN: 18-day treatment where cows were housed indoors full-time; PAS-first: subjects that underwent the PAS
treatment during the first experimental phase; PAS-second: subjects that underwent the PAS treatment during the second
experimental phase.

Discussion

Our findings indicate that housing treatment influenced dairy cows’ eye temperature - a result that
carried over into daytime housing and was independent of current weather conditions. However,
treatment order changed the effect’s direction. Cows that went outside in Phase One (PAS-first) had
higher eye temperatures following overnight pasture access than during full-time indoor housing,
whereas cows that went outside in Phase Two (PAS-second) had lower eye temperatures following
pasture access than during indoor housing.

These results partially support our hypothesis. If higher eye temperatures indicate chronic
stress (Uddin et al., 2019), then our findings suggest that pasture access increased stress in
PAS-first cows. On the other hand, pasture access reduced eye temperature in PAS-second
cows, suggesting lower stress at pasture. This discrepancy may reflect the greater maximum
ambient temperature during Phase One (30.0°C) than Phase Two (25.8°C). Higher ambient
temperatures heat surfaces (including cows’ eyes) — a major confound of infrared thermogra-
phy (Church et al., 2014). Phase One ambient temperatures also exceeded dairy cows’ thermal
tolerance, likely leading to heat stress (Polsky & von Keyserlingk, 2017). The shaded PEN
treatment may have alleviated this effect more than the unshaded PAS treatment, so eye
temperature could have accurately reflected lower stress indoors during Phase One. Phase
One’s higher-quality herbage is another possible explanation, perhaps reducing nutritional
stress and, thus, increasing metabolic heat production in PAS-first cows (Savory, Kostal, &
Nevison, 2006). Nonetheless, selective grazing may have negated the small between-phase
difference in herbage quality. Future infrared thermography studies could record forage intake
and milk yield as possible indicators of nutritional stress. We also did not measure animals’
core temperatures directly, so can only speculate about the relationship between eye tempera-
ture, core temperature, and chronic stress.



6 A. CRUMP ET AL.

Our inconsistent results reflect previous conflicting findings on the relationship between stress
and peripheral temperatures in dairy cattle. While some studies have linked acute stress to lower
peripheral temperatures (Stewart et al., 2008a, b), others linked acute stress to higher peripheral
temperatures (Gomez et al.,, 2018; Stewart et al,, 2007). For chronic stress, Uddin et al. (2019)
associated right lateralization (an indicator of chronic) with higher eye temperatures, but Uddin
et al. (2021) could not replicate this result. A further source of confusion is that positive experiences
also affect dairy cows’ peripheral temperature. Gomez et al. (2018) found that both positive (feeding)
and negative (restraint for claw-trimming) interventions increased eye temperature, whereas Proctor
and Carder (2016) reported the opposite: both positive (unexpectedly high-value rewards) and
negative interventions (unexpectedly inedible feed) decreasing nose temperature. Such findings
suggest that peripheral temperature changes are a non-directional indicator of physiological arousal
(Ede et al., 2019), casting doubt on infrared thermography as a welfare indicator for dairy cows.

Finally, this study had various limitations. To facilitate measuring other welfare indicators
(Crump et al,, 2019a, 2019b, 2021), we sometimes collected infrared thermography data hours
after cows returned from pasture. Indoor housing conditions could, therefore, have influenced
results (Gomez et al., 2018). We do not have data on conditions in the indoor housing, so
unfortunately cannot explore this potential source of variation. However, cows in both treat-
ments were tested indoors in a random order, ensuring that any such variability affected both
treatments equally and did not introduce systematic bias. In addition, we only captured one
thermal image of each cow per testing day. Some studies have found that extracting average
eye temperatures from multiple replicate images can improve reliability (e.g., Scoley et al.,
2019), although Uddin, McNeill, Lisle, and Phillips (2020) reported little improvement above
two images.

In summary, this study only partially supported the hypothesis that pasture access would
reduce eye temperature — suggesting lower stress — in dairy cows. Our previous work on
behavior and cognition indicated that welfare was better when cattle had pasture access than
during full-time indoor housing. Nonetheless, different eye temperatures were not consistently
associated with different housing treatments. It is, therefore, unclear whether eye temperatures
indicated dairy cow welfare.
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