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H I G H L I G H T S  

• Effects of meloxicam on chronic indicators of pain after castration. 
• Cow-calf proximity and home range as novel indicators of pain post-castration. 
• Knife and banded calves experienced more acute and chronic pain, respectively. 
• Meloxicam did not reduce indicators of pain at the time-points assessed. 
• Proximity and home range have the potential to be used as indicators of pain.  
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A B S T R A C T   

One hundred and thirty-one 2 mo. old pasture housed Angus cross bull calves were evaluated for 62 d over two years 
(Year 1: n = 69, 134.1 ± 20.37 kg BW; Year 2: n = 62, 118.1 ± 15.49 kg BW) to determine 1) the effects of a subcu
taneous (s.c) injection of meloxicam on indicators of long term pain after castration and 2) the potential use of cow-calf 
proximity and home range as indicators of pain. Calves were randomly assigned to treatments using a 3 × 2 factorial 
design including castration - sham (CT; n =47), band (BA; n =46) or knife (KN; n =38) castration and medication – s.c. 
meloxicam (M; n = 66) or s.c. lactated ringers solution (NM; n = 65). Measurements included performance, scrotal 
temperature, swelling (WS) and healing (WH) scores, and pain sensitivity, collected on d -1, 6, 13, 20, 34, 48, and 62 
post-castration. Suckling, lying, standing and walking duration, and head-turning, lesion-licking, foot-stamping and 
tail-flick frequencies were collected immediately following and up to 2-d after castration. Cow-calf proximity and 
home range were obtained from d 0 to 2 and from d 14 to 16. With the exception of suckling, no medication (P > 0.05) 
effects were found. Greater (P <0.05) pain sensitivity was observed in KN from d 6 to 34 and on d 62, and in BA from d 6 
to 62 compared to CT calves. Knife calves showed an earlier (d 20) absence of inflammatory responses (WS; P < 0.05) 
than BA (d 34) and overall, KN calves had greater (P <0.05) standing, walking, and head turning than BA and CT. Knife 
and BA had greater (P <0.05) foot stamping than CT for the first 2 h post-castration, but KN exhibited greater (P <0.05) 
frequencies between 9 and 11 h (d 0) compared to BA and CT, and had greater (P <0.05) tail flicks from d 0 to 2 than CT. 
Banded calves were closer to their dams on d 15 while KN calves and their dams had a reduced home range on d 0 than 
CT cow-calf pairs. Although meloxicam did not reduce indicators of pain (with exception of suckling behavior), our 
results suggest that knife castration causes greater acute pain, while band castration resulted in greater chronic-pain. 
Cow-calf proximity and home range have some potential to be used as pain indicators post-castration.  
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1. Introduction 

Painful routine husbandry practices used by beef cattle operations in 
North America, such as castration, are a major animal welfare concern 
(Lemos Teixeira et al., 2018). Some of the reasons for the continued use 
of this practice include reduced aggression towards humans and other 
animals, unwanted breeding, and improved carcass quality (Price et al., 
2003; Bolado-Sarabia et al., 2018). It is well known that knife and band 
castration can reduce feed intake and growth, increased acute and 
chronic pain-related behaviors and inflammatory responses (Coetzee, 
2013; Marti et al., 2018a; Meléndez et al., 2017a). Therefore, Stafford 
(2007) recommended that both acute and chronic pain should be 
minimized during castration by providing analgesia while pain is 
probable to occur. 

A survey of cow-calf producers in Western Canada reported that the 
majority (95 %) of respondents castrated calves 3-mo of age or younger 
but only 10% of the respondents administered a pain control prior to 
castration (Moggy et al., 2017). To date, oral meloxicam (a nonsteroidal 
anti-inflammatory drug; NSAID) is the only drug labelled in Canada to 
mitigate castration related pain (Meléndez et al., 2019) in cattle. Oral 
meloxicam is an attractive option for producers because it has a rela
tively long duration of action (elimination half-life of up to 27 h; Coetzee 
et al., 2009; Meléndez et al., 2019) compared to other NSAIDS providing 
up to 72 h of pain relief after band and knife castration (Olson et al., 
2016). However, researchers had stated that oral meloxicam may have 
some limitations such as unpredictable absorption in the gut (Meléndez 
et al., 2019) as well as potential problems with dosing associated with 
incomplete intake of the product when given to cattle as a drench. In 
addition, a previous study conducted by our research group found that 
calves receiving a single (0.5 mg/kg) s.c. injection of meloxicam at the 
time of castration reached therapeutic concentrations sooner (Tmax =
3.7 h) and had longer elimination half-life (16.2 h) than calves receiving 
a single (1 mg/kg) administration of oral meloxicam (Tmax = 24 h; 
elimination half-life = 15.2 h; Meléndez et al., 2019). Consequently, 
subcutaneous (s.c.) meloxicam appears to provide a more practical and 
effective alternative to oral meloxicam for on farm use although rela
tively few studies have been conducted assessing its effectiveness in 
mitigating pain in cattle. 

The effectiveness of s.c. meloxicam in mitigating castration related 
pain post-operatively in calves of various ages is well documented 
(Meléndez et al., 2018a, b; Marti et al., 2018a, b). The majority of 
studies in the literature have assessed acute physiological and behav
ioral indicators of pain post-castration, typically within several minutes 
of and up to several days after its administration. However, few studies 
have assessed the pain mitigation effects of meloxicam and other 
NSAIDS, following castration or other painful procedures, on longer 
term indicators of pain such as inflammation, behaviour and perfor
mance outcomes (Pang et al., 2006; Marti et al., 2018a, b; Daniel et al., 
2020). This is likely because most studies were designed to conduct pain 
assessments corresponding to the duration of action of the drug. The 
duration of action is determined by the elimination half-life which is 
verified by measuring the rate of drug clearance from the blood. How
ever, few if any studies have assessed NSAID concentrations and clear
ance from tissue levels, although previous researchers have stated that 
oral meloxicam reduced respiratory related morbidity in feedlot calves 
(Coetzee et al., 2012) suggesting the effectiveness of the drug may be 
prolonged and could impact long term indicators of pain such as 
inflammation. In addition, previous studies provide some evidence that 
NSAIDs can mitigate pain well beyond their duration of action (based on 
half-life). For example, week old, castrated calves that were not pro
vided pain control had greater Substance P concentrations (biomarker of 
pain, inflammation and stress) and tail flicks frequencies 7 days 
post-castration compared to those administered s.c. meloxicam at the 
time of castration (Meléndez et al., 2018a). Another study found that 
calves of the same age and administered the same NSAID as in the 
previous study, tended to have greater feeding durations than 

non-medicated calves for up to 34 days post castration while 
non-medicated calves had greater hair cortisol concentrations on d 56 
post-castration than medicated calves (Marti et al., 2018a). In contrast, 
Marti et al. (2018b) reported that meloxicam was not effective in 
reducing chronic indicators of pain such as inflammation or rate of 
wound healing over a 42-d period post-castration in 2-mo old calves. 
Therefore studies looking at the effects of pain mitigating drugs beyond 
their determined duration of action are needed to better understand any 
residual or unforeseen effects. 

Most of the previously cited studies were conducted with calves that 
were housed in a feedlot setting following castration to facilitate ease of 
repeated handling for sample collection. However, calves are typically 
housed on pasture after castration. It is possible the feedlot environment 
may affect the outcomes of some pain indicators such as the length of the 
expression of certain behaviors (e.g., suckling, walking, lying, and 
standing) as well as the incidence and degree of post-operative inflam
mation and associated complications such as abscessing due to a greater 
risk of contamination with manure (Petherick et al., 2015). The current 
study was conducted with pasture housed calves to improve relevance to 
industry and remove potential confounding effects associated with being 
housed in a feedlot environment. 

To date, very few studies have assessed the relationship between 
pain in calves post-castration and cow behavior (such as grazing) and 
cow-calf proximity. Previous studies indicate that pain experienced by 
offspring can modulate their mother’s behavior suggesting it has po
tential to be used as a novel indicator of pain in animals. For example, 
ewes expressed greater maternal care (e.g., sniffling, licking, and/or 
nursing) towards their offspring that had experienced a painful event 
(tail docking and castration) than if they had not (Hild et al., 2011; 
Futro et al., 2015). 

Thus, the aim of this study was to determine 1) the effects of a 
subcutaneous (s.c) injection of meloxicam on indicators of long term 
pain after castration in calves housed on pasture and 2) the potential use 
of cow-calf proximity and home range as indicators of pain post- 
castration. We hypothesized that 1) a s.c. injection of meloxicam 
administered immediately prior to castration would reduce physiolog
ical and behavioral indicators of long term stress/pain and inflammatory 
responses at the wound site, 2) castrated calves administered s.c. 
meloxicam would have similar proximities and home ranges to uncas
trated calves, but different proximities and home ranges from non- 
medicated castrated calves and, 3) dams of medicated castrated calves 
would graze and explore the pasture in a similar manner to the dams of 
uncastrated calves due to the lack of change in calf behavior related to 
the pain mitigating effects of meloxicam. 

2. Materials and methods 

The Animal Care Committees of the Lethbridge Research and 
Development Centre (LeRDC) (ACC 1618) and the University of Calgary 
(AC16-0066) approved all the procedures described in this study. Ani
mals were cared for in accordance with the Canadian Council of Animal 
Care guidelines (CCAC, 2009). 

2.1. Animal housing and management 

One hundred and forty-four 2-mo-old Angus and Angus crossbred 
bull calves were evaluated over two consecutive years, 2016 (Year 1: n 
= 72; 134.1 ± 20.37 kg BW) and 2017 (Year 2: n = 72; 116.8 ± 15.21 kg 
BW). Cow-calf pairs were transported approximately 40 km from a local 
ranch to Agriculture and Agri-Food Canada LeRDC (AB, Canada) during 
the first week after birth. 

Each year, cow-calf pairs were managed in 2 groups (36 calves per 
group) to be castrated on two 2 separate days, two weeks apart. Prior to 
the experimental period (approximately 6 wk before castration), cow- 
calf pairs were housed on a fall rye pasture (0.08 ha per animal). 
From d -6 (prior to castration) until weaning (d 96 and 120 post- 
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castration for Years 1 and 2, respectively), all cow-calf pairs were housed 
in one of four paddocks stocked at approximately 0.27 ha per animal for 
a period of time ranging between 10 and 18 d per paddock. In order to 
assess cow-calf behavior (see sections 2.4.1 and 2.4.2), a subset of 12 
cow-calf pairs from each castration group were housed separately from 
the other animals on a smaller paddock (0.33 ha per animal from d -6 to 
2 post-castration and returned back to their original paddock on d 3 
post-castration. 

On the days prior to (d -6 and -1) and on the day of castration (d 0) as 
well as 6, 13, 20, 34, 48, and 62 d post-castration, cow-calf pairs were 
moved from the pasture to a portable handling facility (approximately 
400 m from the center of the pasture) which consisted of a holding pen 
and a squeeze chute (Pearsons Livestock Equipment, Thedford, NE, 
USA). Calves were individually restrained in the squeeze chute for 3 to 5 
min to collect the same samples as those collected post-castration (see 
sections 2.3 and 2.4), and then restrained on a tip table (Calf Roper, 
Ram-Bull Ltd, Barons, AB, Canada) so that the castration treatments 
could be imposed. An experienced veterinarian conducted all castrations 
which took between 0.5 to 2 min per calf. Calves could hear but not see 
their dams during sampling and castration procedures. All calves in the 
first and second year of the study were vaccinated with a 7-way clos
tridial vaccine (Ultrabac®/Somubac®, Zoetis Canada Inc., Kirkland, 
Canada) 13 and 6 d post-castration, respectively. 

2.2. Experimental Design and Treatments 

Each year, calves were equally distributed by body weight (BW) 
(obtained prior to castration; d -6) to treatments according to a 3 × 2 
factorial design which included castration method (CAS) - sham (con
trol; CT), band (BA), or - knife (KN); and medication (MED) - single dose 
of 0.5 mg/kg of s.c. meloxicam (Metacam 20 mg/mL, Boheringer 
Ingelhein, Burlington, Ontario, Canada) (M; n = 36) or a single s.c. 
administration of lactated ringers solution (Lactated Ringer’s Irrigation, 
Baxter Canada, Mississauga, Ontario, Canada) (NM; n = 36) to yield six 
treatments: CT-M, CT-NM, BA-M, BA-NM, KN-M, KN-NM (12 calves per 
treatment per year). 

Band castration was performed by placing a band (Elastrator Pliers 
and Rings, Kane Veterinary Supplies Ltd., Edmonton, Alberta, Canada) 
over the neck of the scrotum above the testicles using an elastrator 
(Elastrator Pliers and Rings, Kane Veterinary Supplies Ltd., Edmonton, 
Alberta, Canada). Knife castration consisted of making a latero-lateral 
incision in the scrotum with a Newberry castration knife (Syrvet Inc., 
Waukee, IA, USA) in order to externalize the testicles, while crushing 
and cutting of the spermatic cords was done using an emasculator. 
Uncastrated calves (sham treatment) were handled the same as band and 
knife castrated calves with the exception that they were not castrated 
but their testicles were manipulated for similar amounts of time as 
required to conduct either knife or band castration. 

2.3. Physiological parameters 

2.3.1. Performance 
All animals were weighed in a squeeze chute (Pearsons Livestock 

Equipment, Thedford, NE, USA) on d -6, -1, 0, 6, 13, 20, 34, 48, and 62 
post-castration and at the time of weaning. Growth performance pa
rameters included BW obtained on d 62 (BW d 62, kg) as well as at the 
time of weaning (BW weaning, kg). Additionally, average daily gain 
(ADG) was calculated over the entire study period (ADG d 62, kg/d) and 
at weaning (d -1 to weaning; ADG weaning, kg/d). 

2.3.2. Pain and inflammatory response 
Pain sensitivity (PAIN) was recorded as the maximum pressure (g 

force) exerted before an animal responded as described by Lomax and 
Windsor (2013). Measurements were taken on d -1, 6, 13, 20, 34, 48, and 
62 post-castration on the skin surrounding the wound using a Von Frey 
anesthesiometer (IITC-Life Science Instruments, Woodland Hills, CA, 

USA) as previously described by Lomax and Windsor (2013) and Marti 
et al. (2017b). Greater PAIN values were indicative of less pain 
sensitivity. 

Inflammatory response parameters included maximum scrotal tem
perature (MST), wound swelling (WS), and wound healing (WH) 
assessed on d -1, 6, 13, 20, 34, 48, and 62 post-castration. In order to 
measure MST, thermographic images of the scrotal area were taken from 
behind the calves prior to scrotal manipulation at a distance of 
approximately 1 m, using a FLIR i60 infrared camera (FLIR Systems Ltd 
Burlington, Ontario, Canada). Images were processed using ThermaCam 
Quick View 1.3 (FLIR Systems Ltd Burlington, Ontario, Canada) as 
previously described by Marti et al. (2017b). An emissivity coefficient of 
0.98 was used to analyze the images. The WS was scored in all KN and 
BA calves using a 5-point scale adapted from Molony et al. (1995) and 
described by Marti et al. (2017a). The WH in KN calves (WH-K) was 
scored using a 5-point scale previoulsy described by Mintline et al. 
(2014) while WH for BA calves (WH-B) was assessed using a 5-point 
scale as previously described by Marti et al. (2017a). Briefly, the WS 
categorizes the animals based on the clinical state of the scrotum 
(assessed in the area above the band and at the scrotal area for knife 
castrated calves); a WS score of 0 represents a scrotum with no swelling, 
inflammation, or infection while a score of 4, represents animals that 
required an intervention due to the severe swelling (such as draining an 
scrotal abscess). Similarly, WH categorizes the animals based on the 
incision state where a score of 1 is related to visible incision, exposed 
tissue, and presence or not to exudate and/or scabbing while for score of 
5, incision, tissue, scabbing and/or exudate are no longer visible 
(Mintline et al., 2014). 

2.4. Behavioral parameters 

2.4.1. Calf behavior 
A subset of 12 cow-calf pairs (4 pairs per treatment) was randomly 

selected from the first group castrated in each year and individually 
marked with matching penning tag numbers (Livestock Identification 
tag cement,W.J. Ruscoe Co., Akron, OH) glued on their backs. This was 
done to facilitate individual animal identification during behavioral 
observations (from d -1 to d 2 post-castration) when the pairs were 
housed separately from the other animals in another paddock as previ
ously described on section 2.1. Twelve research personnel (visible to the 
cattle) were positioned within the pasture (10 to 50 m away from the 
animals) and each person video recorded (CX405 Handycam, Sony 
Corporation, Tokyo, Japan) a calf that was randomly assigned to them. 
On d -1 (baseline measurement) and 0 (castration day), calves were 
video recorded for 2-h period immediately after sampling and castration 
(TIME: 0 to 2 and 9 to 11 h after calf handling). On d 1 and 2 post- 

Table 1 
Ethogram of behaviors recorded prior to- and post- castration (adapted from 
Meléndez et al., 2017a).  

Item Definition 

Duration behaviors 
Suckling Suckling from its mother’s udder 
Lying Either lateral (lying with hip and shoulder on the ground with at least 

3 limbs extended) or ventral (lying in sternal recumbency with legs 
folded under the body or 1 hind or front leg extended) lying 

Standing Standing on all 4 legs 
Walking Walking forward more than 2 steps 
Frequency behaviors 
Head 

turning 
Head turned and touching the side of the calf’s body when standing 

Lesion 
licking 

Head turning to lick the wound site caused by the castration while 
standing 

Foot 
stamping 

Hind legs are lifted and forcefully placed on the ground or kicked 
outward while standing 

Tail flicking Forceful tail movement beyond the widest part of the rump when 
standing; movement to 1 side is counted as 1 action  
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castration, calves were video recorded from 26 to 28, 33 to 35, 50 to 52 
and 57 to 59 h post-castration, for a total of 16 h of recording for each 
calf. Indirect observations using Observer XT (Noldus Information 
Technology, Wageningen, The Netherlands) with focal animal sampling 
and continuous recordings (Martin and Bateson, 2007) were used to 
record duration- and frequency-behaviors as described in Table 1 
(adapted from Molony et al., 1995 and Meléndez et al., 2017a). 
Behavioral responses were selected in the present study (Table 1) on the 
basis of what had been used in previous studies where treatment 
(castration and/or medication) effects had been observed (Meléndez 
et al., 2017a, 2018a). Two experienced observers (blind to treatments) 
recorded duration-behavior data, while 2 additional observers recorded 
frequency-behavior data. Inter- and intra-observer reliability were 0.93 
and 0.90, respectively. Due to significant rainfall on the day of castration 
(d 0) for the first group of calves castrated in Year 2, behavioral data 
could not be collected for the first 2 h post-castration. 

2.4.2. Cow-calf proximity and home range 
A subset of 12 calves (and their dams) were randomly selected from 

the second group castrated in each year (a total of 4 cow-calf pairs per 
treatment). Calves were fitted with a Lotek 3300SR GPS collar (Lotek 
Engineering, Newmarket, Ontario, Canada) weighing 400 g while cows 
were fitted with a Lotek 3300LR GPS collar (Lotek Engineering, 
Newmarket, Ontario, Canada) weighing 950 g. Each collar was config
ured using a software interface (Lotek Engineering, Newmarket, 
Ontario, Canada). The operational schedule of the GPS collars recorded 
the geographical coordinates (latitude and longitude) every 30-min 
from d 0 to d 2 post-castration while housed separately from the 
larger group of animals (paddock 1; 0.33 ha per animal), and again from 
d 14 to 16 post-castration while they were housed together with the rest 
of the group in a larger paddock (paddock 2; 0.20 ha per animal). The 
GPS data was processed using ArcGIS software (Version 10.4.1; ESRI, 
2011). 

Cow-calf proximity, defined as an average distance (m) between the 
calf and dam at a given time was calculated using the following equa
tion (1): 

D=cos− 1[cos(((90− lat1)×π)/180)×cos(((90− lat2)×π)/180)+
sin(((90− lat1)×π)/180)×sin(((90− lat2)×π)/180)×cos 
(((long1− long2)×π)/180)]×6371×1000 (1) 

Where D is the distance (m) between each cow and its calf at a given 
time, and lat and long refer to latitude and longitude in decimal degrees 
for cow (lat1; long1) and calf (lat2; long2). 

Home range, defined as the area (ha) used by an individual animal 
during its routine activities (Burt, 1943; Mills et al., 2018), was deter
mined daily for each cow-calf pair and was calculated by creating a 
100% Minimum Convex Polygon (MCP) which included all GPS fixes per 
animal; adapted from Van der Saag et al. (2018). The MCP estimation 
was calculated in R software version 3.4.1 (R Core Team, 2011) using 
the “adehabitatHR” (Calenge et al., 2006) and “sp” (Pebesma et al., 
2005) packages. 

2.4.3. Flight speed 
Flight speed (FS), as previously described by Burrow et al. (1988), 

was measured at the time of exit from the squeeze chute on each animal 
on d -6 and -1 and was used as an indicator of calf reactivity by means of 
an electronic device (FarmTek, Inc., Wylie, TX). This included 2 pairs of 
photoelectric cells, a chronometer, and a small processor programmed 
to record the time taken by each calf to cover a 2.16 m distance 
immediately after the squeeze chute. Cattle with faster FS are deemed 
more excitable (Burrow et al., 1988) and more susceptible to stress 
(Burdick et al., 2011). Consequently, the average FS (of d -6 and -1) 
value was calculated and used to control (covariate) any potential 
reactivity effects on treatments as suggested by Petherick et al. (2015). 
The use of FS in this study was not intended to be employed as an 

independent variable but as an indicator of animal reactivity which is 
best measured the first few times the animal is handled through a facility 
(Burrow and Corbet, 2000). 

2.5. Data management and statistical analysis 

2.5.1. Animals 
In Year 1, one calf died 2-wk after castration (BA-M) due to a clos

tridial infection, a second calf died (KN-NM) prior to the commencement 
of the trial due to poor health, and one calf (CT-NM) was removed from 
the trial prior to castration due to moderate lameness. In Year 2, one calf 
(BA-NM) died 1-wk after castration due to reasons unrelated to castra
tion, and nine knife castrated calves (n = 4 and 5 KN-M and KN-NM, 
respectively) had scrotal abcesses that required draining on days 20, 
34, and 48 post-castration. The abcesses were drained by the same 
veternarian that performed the castrations during the study. The addi
tional stress/pain associated with draining the abscesses would have 
confounded our results such that differences observed in the physio
logical or behavioural measures taken could not be attributed to the 
castration/medication treatment alone. Therefore, all data from the 13 
calves identified above were not included in the final dataset. Conse
quently, 131 calves were used in Years 1 and 2: CT-M (n = 24), CT-NM 
(n = 23), BA-M (n = 23), BA-NM (n = 23), KN-M (n = 18), and KN-NM (n 
= 20). For behavior measurements (described in section 2.4.1), the 
number of calves used per treatment in Years 1 and 2 was as follows: CT- 
M (n = 4), CT-NM (n = 4), BA-M (n = 4), BA-NM (n = 4), KN-M (n = 2), 
and KN-NM (n = 2). 

2.5.2. GPS data management 
Outliers were removed from the dataset by creating a paddock 

boundary file using a buffer command on ArcMap 10.4.1 (ESRI, 2011) of 
6 m.Visual checking was further conducted to ensure the data was 
properly removed. In addition, all data obtained while animals were at 
the handling facilities for sampling collection and/or castration was 
removed from the database. Due to a slight shift in the times recorded 
between the GPS collars of the cows and calves, a script was developed 
in SAS (SAS 9.1, SAS Institute Inc., Cary, NC) to match the times 
recorded on the collars of cow-calf pairs applying a one-minute buffer. A 
match was considered only when the time difference between collars 
was less than one minute. Missing data represented 4.7% of the total 
data points (n = 645 from 13,824 data points). One calf (CT-NM) from 
Year 1 and five cows (1 CT-NM, 1 CT-M, 2 BA-NM, and 1 BA-M) from 
Year 2 had more than 50 % mising data due to technical issues with the 
GPS collars and were removed from the database. In addition, as pre
viously stated in section 2.5.1, all KN calves with GPS (n = 4) assessed in 
the Year 2 had scrotal abcesses which could have affected their behav
iors so the cow-calf data were removed from the database. For cow-calf 
proximity, if the number of GPS data points observed per day per calf 
represented less than 90 % of the number of data points observed for its 
dam (or vice-versa), data for both the cow and calf were removed from 
the database for only that day. Consequently, for cow-calf proximity and 
home range the database represented in both years included 15 and 36 
cow-calf pairs, respectively: CT-M (n = 3 and 7), CT-NM (n = 2 and 6) 
BA-M (n = 3 and 7), BA-NM (n = 3 and 7), KN-M(n = 2 and 4) and for 
KN-NM (n = 2 and 5). 

2.5.3. Statistical analysis 
All data analyses were carried out using the SAS software package 

(SAS 9.4, SAS Institute Inc., Cary, NC, USA). Outliers were identified and 
removed from the data set using the UNIVARIATE procedure of SAS and 
a schematic box plot. To ensure the assumptions for a parametric 
ANOVA were met, the normality of error distribution was verified using 
the UNIVARIATE procedure in SAS and homoscedasticity of variance for 
all dependent variables was performed with the GLM procedure of SAS 
using Levene’s test. Non-normally distributed behavioral data (suckling, 
lying, standing, and walking durations, head turning, lesion licking, foot 
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stamping and tail flicking frequencies) were square root + 1 trans
formed. The results were presented with the back transformed LSmeans 
± standard error of base-e log as well as of square root + 1 transformed 
data. 

2.5.3.1. Treatment effects on physiological and behavioral parameters. 
Animal was used as the experimental unit. For the performance pa
rameters, a mixed-effects model (MIXED procedure of SAS) was per
formed including castration method (CAS), medication (MED) and their 
interactions as fixed effects, and group nested within year as a random 
effect, while average FS (assessed on d -6 and -1) was included as a 
covariate. For PAIN, MST, and calf behavior (suckling, lying, standing, 
and walking durations as well as head turning, lesion licking, foot 
stamping, and tail flick frequencies), a mixed-effects model (MIXED 
procedure of SAS) was performed including TIME as repeated measure, 
CAS, MED, TIME (and their interactions) as fixed effects, year was 
included as a random effect, and average FS (assessed on d -6 and -1) was 
included as a covariate. The covariance structure that best fit according 
to Schwarz’s Bayesian information criterion was used. Multicollinearity 
tests between the covariate FS and each one of the other covariates were 
carried out by using the variance inflation factors (VIF) option. A post- 
hoc (Tukey) test was used to compare the adjusted means and the 
Kenward-Roger method for degrees of freedom. Main effects were 
considered significant at P ≤ 0.05. The Wilcoxon-Mann-Whitney test 
was carried out to determine the effects of CAS (without including CT 
calves) and MED on the time to achieve each wound swelling (WS) and 
wound healing (WH) score as previously described by Marti et al. 
(2017a). The UNIVARIATE procedure of SAS was also used to calculate 
medians and the 95% distribution-free confidence limits. Significance 
was established at Z ≤ 0.05. 

2.5.3.2. Treatment effects on cow-calf proximity and home range. Animal 
was used as the experimental unit. Data was analysed separately for 
paddock 1 (d 0, 1, and 2) and paddock 2 (d 14, 15, and 16) using the 
same animals across the days. For both paddocks, a generalized linear 
mixed model (GLIMMIX procedure of SAS) was performed including 
CAS, MED, DAY (and their interactions) as fixed effects, while year and 
animal (and interaction) were included as a random effect. For cow-calf 
proximity, the statistical model specification (for both paddocks) 
included a gamma distribution and log funtion. For calf home range, the 
model specifications included (for both paddocks) an inverse gaussian 
distribution and reciprocal square function while for the cow home 
range, the model specification included (for both paddocks) a gamma 
distribution with a log function. The covariance structure that best fit 
according to Schwarz’s Bayesian information criterion was used. A post- 
hoc test (Bonferroni correction) was used to compare the adjusted means 
and the main effects were considered significant at P ≤ 0.05. 

3. Results and discussion 

No significant (medication × castration; P > 0.05) interactions were 
observed for any of the indicators of pain assessed in the current study 
and therefore the main effects of medication and castration will be 
discussed separately in the following sections. 

3.1. Performance 

3.1.1. Medication effects 
Meloxicam did not improve any of the performance variables 

assessed (BW d 62, BW weaning, ADG d 62 or ADG weaning; P > 0.05; 
Table 2), possibly due to the short-lasting elimination half-life of 16.2 h 
(Meléndez et al., 2019). These findings are in agreement with previous 
studies in which meloxicam was administered to beef calves of similar 
age as the current study after band or knife castration. Marti et al. 
(2018b) reported no differences in BW d 42, BW weaning, and ADG after 
knife castration in 2-mo-old feedlot housed calves compared to 
non-medicated cohorts after the s.c. administration of meloxicam at the 
time of castration. Recently, Daniel et al. (2020) also reported a lack of 
differences between 3-mo-old medicated and non-medicated calves (2 
mg/kg of oral meloxicam at the time of- and 14-d after band castration) 
on ADG assessed over 28-d while housed in pasture. Likewise, the ma
jority of studies assessing the effects of analgesia (NSAID) alone, or in 
combination with anesthetics on calf performance post-castration did 
not improve weight gain in castrated compared to uncastrated calves 
(Ting et al., 2003; Gonzalez et al., 2010; Coetzee et al, 2012; Moya et al., 
2014). 

3.1.2. Castration treatment effects 
Significant castration effects (P ≤ 0.05; Table 2) were observed for all 

performance parameters with the exception of BW weaning. Uncas
trated calves had greater (P = 0.05) BW d 62 (211.2 ± 6.95 kg) than BA 
and KN calves (203.3 ± 6.94 and 203.1 ± 7.08 kg, respectively). The CT 
calves also had greater (P = 0.01) ADG d 62 (1.17 ± 0.07 kg) and ADG 
weaning (1.21 ± 0.04 kg) than BA (1.03 ± 0.07 and 1.06 ± 0.04 kg, 
respectively) and KN calves (1.06 ± 0.07 and 1.11 ± 0.04 kg, respec
tively). These findings are expected due to the pain/stress associated 
with castration (Weary et al., 2006) as well as the lack of testosterone 
post-puberty affecting the growth rate of castrated compared to uncas
trated calves (Bretschneider 2005; Marti et al., 2017a). Similar findings 
were reported in studies assessing the effects of castration on pasture 
(Petherick et al., 2015; Daniel et al., 2020) as well as feedlot housed 
(Marti et al., 2018b) beef calves at similar ages and at similar days 
post-procedure to the calves used in the present study. 

In contrast, a study conducted in 2-mo-old feedlot housed knife- or 
band-castrated calves, reported no differences in BW and ADG obtained 

Table 2 
Performance of uncastrated, band, and knife castrated 2 mo old Angus cross calves with and without a single administration of s.c. meloxicam assessed between d -1 
and 62 post castration and at weaning.  

Item1 Treatments2      

CT BA KN  P-value3 

NM M NM M NM M SEM CAS MED CAS × MED 

Initial BW, kg 129.3 128.3 126.4 127.0 123.5 126.1 6.61 — — — 
BW d 62, kg 208.8 213.7 201.6 204.9 198.9 207.1 7.49 0.05 0.09 0.80 
BW weaning, kg 281.7 287.7 282.0 276.4 271.8 280.3 5.77 0.14 0.45 0.22 
ADG d 62, kg/d 1.17 1.18 1.02 1.03 1.02 1.10 1.08 0.01 0.47 0.80 
ADG weaning, kg/d 1.06 1.05 1.20 1.22 1.09 1.13 0.05 <0.01 0.54 0.90  

1 Initial BW (obtained on d -1 prior to castration, kg); BW d 62 (obtained on d 62 post-castration, kg); BW weaning (obtained on d 96 and d 120 post-castration for 
year 1 and 2, respectively, kg); ADG d 62 (obtained from d -1 to d 62 post-castration, kg/d) and; ADG weaning (obtained from d -1 to d 96 and to d 120 post-castration 
for year 1 and 2, respectively, kg/d) 

2 CT: Uncastrated calves submitted to the same handling procedure as castrated ones; BA: Calves castrated using rubber ring; KN: Calves castrated using a Newberry 
knife; NM: single s.c. injection of lactated ringers at castration time; M: single injection of s.c. meloxicam (0.5 mg/kg) at castration time. 

3 CAS: Castration treatment effect; MED: Medication treatment effect. Bold P-values indicate significant effect at P ≤ 0.05. 
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49-d post-castration between castrated and uncastrated calves (Marti 
et al., 2017a). When we compared the differences between initial BW 
and BW at weaning for each one of the castration treatments (uncas
trated, band-, and knife castration), we noticed that our findings were 
approximately 11.4, 17.2, and 15.3 kg greater, respectively, than those 
reported by Marti et al. (2017a). Similarly, uncastrated, band- and 
knife-castrated calves had lower ADG at weaning (0.44, 0.31, and 0.37 
kg/d, respectively) (Marti et al., 2017a) than the same castration 
treatments in the present study (Table 2). Several factors can affect 
weight gain in beef calves including genetics, diet, metabolism, and 
environment (Fordyce et al., 1996; Mittal et al., 2019). However, it is 
possible that the differences in growth rate between studies may also be 
attributed to the fact that cows housed on pasture spent more time 
standing while grazing, allowing calves to suckle longer compared to 
cows housed in a feedlot. Although milk is the main diet of 2-mo-old 
calves, they begin to consume forage at about 2-mo of age (Marti 
et al., 2017a). Forage intake in young calves may contribute to early 
ruminal development (Baldwin et al., 2004), which may improve their 
rate of growth. Thus, even though the maintenance requirements of 
pasture-housed calves is greater than feedlot-housed calves (Maurya 
et al., 2012; Valente et al., 2013), it is hypothesized that unweaned 
calves housed on pasture may start eating greater amounts of grass 
earlier than those housed in a feedlot (fed hay) which may also explain 
differences in growth rates reported in the present and previous studies 
(Marti et al., 2017a). 

3.2. Pain and inflammatory response 

3.2.1. Medication effects 
No medication effects (P > 0.05) were observed for PAIN, MST, WS 

(Z > 0.05; Table 3), or WH (Z > 0.05; Table 4) at any time-point over the 
62 d assessment period post- knife or band-castration. Meloxicam 
functions by blocking cyclooxygenase, an enzyme responsible for pro
ducing prostaglandins, and subsequently an inflammatory response, 
which causes post procedural pain (Coetzee, 2013). The findings of the 
present study are contrary to our hypothesis that medicated calves 
would have reduced scrotal temperatures and wound swelling indicative 
of reduced inflammation and pain sensitivity but faster wound healing 
than non-medicated calves post-castration. Even though the elimination 
half-life of s.c. meloxicam is short (half-life = 16.2 h; Meléndez et al., 
2019), other studies have shown the pain mitigating effects of melox
icam well past the period of time that it would be expected to have an 
effect based on its half-life. For example, reduced hair cortisol concen
trations were found on d 56 post-castration in 1-wk old band-castrated 
calves administered s.c. meloxicam, suggesting the medication may 
have reduced the pain/stress associated with band application and 
scrotal sloughing (Marti et al., 2018a). In addition, a tendency for 
reduced scrotal swelling between 7 and 42 days after castration was 
found in knife castrated calves administered s.c. meloxicam compared to 
those that were non-medicated (Marti et al., 2018b). However, the au
thors reported a lack of medication effects up to d 42 post-castration on 
scrotal temperature and WH measurements, which is in agreement with 
the findings of the current study. It is possible (based on an elimination 
half-life of 16.2 h; Meléndez et al., 2019) that the effects of meloxicam 
would not be measurable beyond 48 h after its administration. Possible 
reasons for the lack of agreement among studies could be explained 
either by the method of wound swelling assessments (scrotal 

Table 3 
Wound swelling scores assessed during the entire experimental period (d 6, 13, 
20, 34, 48, and 62 post-castration) in Angus and Angus crossbred calves band- 
castrated (BA) and knife-castrated (KN) with (M) and without (NM) a single s. 
c administration of meloxicam.  

Score1 N3 Median3 95% 
FCL4 

N3 Median3 95% 
FCL4 

P- 
value5 

Castration 
effect2 

BA KN 

4 0 — — 0 — — — 
3 11 20 13 - 

48 
4 10 6 - 34 0.10 

2 29 13 6 - 34 14 13 6 - 20 0.25 
1 41 34 6 - 48 36 6 6 - 48 0.01 
0 40 48 34 - 

62 
33 48 20 - 

62 
0.03 

Medication 
2effect2 

M NM 

4 0 — — 0 — — — 
3 8 20 6 - 34 7 20 6 - 48 0.41 
2 18 13 6 - 34 25 13 6 - 34 0.10 
1 38 16.5 6 - 48 40 34 6 - 62 0.12 
0 37 48 34 - 

62 
36 48 20 - 

62 
0.92 

1Swelling score: 0) No swelling, inflammation or infection visible or palpable; 1) 
Increasing degrees of swelling without obvious erythema; 2) Increasing degree 
of swelling with obvious erythema but without pus; 3) Presence of pus with 
increasing inflammatory response 4) Presence of pus with inflammatory 
response that needs an intervention (adapted from Molony et al., 1995 and 
described by Marti et al., 2017a). 
2BA: Calves castrated using rubber ring; KN: Calves castrated using a Newberry 
knife. NM: Calves castrated with a single s.c. injection of lactated ringers at 
castration time; M: Calves castrated with a single injection of s.c. meloxicam (0.5 
mg/kg) at castration time. 
3N: number of animals observed at each score; Median: median days to reach 
each swelling score relative to day of castration; 
4FCL: 95% confidence limits distribution free. 
5Treatment effect. Bold P-values indicate significant effect at P ≤ 0.05. 

Table 4 
Wound healing score assessed during the entire experimental period (d 6, 13, 20, 
34, 48, and 62 post-castration) in Angus and Angus crossbred calves band- 
castrated (BA) and knife-castrated (KN) with (M) and without (NM) a single s. 
c. administration of meloxicam.  

Score1 N3 Median3 95% 
FCL4 

N3 Median3 95% 
FCL4 

P- 
value5 

Castration 
effect2 

BA KN 

1 38 6 6 12 6 6 0.99 
2 28 13 6 - 13 38 6 6 - 13 <0.01 
3 37 13 13 - 34 27 34 13 - 48 <0.01 
4 46 34 20 - 48 32 48 20 - 62 <0.01 
5 20 62 48 - 62 30 62 34 - 62 0.36 
Medication 

effect2 
M NM 

1 25 6 6 25 6 6 0.99 
2 36 10 6 - 13 30 6 6 - 13 0.79 
3 32 20 13 - 34 32 20 13 - 48 0.51 
4 41 34 20 - 48 37 34 20 - 62 0.44 
5 29 62 34 - 62 21 62 48 - 62 0.51 

1Healing score - Band (Marti et al., 2017a): 1) Restriction of blood flow but 
scrotum is not necrotic; 2) Necrotic scrotum without purulent exudate; 3) 
Necrotic scrotum with purulent exudate; 4) Loss of necrotic tissue with presence 
of granular tissue; wound may have exudate either wet or dry. 5) Completely 
healed; the wound is no longer visible. Knife (Mintline et al., 2014): 1) Incision 
runs the length of the scrotum and tissue is exposed; the incision may have 
exudate, either wet or dry; 2) Incision greater than ¾ of the length of the scrotum 
and scabbing is present; the incision may have exudate either wet or dry; 3) 
Incision less than ¾ of the length of the scrotum; the incision may have exudate 
either wet or dry; 4) Incision less than ¼ of the length of the scrotum; small scab 
or discoloration is present; the incision may have exudate either wet or dry; 5) 
Completely healed. 
2BA: Calves castrated using rubber ring; KN: Calves castrated using a Newberry 
knife. NM: Calves castrated with a single s.c. injection of lactated ringers at 
castration time; M: Calves castrated with a single injection of s.c. meloxicam (0.5 
mg/kg) at castration time. 
3N: number of animals observed at each score; Median: median days to reach 
each healing score relative to day of castration; 
4FCL: 95% confidence limits distribution free. 
5Treatment effect. Bold P-values indicate significant effect at P ≤ 0.05. 
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circumference versus wound swelling score) or that the risk of infection 
and/or inflammation was greater in feedlot-housed calves compared to 
the pasture-housed calves due to increased exposure of scrotal lesions to 
manure contamination, which may have confounded or masked the 
medication effects. 

3.2.2. Castration treatment effects 
Significant castration × sampling day interactions (P < 0.01) were 

observed for PAIN (Fig. 1) and a castration effect (P < 0.05) was 
observed for MST. Significant differences (Z < 0.05) were found for WS 
(Table 3) and for WH-K and WH-B scores (Table 4). Knife castrated 
pasture-housed calves and feedlot-housed calves (Marti et al., 2017a) 
achieved a swelling score of 1 at a similar time point (7 d) 
post-castration. However, KN pastured calves were expected (at 95 % 
confidence limit) to achieve a wound swelling score of 0 (Table 3) and a 
wound healing score of 3 (Table 4), 2 weeks and 1 week earlier, 
respectively, than 2-mo old feedlot housed calves (Marti et al., 2017a, 
2018b). Wound healing of KN calves was delayed, which may explain 
the greater (P < 0.01) pain sensitivity observed on d 6, 13, 20, 34 and 62 
compared to CT calves (Fig. 1), suggesting that although KN calves 
wounds were completely healed on d 62 post-castration, animals were 
still experiencing some level of discomfort. This could be related to the 
trauma caused by the procedure resulting in hyperalgesia (exaggerated 
response to a painful stimulus) at the wound site in some KN calves or 
allodynia (a non-painful stimulus that becomes painful) in others 

(Stafford et al., 2002). 
Band castrated pasture housed calves were expected to have a wound 

swelling score of 1 (at 95% confidence of the median) up to 5-wks after 
BA castration (Z < 0.05; Table 3). These findings may be related to the 
fact that the majority (approximately 72 %) of BA calves had sloughed 
their scrotums between d 13 and 34 (data not shown), increasing the risk 
of infection during this period of time. This may explain the greater (P <
0.01) pain sensitivity observed for BA calves between d 13 and 48 post- 
castration compared to KN and CT calves (Fig. 1). Researchers have 
previously reported that band castration causes a delayed pain/stress 
response which is normally observed when the testicles slough-off 
(Stafford et al., 2002; Gonzalez et al., 2010; Marti et al., 2017a) 
similar to the finding of the current study. 

When comparing the findings between pasture-housed and feedlot- 
housed calves, we expected (at 95 % confidence limit) BA calves to 
achieve a wound healing score of 4 (Table 4), 1-wk earlier than band 
castrated calves housed in the feedlot (Marti et al., 2017a). However, 
swelling scores of 1 were achived on d 34 in the present study, while 
Marti et al. (2017a) reported swelling scores of 1 on d 28 post-castration. 
Differences between studies may be due to the fact that calves were only 
assessed bi-weekly from d 20 to 62 post-castration in the present study, 
while Marti et al. (2017a) did a weekly assesment. In addition, banded 
calves had lower (P < 0.05) MST than both KN and CT calves (37.1, 37.4, 
and 37.5 ± 0.17◦C, respectively). Although the differences observed 
among treatments were small and may not have biological relevance, a 
reduction in scrotal temperature after band-castration is expected as a 
result of restriction of the blood flow to the testicles (Stafford et al., 
2002; Meléndez et al., 2017a). 

Our results suggest that KN and BA calves housed on pasture healed 
faster than calves housed in a feedlot, likely due to a reduced risk of 
infection in pasture housed calves. This assumption is supported by a 
lack of a wound swelling scores of 4 in the present study (Table 3), while 
Marti et al. (2017a) reported that 36 % of KN and 58 % of BA calves 
achieved wound swelling scores of 4 on d 7 and 21, respectively. Like
wise, none of the BA calves in the present study had a WS score of 4 at 
any sampling point post-castration (Table 3), which is also contrary to 
Marti et al. (2017a) who found that 58 % of BA calves had a WS score of 
4 by d 21 post-castration. 

3.3. Calf behavior 

3.3.1. Medication effects 
A significant medication effect (P < 0.05; Table 5) was observed for 

suckling behavior, where M calves spent more time suckling from their 

Fig. 1. Least square means and SEM for pain sensitivity obtained on d 6, 13, 20, 
34, 48, and 62 post-castration of uncastrated (CT, n = 47), band (BA, n =46), 
and knife (KN, n = 38) castrated 2-mo old Angus and Angus crossbred calves 
housed in pasture. a-c Least square means with different superscript among 
treatments differ (P ≤ 0.05). 

Table 5 
Least square means (± SEM) of behavioral parameters (duration and frequency) obtained on d 0 (immediately post-castration) and d 1 and 2 post-castration in Angus 
and Angus crossbred calves uncastrated (CT), band-castrated (BA), and knife-castrated (KN) with (M) and without (NM) a single s.c. administration of meloxicam.   

Treatments2           

CT BA KN  P-value3 

Item1 NM M NM M NM M SEM CAS MED CAS × MED TIME CAS × TIME MED × TIME CAS × MED ×
TIME 

Duration behavior, min         
Suckling 2.2 3.1 1.3 2.6 1.9 3.7 0.40 0.42 0.04 0.80 <0.01 0.27 0.80 0.48 
Lying 45.0 50.6 47.7 46.8 46.5 40.9 1.63 0.76 0.93 0.60 <0.01 0.73 0.84 0.94 
Standing 19.4 23.2 30.0 26.2 44.2 40.0 0.49 0.02 0.84 0.70 <0.01 0.17 0.61 0.97 
Walking 4.6 4.8 8.8 7.4 10.1 8.7 0.28 0.03 0.55 0.80 <0.01 <0.01 0.41 0.99 
Frequency behavior, n         
Head turning 2.6 0.8 1.7 2.3 4.7 5.5 0.28 0.04 0.71 0.37 0.07 0.12 0.86 0.83 
Lesion licking 0.4 0.3 1.4 0.6 3.4 2.1 0.24 0.05 0.23 0.81 0.34 0.24 0.98 0.87 
Foot stamping 0.7 1.0 6.5 2.6 3.7 5.1 0.62 0.23 0.77 0.64 <0.01 0.03 0.50 0.70 
Tail flicking 47.7 69.2 439.6 190.7 763.6 1215.8 5.06 0.01 0.91 0.41 <0.01 0.03 0.26 0.64  

1 The values presented correspond to nontransformed least square means; SEM and P-values correspond to ANOVA analysis using square root + 1 transformed data. 
2 CT: Uncastrated calves submitted to the same handling procedure as castrated ones; BA: Calves castrated using rubber ring; KN: Calves castrated using a Newberry 

knife; NM: single s.c. injection of lactated ringers at castration time; M: single injection of s.c. meloxicam (0.5 mg/kg) at castration time. 
3 CAS: Castration treatment effect; MED: Medication treatment effect; TIME: Sampling time effect. Bold P-values indicate significant effect at P ≤ 0.05. 
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dams than NM calves (3.1 and 1.8 ± 0.37 min, respectively). The reason 
for differences between medicated and non-medicated calves is un
known and the magnitude of differences (1.3 min) may lack biological 
relevance. Therefore, more studies are necessary to better understand 
the effect of meloxicam on appetenace in calves. Contrary to our find
ings, no differences were found in eating behavior in 2-mo-old feedlot- 
housed calves assessed between 2 and 4 h and up to 7 d relative to 
knife castration, using the same treatment application as the present 
study (Meléndez et al., 2018b). However, it is important to note that 
Meléndez et al., (2018b), included suckling, ingesting hay or straw from 
the ground or the feeder as eating behaviour which could possibly 
explain the differences between studies. Curiously, in a previous study of 
our research group (Meléndez et al., 2018a) we found an increased 
suckling behaviour in 1-wk-old knife castrated calves compared to un
castrated calves, both receiving a single s.c. injection of meloxicam at 

the time of castration as well as greater suckling behaviour in uncas
trated receiving meloxicam than uncastrated receiving lactated ringers 
(control). No medication effects (P > 0.05; Table 5) were observed for 
any of the other behaviors assessed in the present study. Contrary to our 
findings, Meléndez et al. (2018b) reported behavioral differences in 
lying and walking durations as well as frequecies of tail flicks and head 
turning between medicated and non-medicated calves suggesting that s. 
c. meloxicam was effective at mitigating indicators of acute pain from 2 
to 4 h post- knife castration. Lack of agreement among studies could be 
attributed to the fact that assessments were conducted at different time 
points post-castration as well as the environmental setting (feedlot vs 
pasture). 

3.3.2. Castration treatment effects 
No differences (P > 0.05) were observed in suckling and lying du

rations up to 2 d post-castration among castrated and uncastrated calves 
(Table 5). Knife castrated calves had greater (P < 0.05) standing dura
tions (42.3 ± 0.42 min) and head turning frequencies (5.1 ± 0.24 n) 
compared to BA (28.1 ± 0.32 min and 2.1 ± 0.18 n) and CT (21.3 ± 0.32 
min and 1.6 ± 0.18 n) calves. Likewise, KN calves had greater (P < 0.01) 
walking durations on d 0 (9 – 11 h) and 2 (50-52h) post-castration 
(Fig. 2A) as well as greater (P < 0.01) foot stamp (Fig. 2B) and tail 
flicks frequencies (Fig. 2C) on d 0 (9 – 11 h) compared to BA and CT 
calves. Even though no significant differences (P > 0.05) were observed 
between castrated calves for tail flicks on d 1 and 2 (Fig. 2C) or for lesion 
licking over the three days of observations (Table 5), KN calves had more 
than twice as many frequencies for both behaviors as BA calves. Un
castrated calves had lower (P = 0.05) lesion licking frequencies than KN 
(0.34 and 2.72 ± 0.15 n, respectively) calves but uncastrated calves did 
not differ (P > 0.05) from BA (0.97 ± 0.15 n) calves. Overall, behavioral 
outcomes suggest that KN calves might have experienced greater 
discomfort and/or pain for up to 2 d post-procedure compared to band 
castration (Fig 2). However, no significant differences (P > 0.05) were 
observed among castration treatments for lying or suckling behaviors on 
d 1 or 2 post-castration (Table 5). This is in partial agreement with 
Meléndez et al. (2017a) who found that KN calves spent less time eating 
and lying down while more time standing and walking 2 to 4 h 
post-castration compared to BA and CT calves. As discussed, Meléndez 
et al., (2017a), included suckling behavior as well as ingesting hay or 
straw as eating behavior, and also assessed the calves’ behavior at 
different time points (from 2 to 4 h post-castration and for 4 min every 
10 min over the 3-h period on d 1, 2, 3, and 7 post-castration) than the 
current study, which could possibly explain differences in the outcomes 
between studies. Another possible reason for the lack of agreement be
tween studies may be the fact that successive handling in the previous 
study immediately post-castration (at 0, 60 and 120 min) combined with 
being housed in a feedlot might have interfered in the length of ex
pressions of those behaviors when compared to the current study where 
animals were handled only once on the day of castration and housed on 
pasture. 

On the other hand, the lack of differences between BA and CT calves 
on d 0, 1, and 2 post-castration which is in agreement with Meléndez 
et al. (2017a), suggest that the amount of pain and/or discomfort 
experienced by the banded calves during the first 2-d post-castration was 
not enough to be detected by the pain-related behaviors used in the 
current study. However, this assumption was not supported by the 
findings reported by Petherick et al. (2015). The authors reported that 
3-mo old pasture housed calves castrated using rubber rings exhibited 
more tail flicks than surgically and uncastrated calves during the first 
4-h post-castration, and surgically castrated calves spent less time 
walking for the first 3-days post-castration than rubber ring and un
castrated calves. However, in the current study, surgically castrated 
calves had more tail flicks than uncastrated calves on d 0, 1, and 2, but 
not in most of the days of observation when compared to banded calves. 
Discrepancies among studies is likely related to differences in when 
behaviors were assessed, Petherick et al. (2015) recorded behavior at 

Fig. 2. Least square means and SEM for (A) walking, (B) foot stamping, and (C) 
tail flicking obtained on d 0, 1, and 2 (between 0 and 59 h) post-castration in 
uncastrated (CT, n = 8), band (BA, n = 8), and knife (KN, n = 4) castrated 2-mo 
old Angus and Angus crossbred calves housed on pasture. a-b Least square 
means with different superscripts among treatments differ (P ≤ 0.05). 
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0–40 min, 68–230 min, and 238–440 min (d 1, 2, and 3, respectively) 
post-castration while behavior was assessed on d 0 (0-120 min and 
540-660 min), 1 (1,560-1,680 min and 1,980-2,100 min) and, 2 (3, 
000-3,120 min and 3,420-3,540 min) post-castration in the current 
study. 

3.4. Cow-calf proximity and home range 

3.4.1. Medication effects 
No significant medication (P > 0.05; Table 6) effects were observed 

for cow-calf proximity assessed while they were housed on paddocks 1 
and 2. A significant medication × day interaction (P < 0.01; Table 6) 
was observed for cow home range from d 0 to 2 post-castration (paddock 
1) however, no differences (P > 0.05) were observed between medica
tion treatments within each sampling day. These findings were unex
pected as we hypothesized that castrated calves administered 
meloxicam would have similar proximities and home ranges to uncas
trated calves, but different proximities and home ranges from non- 
medicated castrated calves for 48 h following castration based on 
meloxicam half-life (Coetzee et al., 2012). We also hypothesized that the 
dams of medicated castrated calves would graze and explore the pasture 
in a similar manner to the dams of uncastrated calves due to the lack of 
changes in their calves’ behavior related to the pain mitigating effects of 
meloxicam (Meléndez et al., 2018b). These hypothesis were based on 
the fact that knife castrated calves of similar age (4-5 mo-old) as the 
present study and administered oral meloxicam 2 h before castration 
showed an increased number of steps (measured by accelerometer fitted 
in the calves’ legs) up to d 3 post-castration, compared to non-medicated 
calves (Olson et al., 2016). To date, there are no studies assessing the 
effects of (s.c.) meloxicam on cow-calf proximity post-castration. How
ever, similar to our findings, a previous study using oral meloxicam prior 
to knife-castration in 6- to 8-mo old pasture-housed calves fitted with 
GPS collars found no differences in the home ranges (using a 95% MCP 
calculation) of medicated and non-medicated calves over a 7-d period 
post-castration (Van der Saag et al., 2018). Possible explanations for the 
lack of drug effect on cow-calf proximity as well as cow-calf home range 
include: 1) the cow-calf bond is strong therefore the pair would exhibit 
synchronized activites which may have masked any treatment effect 2) 
the sampling interval used for the GPS fixes (30-min) may have been too 
infrequent to detect treatment differences or 3) the number of animals 
evaluated for cow-calf proximity (CT = 5, BA = 6, and KN = 4) and 
home range (CT = 13, BA = 14, and KN = 9) was not sufficient to detect 
treatment differences 5) cow-calf proximity is not a good indicator of 
pain and 6) the drug was effective beyond 48 h after administration. 

3.4.2. Castration treatment effects 
No differences (P > 0.05; Table 6) were observed for cow-calf 

proximity while animals were housed on paddock 1 (d 0, 1, and 2 
post-castration) among castration treatments (Fig. 3A). These findings 
were unexpected. We hypothesized that the distance between KN calves 
and their dams would be different compared to either BA and CT calves 
in the first 2 d post-castration, due to pain-related changes in walking, 
standing and lying. This assumption was based on findings in sheep 
showing that the maternal care (such as licking, sniffing, and vigilance 
behavior) ewes give their lambs increased when the lambs displayed 
pain-related behaviors (i.e. lying, head turning, foot stamping, and tail 
flicks). The authors reported that the maternal care expressed by the 
ewes was also modulated by the severity of pain their lambs experienced 
(Futro et al., 2015). Similar results have been reported in female rats 
who were shown to increase maternal care (licking and grooming) to
wards their offspring when the offspring were exposed to a painful 
stimuli (Blass et al., 1995; Walker et al., 2003). 

Based in our findings, BA calves had closer proximity (castration ×
day interaction; P < 0.01; Table 6) to their dams on d 15 post-castration 
(paddock 2) compared to KN calves (Fig. 3A). These findings may be 
explained by the fact that BA calves had increased pain sensitivity on 
d 20 post-castration compared to KN calves (Fig. 1). Studies have shown 
that suckling increases oxytocin concentations in the dam’s milk (Lupoli 
et al., 2001) resulting in reduced pain/stress responses in their calves 
(Meléndez et al., 2018a). Therefore, it is possible that BA calves 
remained in close proximity to their dams to mitigate castration related 
pain. On the other hand, a previous study reported no changes in the 
behavior of Angus cows (e.g. sniffing and licking) towards their nursing 
calves for the 30-min period after rubber ring castration (Turner et al., 
2020). The authors stated that the lack of differences was possibly 
overshadowed by the general inactivity of the 1-d old calf or by the 
physical stress of calving. 

In contrast, significant castration treatment × day interactions (P ≤
0.05; Table 6) were observed for the home ranges of KN calves (Fig. 3B) 
and their dams (Fig. 3C) where KN cow-calf pairs had reduced (lower 
100% MCP values; P < 0.01) ranges compared to CT cow-calf pairs on 
d 0. These findings suggest that the trauma caused by the procedure 
affected the amount of walking observed in the calves on the day of 
castration which is also supported by the behavioral results of this study. 
Our findings indicate that cow-calf home range may be a useful indicator 
of pain following castration in beef cattle and future studies should 
include using a larger sample size to determine the consistency of these 
findings. 

Table 6 
Least square means (± SEM) of behavioral parameters obtained by using GPS tracking collars (cow-calf proximity and home range) recorded on d 0 (immediately post- 
castration) and d 1, and 2 (paddock 1) and on d 14, 15, and 16 (paddock 2) post-castration in Angus and Angus crossbred cows and their calves uncastrated (CT), band- 
castrated (BA), and knife-castrated (KN) with (M) and without (NM) a single s.c. administration of meloxicam.   

Treatments2           

CT BA KN  P-value3 

Item1 NM M NM M NM M SEM CAS MED CAS × MED DAY CAS × DAY MED × DAY CAS × MED × DAY 

Cow-calf proximity, m 
Paddock 1 42.9 38.3 37.5 33.2 36.9 32.1 7.55 0.60 0.38 0.99 0.03 0.48 0.27 0.47 
Paddock 2 125.5 117.5 100.8 78.4 104.9 117.5 20.6 0.28 0.18 0.41 <0.01 <0.01 0.81 0.81 
Cows’ home range, ha 
Paddock 1 5.5 5.4 5.8 5.7 5.1 5.2 0.37 0.40 0.38 0.94 <0.01 <0.01 <0.01 0.47 
Paddock 2 12.2 11.7 11.9 10.9 12.8 10.8 3.05 0.96 0.30 0.87 <0.01 0.99 0.93 0.33 
Calves’ home range, ha 
Paddock 1 5.3 5.1 4.8 5.2 4.7 4.5 0.52 0.29 0.98 0.62 <0.01 0.05 0.94 0.89 
Paddock 2 13.3 10.3 8.7 10.3 10.3 8.7 2.54 0.96 0.31 0.07 <0.01 0.21 0.55 0.16  

1 Paddock 1: 0.33 ha per animal; Paddock 2: 0.20 ha per animal. 
2 CT: Uncastrated calves submitted to the same handling procedure as castrated ones; BA: Calves castrated using rubber ring; KN: Calves castrated using a Newberry 

knife; NM: single s.c. injection of lactated ringers at castration time; M: single injection of s.c. meloxicam (0.5 mg/kg) at castration time. 
3 CAS: Castration treatment effect; MED: Medication treatment effect; DAY: Sampling day effect. Bold P-values indicate significant effect at P ≤ 0.05. 
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4. Conclusions 

With the exception of suckling behavior, meloxicam did not reduce 
any of the physiological or behavioral indicators of pain assessed in this 
study. Further studies are required to evaluate the effect of s.c. melox
icam used in 2-mo-old calves housed on pasture increasing the number 
of sampling points for indicators of pain within the first week post- 
castration. Knife and band castration caused pain and/or inflamma
tory responses over the 62 d assessment period post-procedure. Knife 
castrated calves exhibited more indicators of acute pain while band 
castrated calves experienced longer term pain. This is based on the 
absence of inflammatory responses (wound swelling) in knife castrated 
calves which occurred 2 weeks earlier than in band castrated calves and 
greater pain sensitivity for the first 2-weeks post-castration in knife 
versus the third week post-castration in banded calves. Overall, knife 
calves had greater standing and walking duration, as well as greater 
head turning, and tail flick frequencies than band castrated calves for up 

to 2 d post-castration. Increased proximity of BA calves to their dams on 
d 15, combined with a reduced home range observed in KN calves on the 
day of castration support that knife castration causes greater acute pain 
while band castration results in longer term pain. In addition, the 
reduced home-range observed in the dams of KN calves on the day of 
castration suggested that calf pain-related behavior may alter how cows 
explore the pasture. However, the lack of differences in cow-calf prox
imity between castrated and uncastrated calves suggest that further 
studies are necessary using a larger sample size and reduced GPS sam
pling intervals to better understand the relationship between proximity 
and home-range measurements and calf pain. 

CRediT authorship contribution statement 

Désirée Gellatly: Conceptualization, Methodology, Validation, 
Formal analysis, Investigation, Data curation, Writing - original draft, 
Writing - review & editing, Visualization, Project administration. Sonia 
Marti: Conceptualization, Methodology, Validation, Investigation, 
Writing - original draft, Writing - review & editing, Project adminis
tration. Edmond A. Pajor: Conceptualization, Methodology, Validation, 
Resources, Writing - review & editing, Supervision, Funding acquisition. 
Daniela M. Meléndez: Conceptualization, Methodology, Validation, 
Investigation, Writing - original draft, Writing - review & editing. Diego 
Moya: Conceptualization, Methodology, Validation, Writing - original 
draft, Writing - review & editing. Eugene D. Janzen: Conceptualization, 
Methodology, Investigation, Writing - review & editing. Xiaohui Yang: 
Software, Formal analysis, Data curation, Writing - original draft. 
Mohammad R.M. Milani: Formal analysis, Writing - review & editing, 
Data curation. Karen S. Schwartzkopf-Genswein: Conceptualization, 
Methodology, Validation, Resources, Investigation, Writing - original 
draft, Writing - review & editing, Supervision, Project administration, 
Funding acquisition. 

Declaration of Competing Interest 

The authors declare they have no financial or personal relationship 
with people or organizations that would create a conflict of interest. 

Acknowledgements 

The authors appreciate the invaluable help of Agriculture and Agri- 
Food Canada research feedlot staff, beef welfare technicians Randy 
Wilde and Fiona Brown, and Timothy D. Schwinghamer for his assis
tance with the statistics. We are very thankful for the funding provided 
by Agriculture and Agri-Food Canada and the Beef Cattle Research 
Council through the Canadian Beef Cattle Industry Science Cluster. We 
would also like to thank all the students that helped with data collection: 
Allecia Gheyssens, Andrea Lippa, Charis Lau, Courtney Heuston, Euge
nie Theron, Jonathan Low, Kaily Scott, Mindy Castillo, Nicholas Wong, 
Nicole Desautels, Oriol Vilanova, Santosh Timsina, and Younjin Park. 

References 

Baldwin, R.L., McLeod, K.R., Klotz, J.L., 2004. Rumen development, intestinal growth 
and hepatic metabolism in the pre- and postweaning ruminant. J. Dairy Sci. 87, 
E55–E65. https://doi.org/10.3168/jds.S0022-0302(04)70061-2. 

Blass, E.M., Shide, D.J., Zawmon, C., Sorrentino, J., 1995. Mother as shield–differential 
effects of contact and nursing on pain responsivity in infant rats–evidence for non 
opioid mediation. Behav Neurosci 109, 342–353. https://doi.org/10.1037//0735- 
7044.109.2.342. 
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Barreras-Serrano, A., Sánchez-López, E., García-Reynoso, I.C., Ríos-Rincón, F.G., 
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