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a b s t r a c t 

Water is an important nutrient, and its continuous provision is a critical welfare issue for cattle grazing 

arid and semiarid rangelands. Time and labor are needed to monitor water availability, and automated 

monitoring systems are a costly input on expansive rangeland pastures. The objective of this study was 

to evaluate the potential of detecting water system failures using Global Positioning System (GPS) track- 

ing and accelerometers, assuming the data could be monitored in real or near-real time. Water system 

failure was simulated in a 1 096-ha pasture in Arizona by placing metal panels around the only drinker 

for 4 h (080 0 −120 0) on three occasions in 2018 and two occasions in 2019. Randomly selected cows (10 

in 2018 and 23 in 2019) of the 120 cows in the pasture were tracked with GPS collars, and 7 (2018) and 

10 (2019) of the tracked cows were fitted with triaxial accelerometers. Movement intensity measured by 

accelerometers was greater ( P = 0.03) on the day of simulated water failure than on control days with 

available water. During simulated water failure, cows remained closer to water ( P = 0.01) after approach- 

ing the drinker ( < 150 m) compared with the control period the day prior. Cows typically went to the 

drinker, drank, and then traveled away from the drinker and rested. On simulated water-failure days, 

cows remained near the drinker ( < 150 m from the tank) until the panels were removed and they could 

drink. Real-time GPS tracking with or without accelerometer data has the potential to remotely detect 

water system failure, which could reduce the time for managers to repair the water system and improve 

cattle well-being. 

© 2021 The Author(s). Published by Elsevier Inc. on behalf of The Society for Range Management. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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ntroduction 

Water is the most important nutrient and the most critical

ivestock well-being concern on rangelands ( Bailey 2016 ). Stock-

en must check livestock daily or every few days depending

n weather conditions and water drinker storage. On rangelands,

hecking the availability of water for livestock is time consum-

ng and labor intensive since extensive travel on unimproved and

rimitive roads is required. The ability to remotely monitor water

vailability for livestock could potentially result in labor savings

nd help stockmen respond sooner to water system delivery fail-

res. There are currently a variety of automated water monitoring
✩ This research was supported by funding from the Harold James Family Trust, 

rescott, Arizona. The funders had no role in data collection, analyses, or prepara- 

ion of the manuscript. 
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se: https://complete.bioone.org/terms-of-use
ystems available to ranchers; however, the cost of deploying these

ystems on large numbers of water tanks and pipelines is likely to

e prohibitive. A key limitation of these systems is that they must

e fixed to each water point to be monitored and can’t be easily

oved with livestock as they change pastures. But what if there

as a system that didn’t require significant infrastructure invest-

ent and followed the animals wherever they were pastured? One

dea is to use the animal itself as an indicator of the status of wa-

er availability. Our paper explores this concept, essentially using

nimal behavior monitored with on-animal sensors as the mecha-

ism by which a rancher might be alerted to water-related issues. 

Rangelands across the globe tend to be expansive and rugged,

hich makes observing livestock and monitoring livestock well-

eing a difficult, time-consuming, and labor intensive task ( Bailey

016 ). The extensive nature of rangelands limit stockmen’s ability

o observe changes in livestock behavior, detect illnesses, and iden-

ify welfare issues. Much more time is spent locating livestock, ob-

erving animal behavior and health status, and treating ill animals
ange Management. This is an open access article under the CC BY license 
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Downlo
Terms o
n rangeland production systems compared with intensive livestock 

roduction systems ( Bailey 2016 ). 

Even before the development of the Global Positioning System 

GPS), researchers were monitoring livestock distribution, nutrition, 

ehavior, and welfare ( Herbel and Nelson 1966 ; Herbel et al. 1967 ;

oath and Krueger 1982 ). Through time, methods of tracking have

ecome more automated and relied less on human observations 

 Turner et al. 20 0 0 ; Bailey et al. 2018 ). Researchers have used a va-

iety of technologies to remotely monitor livestock including GPS 

racking ( Anderson et al. 2013 ) pedometers ( Anderson and Koth-

ann 1977 ) and accelerometers ( Terrasson et al. 2016 ). 

Similar to stockmen, researchers monitor livestock behavior to 

etermine the animal’s interactions with environment, forage and 

ocial groups, as well as gaining insights on animal health and

hysiologic state. Accelerometers have been used in sheep re- 

earch to detect activity ( McLennan et al., 2015 ); individual be-

aviors, such as laying, standing, walking, grazing, and running 

 Alvarenga et al. 2016 ); and animal welfare concerns such as lame-

ess ( Barwick et al. 2018 ). Sensor placement and study design

an improve the efficacy of monitoring behavior and animal states 

 Fogarty et al., 2019 ). 

Technological advancements such as improved battery life, sta- 

le electrical connections, and miniaturization of electrical compo- 

ents have facilitated use of sensors to remotely monitor animal

ehavior ( Fogarty et al. 2020 ). Previously, livestock location data

ere usually stored on the device but development of technologies 

uch as long-range wide area networks (LoRa WAN) and the Inter-

et of Things (IoT) have allowed industries to develop real-time

nd near real-time sensor devices ( Bailey et al., 2018 ; Sanchez-

borra 2018 ; Maroto-Molina et al., 2019 ). 

The goal of this study is to evaluate the potential of detecting

ater system failures using GPS tracking and accelerometers, as- 

uming the data could be monitored in real or near-real time. This

tudy provides baseline data and proof of concept for future de-

elopment of technologies and algorithms using GPS tracking and 

ccelerometer systems to remotely detect water system failures on 

angeland. 

ethods 

nimals, study site, and environment 

This study was conducted at the Deep Well Ranch (DWR), lo-

ated 16 km north of Prescott, Arizona (112 0 29 ′ W, 34 0 41 ′ N) and

ncompasses 8 004 ha of gently rolling terrain that varies in ele-

ation from 1 434 to 1 657 m. The Köppen climate classification

or Prescott, Arizona is Hot-summer Mediterranean (Csa). The av- 

rage annual precipitation is 450 mm with > 40% occurring during

he summer monsoon season (July through September). Minimum 

nd maximum daily temperatures during the study periods in June 

018 varied from 12 °C to 14 °C and 29 °C to 34 °C, respectively. Dur-

ng July 2019 study periods, minimum and maximum daily tem- 

eratures varied from 18 °C to 21 °C and 32 °C to 36 °C, respectively.

egetation at DWR is predominantly perennial grasslands domi- 

ated by black grama ( Bouteloua eripoda [Torr.] Torr.), dropseeds 

 Sporobolous spp.), and purple threeawn ( Aristida purpurea Nutt.). 

The study area (North Pasture) contained 1 096 ha and var-

ed in elevation from 1 471 to 1 542 m. A herd of 120 Corriente

ow-calf pairs grazed the North Pasture from late May to October

uring the 2 yr of the study (2018 and 2019). Cows varied in age

rom 2 to 15 yr, had been raised together, and had spent at mini-

um the previous 6 mo together. The mean body condition score

as 3.43 (standard deviation 0.42, range 2.25 −5.25) at the start

f the experiment (May 26, 2018). In 2019, body condition score

as not recorded, but the body condition of the cattle was similar.

he study was conducted in accordance with the research proto- 
aded From: https://complete.bioone.org/journals/Rangeland-Ecology-and-Management
f Use: https://complete.bioone.org/terms-of-use
ol approved by the New Mexico State University Institutional An- 

mal Care and Use Committee (IACUC, approval numbers 2018-010 

 2019-021). 

evices 

Randomly selected cattle were fitted with GPS tracking collars 

IgotU GT-120 or IgotU GT 600 receivers; Mobile Action Technology 

nc., Taipei, Taiwan; Knight et al. 2018a ) on May 26 in yr 1 (2018)

nd June 5 in yr 2 (2019). The IgotU GT 600 receivers recorded

ositions at 2-min intervals in 2018 and 2019. The IgotU GT 120

eceivers recorded positions at 2-min intervals in 2018 and 10-min 

ntervals in 2019. During 2018, 10 cows were tracked with 7 Ig-

tU GT 600 and 3 IgotU GT 120 receivers. In 2019, 23 cows were

racked with 7 IgotU GT 600 receivers and 16 IgotU GT 120. 

Seven and 10 randomly selected cattle in 2018 and 2019, re-

pectively, that were fitted with GPS tracking collars were also fit-

ed with a triaxial ± 16 g Axivity AX-3 accelerometer (Axivity Ltd,

ewcastle, UK) attached to Y-Tex 4-star ear tag (Y-Tex Corpora- 

ion, Cody, WY). The accelerometers were attached to ear tags, and

he axes corresponded to z—front-to-back, y—side-to-side and x—

ertical. The accelerometers were configured to a sample rate of 

2.5 Hz and had an expected battery life of 30 d per the manufac-

urer. More details about placement of this type of accelerometer 

n ear tags are provided by Fogarty et al. (2020) . 

In 2018 three IgotU600 receivers powered off before trial dates 

nd one IgotU600 had large error in location fixes, and their data

ere removed from the study. In 2019, one IgotU600 receiver was

ost, two IgotU600 receivers had large error in location fixes, and

wo IgotU600 receivers had battery failure. In 2019, six accelerom- 

ter housings broke, resulting in loss of the devices. The data from

hese GPS tracking collars and accelerometers were not used in the

nalyses. In total, 6 GPS tracking collars were used in analyses for

018, and for 2019 a total of 16 tracking collars were used for anal-

ses. A total of seven and six accelerometers from trials in 2018

nd 2019, respectively, were used in the analyses. 

xperimental design 

A total of five trials were conducted. Three trials were con-

ucted in 2018 (June 6, 12, and 18), and two trials were conducted

019 (July 17 and 19). During these dates (trials), animal access to

ater was restricted for 4 h (080 0 −120 0 h) using metal livestock

anels (2.1 × 1.5 m) placed next to the 1 900-L water tank (2.1-m

iameter and 0.6-m height) to mimic a drinker failure. The pas-

ure had only one location with livestock water, which was placed

ithin an 80 × 150 m fenced area (water lot, Fig. 1 ) with two open

ccess gates from the pasture in northeast and northwest corners 

f the water lot. Panels were used to simulate water failure so that

ivestock could readily access water at the end of the 4 h of water

estriction by removing the panels. During 2019, a second smaller 

ank (1.0 × 1.5 × 0.6 m, 568 L) was placed in the water lot about 10

 from the primary water tank. The smaller water tank was empty

nd accessible to cattle during simulated water failure (trials) and 

ull of water on other days (controls). During 2018, cows were ob-

erved pushing against the panels, which may not adequately sim- 

late an empty tank. In 2019, the second tank was placed in the

ater lot to observe if cows behaved differently with access to an

mpty tank. Livestock were continuously monitored by trained re- 

earchers during water deprivation to detect animal stress, exces- 

ive dehydration, and heat stress in accordance with the approved

ACUC protocols. 

Cattle could enter the water lot at any time. If cows with func-

ional GPS collars and/or accelerometers entered the water lot af- 

er 1100 h on water-failure simulation days, the data for that cow

ere not used in the analyses. Cows entering the water lot after
 on 10 Apr 2025
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Fig. 1. Layout and location of watering lot (80 × 150 m) and water tank in the North Pasture at the Deep Well Ranch. The primary water tank (1 900 L) is indicated by a 

blue circle. Metal panels were used to prevent cattle from accessing the water tank and drinking (water system failure simulation). In the second yr of the study (2019), a 

smaller tank was placed about 10 m south from the primary tank and was empty on water failure simulations and full other days (controls). 
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Table 1 

Metrics calculated from raw X, Y, and Z acceleration mean values from 1-min 

epochs. One-min epochs represent 720 data points, which is equivalent to T at the 

12.5 Hz sampling frequency. 

Feature Equation 

Average X-Axis (Ax) Ax = 

1 
T 

T ∑ 

t=1 

x (t) 

Average Y-axis (Ay) Ay = 

1 
T 

T ∑ 

t=1 

y (t) 

Average Z-axis (Az) Az = 

1 
T 

T ∑ 

t=1 

z(t) 

Movement intensity (MI) MI = 

1 
T 

T ∑ 

t=1 

√ 

( A x 2 ) + ( A y 2 ) + ( A z 2 ) (t) 

Signal magnitude area (SMA) SMA = 

1 
T 
( 

T ∑ 

t=1 

| Ax (t ) | + 

T ∑ 

t=1 

| Ay (t ) | + 

T ∑ 

t=1 

| Az (t ) | ) 

A
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100 h had < 1 h of water deprivation and may have not displayed

he same behaviors as cows entering the water lot earlier. Tracking

ata that were recoded after the water system failure simulation

nded and the panels around the water tank were removed (or the

imilar period on control days) were not included in the analyses.

ours after water lot entry was used as a variable in the analysis.

our 0 was the first hour after the cow entered the water lot dur-

ng simulated water system failure (080 0 −120 0 h) and on control

ays. Entry into the water lot was determined using GPS tracking

ata. Once cows were < 100 m from water, they had entered the

ater lot. 

ata processing and feature extraction 

The position data from GPS tracking and the movement data

rom the accelerometers were stored in memory on the devices.

racking collars and ear tags with accelerometers were removed

rom the cows after the last trial each year. 

ccelerometer data processing 

Raw data from the accelerometers were downloaded as a .CWA

le and converted to .CSV using OmGUI software provided from

xivity, Inc. Movement data from each axis (x, y, and z) were ag-

regated into 1-min epochs using Anaconda Python 3.7 (Anaconda,

nc, Austin, TX). The mean, maximum, minimum, and standard de-

iation of the epoch were calculated for each axis (x, y, and z).

ovement intensity (MI) and signal magnitude area (SMA) were

alculated for each accelerometer reading and averaged for the

poch (Table 1; Tobin et al. 2020 ). The range (absolute value of the

aximum minus minimum) of MI and SMA were also calculated

or each epoch. 
d From: https://complete.bioone.org/journals/Rangeland-Ecology-and-Management on 
se: https://complete.bioone.org/terms-of-use
nimal behavior 

Animal behavior was visually observed and recorded using

amsung Tab E (Seoul, South Korea) notepads with a timestamp

nto an Excel datafile and manually written using a cellphone for

ime keeping. The Samsung tablet, cellphone, and laptop time were

ynchronized. Focal animal sampling was used for animal obser-

ations ( Lehner 1996 ). Randomly selected cows that had both ac-

elerometer and GPS units were observed with binoculars for 4 −6

 each day. Visual observations were recorded on all 5 trial d and

 nontrial d. 

Behavior observations recorded include walking, grazing, lying, 

tanding, drinking, and running. Standing and lying behaviors were

lassified as nonactive behaviors while grazing and walking were

onsidered active behaviors. Running and drinking behaviors were

bserved infrequently, and both were removed from the analyses.

attle that were observed lying often had slight head movements

nd rumination. Standing behavior was recorded when the animal
10 Apr 2025
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as upright with no major body movements except for slight head

ovements and rumination. Walking behavior was recorded when 

he animal proceeded in continual locomotion, generally in a lin- 

ar path, and steady pace with its head in a level to up position.

razing was recorded when the head was down manipulating or 

iting grasses, forbs, or shrubs. Grazing also included animal reori- 

ntations that took < 10 s between bites. Walking and grazing be-

aviors began after visual observations were constant for 15 s. Be-

avior recordings were terminated when changes in behavior ob- 

ervations were apparent. 

PS data processing 

Cattle locations from the GPS collars were downloaded into 

Trip PC software (Mobile Action Technology Inc., Taipei, Taiwan). 

ositions that were located outside of the study pasture were 

eleted from the data set. In addition, positions with unusual 

ourse deviations ( > 100 °) and velocity rates that are greater than

n average walking speed for cattle (84 m/min; Chapinal et al.

009 ) were likely inaccurate and were also removed from the data

 Knight et al. 2018b ). Positions obtained during the days that col-

ars were placed on the cows or removed from the cows were ex-

luded before analysis. Tracking data were used to determine dis- 

ance from water and when animals entered and left the watering

rea (within 150 m of drinker location) using the Euclidean dis-

ance feature of ArcGIS version 10.7.1 (Redlands, CA). Distance from 

ater (m), velocity (m/min), and distance traveled after watering 

vent were averaged each hour (1-h intervals) for the day before

nd the day of simulated water delivery failure. Predicted animal 

ehaviors were calculated directly from the tracking data (veloc- 

ty) using the following criteria: resting (velocity < 2.34 m/min),

razing (velocity = 2.34 −25 m/min), and traveling (velocity > 25

/min) were calculated from GPS velocities ( Augustine and Derner

013 ; Nyamuryekung’e et al. 2020 ). Predicted active behavior was

alculated by summing these traveling and grazing predicted be- 

aviors (% active) and summarized by hour. 

tatistical analyses 

Tracking metrics (distance from water, velocity, GPS-predicted 

ctivity, and distance traveled after watering event) were analyzed 

sing the repeated measures procedure of PROC MIXED in SAS 

 Littell et al. 2006 ). The fixed effects in the model included day

f trial where d 0 is the day animals were restricted from water

nd d −1 is the day before water restriction, hours after water

ot entry (0—hour the cow entered the water lot to 3–3 h after

he cow entered the water lot), interaction of day and hours af-

er water lot entry, and trial 1 to 5 (1 to 3 = trials in 2018 and 4

nd 5 = trials in 2019). Cow was used as random effect since the

ame cow was used for all the trials in a given year. The subject

f the repeated measures was cow within trial. Covariance of re-

eated records was modeled using the autoregressive order of 1 

AR1) covariance structure. The AR1 structure was used because 

he Akaike’s Information Criteria (AIC) value was lower than the 

ther covariance structures evaluated, compound symmetry and 

nstructured ( Littell et al. 2006 ). 

Linked observational behaviors and accelerometer metrics (see 

able 1 ) were analyzed using the random forest procedure PROC

PFOREST in SAS (SAS Institute Inc., NC; Nord and Keeley 2016 ).

 training set of 305 known observations was used to create

 prediction model within the HPFOREST procedure. Prediction 

etrics include x-mean, y-mean, z-mean, MI-mean, SMA-mean, 

I-minimum, MI-maximum, MI-variance, and MI-range. Behav- 

or predictor metrics include individual animal behaviors, and 

nimal activity were predicted using PROC SCORE. Using the 

rediction model, the entire dataset of 57 600 1-min epochs 

rom 11 accelerometer devices was analyzed to determine daily 
aded From: https://complete.bioone.org/journals/Rangeland-Ecology-and-Management
f Use: https://complete.bioone.org/terms-of-use
ehavior and activity budgets. Because of the limited number 

f visual observations, the training data set was also used in

alidation. 

Random forest predicted animal activity behavior metrics from 

ccelerometer data and accelerometer axes (x, y, and z), and MI

eans were analyzed using the repeated measures procedure of 

ROC MIXED ( Littell et al. 2006 ). Before these analyses, accelerom-

ter data were averaged by hour. The fixed effects in the model

ncluded day of trial where d 0 is the day animals were restricted

rom water and d −1 is the day before water restriction, trial 1 to

 (1 to 3 = trials in 2018 and 4 and 5 = trials in 2019), and hour

f the day (080 0 −130 0 h) and the interactions of day and hour.

ow was included as a random effect. The subject of the repeated

easures was cow within trial. Covariance of repeated records was 

odeled using the AR1 covariance structure. The AR1 structure 

as used because the AIC value was lower than the other covari-

nce structures evaluated, compound symmetry and unstructured 

 Littell et al. 2006 ). Hour that the cow entered the water lot could

ot be used as a fixed effect for accelerometer data because the

PS tracking data were not available for all cows with accelerom-

ters (the GPS units failed). 

esults 

Weather for trial day and the previous watering event were rel-

tively similar, except for Trial 3 ( Table 2 ). The daily maximum

emperature was 28.8 °C for the simulated watering event on Trial

 and 21.2 °C for the previous day. 

ccelerometer metrics 

Using PROC HPFOREST, SAS machine learning techniques cre- 

ted behavior predictions. This model included a validation set 

f 305, 1-min epoch observations with a misclassification rate of 

4.6%. Top metrics used for machine learning procedures and be- 

avior predictions were Y mean, Z mean, MI mean, MI min, and

I max with out-of-bag Gini values of 0.059, 0.025, 0.008, 0.002,

nd −0.001, respectively. 

No differences in active behavior predictions (grazing and walk- 

ng), from random forest machine learning, were detected between 

ays of the trial ( P = 0.49), among hours of the day (0800 to 1300,

 = 0.99), and among trials ( P = 0.70). In addition, no interaction

etween day and hour was detected ( P = 0.96). 

Movement intensity was greater ( P = 0.03) on the day of simu-

ated water failure than the previous day ( Fig. 2 ). Movement inten-

ity also varied among trials ( P = 0.01). Movement intensity tended

o vary ( P = 0.07) among hours of the day (0800 to 1300) with the

ighest mean activity at 0800 h and the lowest level at 10 0 0 h. 

Epoch-long averages of axis movement yielded similar results. 

he average of y axis (side to side) was greater ( P = 0.03) on the

ay of simulated water failure than the previous day. The y axis

lso varied among trials ( P < 0.001). No differences ( P = 0.60)

mong hours of the trial (0800 to 1300) were detected. Also, no

nteraction between day and hour ( P = 0.062) was detected. 

No differences in the z axis (front to back) among trials

 P = 0.66), between days of the trial ( P = 0.48), or the interaction of

ay by hour ( P = 0.84) were detected. The z-axis varied ( P = 0.05)

mong hours. The most movement in the z-axis was at 0800, and

he least was at 10 0 0. 

PS metrics 

There was a strong interaction ( P = 0.01) between day and the

our the animal entered the watering lot for distance to water

 Fig. 3 ). During the previous watering event (normal watering

vent) animals would enter the watering area, drink, and exit the
 on 10 Apr 2025
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Table 2 

Average monthly temperature range and weather conditions for each simulated water failure trial. Each trial contains the daily high temperature ( °C) and precipitation (mm) 

from the previous watering event (d −1) and simulated water failure event (d 0). 

Trial Previous 

watering date 

Previous 

wateringday high 

temperature ( °C) 

Previous 

wateringday 

precipitation(mm) 

Simulated 

failure date 

Simulated 

failureday high 

temperature ( °C) 

Simulated 

failureday 

precipitation (mm) 

Average monthly 

temperature 

range(1971-20 0 0) ( °C) 

1 6/5/2018 36.1 0.0 6/6/2018 33.8 0.0 12.5-36.1 ± 0.33 

2 6/11/2018 32.2 0.0 6/12/2018 35.5 0.0 12.5-36.1 ± 0.33 

3 6/17/2018 21.1 4.5 6/18/2018 28.8 0.0 12.5-36.1 ± 0.33 

4 7/16/2019 37.7 0.0 7/17/2018 37.2 0.0 16.4-37.2 ± 0.21 

5 7/18/2019 34.4 0.0 7/19/2018 36.1 0.0 16.4-37.2 ± 0.21 

Fig. 2. Hourly means (080 0 −130 0 h) of movement intensity during the morning and early afternoon when water was restricted (d 0) and during the previous watering event 

(control, d −1). Error bars represent standard errors. During the day of simulated water system failure, movement intensity was greater than the previous day (P = 0.03). 
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Terms of U
atering area within a short period of time ( < 5 min). During

imulated watering failure, the minimum distance from water re-

ained lower than during the previous watering event from the

ime the animals entered the watering lot and continued for the

ext 3 h. 

Velocity of travel was greater ( P < 0.001) during the hour cows

ntered the water lot. No differences between days ( P = 0.23), trials

 P = 0.10), or the interaction of day by hour entering the water lot

 P = 0.48) were detected. During the simulated water failure, the

elocity drops after the first hour within the water lot and contin-

es to remain low during the remaining 3 h. 

Cows were more active ( P < 0.001) during the hour (h 0) the

nimal entered the water lot ( P < 0.0 0 01) based on active behavior

redicted from GPS velocity. No differences among trials ( P = 0.38),

ays ( P = 0.68), or the interaction of day by hour ( P = 0.21) were

etected. 

Results from activity were mirrored for the GPS prediction of

esting. Cows rested less ( P < 0.001) during the hour (h 0) the an-

mal entered the water lot. No differences among trials ( P = 0.38),

ays ( P = 0.68), or interaction of day by hour ( P = 0.21) were de-

ected. 

The percentage of time traveling was greater ( P < 0.001) dur-

ng the hour cows entered the water lot. There were also differ-

nces among trials ( P = 0.03) for the GPS prediction of traveling. No

ifferences between days ( P = 0.31) or interaction of day by hour

 P = 0.12) were detected. 
d From: https://complete.bioone.org/journals/Rangeland-Ecology-and-Management on 
se: https://complete.bioone.org/terms-of-use
No differences in GPS predicted grazing time were detected for

he hour the animal entered the water lot ( P = 0.37), trial ( P = 0.09),

ay of trial ( P = 0.91), or the interaction of day by hour ( P = 0.10)

ere detected. During normal watering events and simulated wa-

er failure trials, animals normally did not graze immediately post

atering. 

iscussion 

On the day of the simulated water failure, the distance from

ater clearly differed from normal watering events. Distance from

ater during the hour periods (0 −4 h) after first entering the wa-

er lot when water access was restricted was much less than the

revious day when cattle watered normally. Observations during

he study suggested that cattle typically entered the watering area,

rank and moved away from the tank after 4 min, and then started

raveling to resting areas located at least 250 m from water near or

nder shade and rested and/or ruminated. Cows would remain in

hese areas until their evening grazing bout beginning about 1600

. Tracking data support these visual observations because cows

onsistently moved away from the water lot after drinking at the

ank every day but on simulated water failures. 

In contrast to typical watering events, cows would enter the

atering area on simulated water-failure days, ascertain that water

as not available, and move within the watering area, but they did

ot go farther than 150 m from the water drinker (within the wa-
10 Apr 2025
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Fig. 3. Hourly means of distance from water during the 4 h of simulated water system failure when cows were prevented from accessing water (080 0 −120 0 h) and the 

same time period on the previous day (control). The x-axis displays the hours after entering the water lot, which began (0 h) when Global Positioning System (GPS) tracking 

showed that the cow was ≤ 150 m from water. Visual observations confirmed that GPS-tracked animals were going to and entered the water lot. Distances from water after 

entering the water lot varied (P = 0.01) among days (day of water deprivation vs. the previous day). Error bars represent standard errors. 
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Downlo
Terms o
er lot, Fig. 1 ). During the time of water restriction, observers noted

hat livestock would tend to move around the water lot and ap-

eared to become increasingly aggressive with other cattle, mainly 

he calves, by hitting them with their horns. The increase in MI

uring the period of water restriction ( Fig. 2 ) is likely a conse-

uence of these observed aggressive behaviors. This may help ex- 

lain why predicted behavior performed poorly compared with MI 

nd individual axes from the accelerometer data. Aggressive behav- 

or was not used in random forests classification of accelerometer 

ata. 

Velocity (distance traveled per hour) was relatively similar on 

he day of water restriction compared with days without water 

estriction. This is likely due to livestock remaining in the water-

ng area moving small distances rather than normal traveling to 

earby shaded areas for resting ( < 300 m from drinker). Appar-

ntly, movement within the water lot on days of simulated water

ailure was equivalent to the travel to resting areas after watering

normal behavior). 

Movement intensity levels monitored during simulated water 

elivery failure were higher than during normal watering events. 

ince cattle normally water at midday ( Gregorini 2012 ; Williams

t al. 2019 ), a change in activity at midday may be helpful in

etecting water availability issues. The use of near-real-time and 

eal-time accelerometer systems such as HerdDogg (Ashland, OR, 

ttps://www.herddogg.com/ ) and Moonitor (Israel, https://www. 

oonitorcows.com/ ) could be helpful in determining water system 

ailures earlier than managers and caretakers might normally ob- 

erve. However, hourly differences in MI between simulated water 

ailure and control days could not be detected, which is likely be-

ause of the variability among hours and cows. Only differences

n days were detected for MI and other accelerometer metrics, 

hich suggests measurements on multiple cows collected over a 

ew hours may be required to detect water system failures. Short-

erm movements may not be detected by coarse GPS tracking with
aded From: https://complete.bioone.org/journals/Rangeland-Ecology-and-Management
f Use: https://complete.bioone.org/terms-of-use
onger intervals between positions; however, if cattle remain near 

ater after system failure, even coarse tracking (e.g., position every 

our) should be able to detect a water availability problem within

 few hours. Remote monitoring using accelerometers and GPS 

racking might detect changes in behavior faster than GPS track- 

ng alone, especially if there were long intervals between location 

xes. When water systems fail, it is critical for managers to address

he problem and repair the water system quickly, especially in hot

eather. 

No trial dates had temperature values outside of the normal av-

rage monthly range. Though weather for trial 3 was cooler than

he remaining trials, the pair of dates associated with trial 3 were

oth cooler and overcast. Across all study parameters, there were 

o consistent differences among trials. In trials 4 and 5, cows could

ccess a second smaller tank that was empty on simulated water-

ailure days. No differences were detected between trials 4 and 5

with a second tank) and trials 1, 2, and 3 (without a second tank).

he similarity of cattle behavior (increased activity and remaining 

ear the water tank during simulated water system failure) in vari-

ble weather, with and without access to a second (empty or full)

ank, supports the use of on-animal sensors as a tool for real-time

onitoring of water availability. 

All animals that entered the water lot remained near water 

uring simulated water failure. Due to IACUC protocols and ani- 

al well-being concerns, the trials were ceased after 4 h of wa-

er deprivation and before the onset of more extreme behavioral

ndicators. The effects of water deprivation on cattle health may 

ot be critical until 24 h of deprivation, when there will be a

oss of appetite and mobilization of body fat reserves ( Marques

t al. 2012 ). After 24 h of water restriction, the effects of dehy-

ration will become more critical. Cows can lose over 20% of their

ody weight within 3 d and will likely expire within 5 d of wa-

er deprivation ( Siebert and Macfarlane 1975 ). Water system failure

hould be addressed immediately to maintain animal well-being. 
 on 10 Apr 2025
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Terms of U
Real-time GPS tracking systems are being developed, and some,

uch as Moovement (Brisbane, Queensland, Australia, https://www.

oovement.com.au/ ), are commercially available. Moovement GPS 

ar tags record locations every 60 min and could potentially de-

ect water system failure within 2 −4 h after cattle travel to water

n the basis of the results of this study. Other livestock monitor-

ng systems that can detect proximity of a device in real time po-

entially could be used to remotely monitor water system failures.

owever, the system would need to detect devices at distances of

00 −150 m on the basis of this study. Passive ultra-high frequency

UHF) radio frequency identification (RFID) tags have a useful range

f 10 −20 m, and active tags have a range over 100 m ( Byondi and

hung 2019 ). Another method to reduce the cost for purchasing an

n-animal tracking and sensor monitoring system for water system

ailures would be to place devices on a limited number of sentinel

nimals rather than on the entire herd. More research is needed to

stimate the number of sentinel animals needed because sample

ize needed will be at least partially determined by the capabili-

ies of the tracking and sensor devices and the frequency that the

ata can be transferred from animals to the producer using LoRa

AN or similar systems. 

Remotely monitoring for water system failures, such as well

ailure, water line blockage or rupture, and water tank float/valve

ssues, could allow producers to respond more rapidly and perhaps

educe the time spent manually checking water systems. Decreas-

ng this response time could lessen the adverse impacts such as

ower volumes of water and other body fluids due to dehydration

 Siebert and MacFarlane 1975 ). This approach is based on the con-

ept of cattle remaining near water tanks when they are empty

r animals being prevented from accessing the tank (simulation in

his study). However, this system would not detect when a float

r valve failed and the tank would overfill, which could potentially

mpty the water storage reservoir. 

Individual variation in animal behavior can reduce the ac-

uracy of behavior predictions from sensors on livestock. Bailey

t al. (2018) mention that the variability between animal indi-

iduals’ movement patterns will continue to be a rich area of

ehavior research. It will be essential for sensor technology to

dentify changes in individual behavior rather than quantifying a

et threshold for a given behavior or welfare issue. The variation

mong cows for MI and other accelerometer metrics in this study

upports the concept of monitoring changes in individual cows

ather than developing thresholds. Improving prediction models on

he basis of changes in individual behavior could improve more

apid detection of welfare issues such as disease ( Tobin et al.

020 ). 

anagement implications 

Technological advancements will likely increase the use of real-

ime and near real-time livestock sensors including GPS and ac-

elerometers. The proof of concept described in this paper demon-

trates the potential to use real-time or near-real-time GPS track-

ng and accelerometers to remotely monitor livestock welfare is-

ues, such as water system failures. Increased time spent near

ater (e.g., < 150 m) and increased levels of activity during pe-

iod cattle normally water are possible indicators of water de-

ivery failures in rangeland pastures. Remote detection of wa-

er system failures could reduce the response time for ranch-

rs to repair the water system, which would improve livestock

ell-being. In addition, an on-animal tracking and monitoring

ystem might reduce the frequency that on-site checks of live-

tock water would be required and correspondingly reduce labor

nputs. 
d From: https://complete.bioone.org/journals/Rangeland-Ecology-and-Management on 
se: https://complete.bioone.org/terms-of-use
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