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Abstract 

The use of on-animal sensors to manage and monitor free-ranging livestock has advanced rapidly over the 

past decade, particularly with the emergence of virtual fencing technology to manage livestock distribution.  

Low-cost GPS tracking for purposes of virtual fencing creates new opportunities to monitor animal health 

and behaviour when combined with an accelerometer to quantify the animal’s behavioural state.  However, 

our understanding of how behaviors can be quantified via GPS plus accelerometer measurements, and how 

foraging behavior metrics relate to diet quality or animal growth rate remains in its infancy.  Here, we 

provide an overview of multiple studies that use on-animal sensors to quantify daily foraging behaviour of 

both yearling steers and mature cows  in semi-arid rangelands of central North America (Colorado and 

Wyoming).  We examine analyses of behaviour at varying time steps (seconds to minutes) summarized over 

the daily cycle using both commercially available and custom-built GPS plus accelerometer combinations. 

Foraging behaviour could be most accurately predicted by analyzing both sensors at a time step of 90 

seconds, but an accelerometer algorithm calculated at a 30-second time step could be linking to longer GPS 

fix intervals with nearly equivalent prediction accuracy.  We then focus on the utility of three key behavioral 

metrics: (1) mean daily grazing bout duration (GBD), (2) mean velocity while grazing (VG), and (3) the 

tortuosity of grazing pathways quantified as the mean turn angle while grazing (TAG).  Our analyses 

identify GBD and VG as key indicators of declining forage availability, which could be used to guide the 

timing of pasture rotations or provision of supplemental feed.  Furthermore, VG and TAG are significantly 

affected by stock density (herd size relative to pasture size), and hence could potentially be used to identify 

a threshold density that inhibits selective foraging and reduces weight gain.   
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Introduction 

On-animal sensors are increasingly used to monitor and manage livestock in intensive production systems, 

but have received less attention in extensive rangeland settings (Trotter et al. 2019).  However, the 

emergence over the past decade of virtual fencing technologies that rely on GPS tracking of individual 

animals creates new opportunities to monitor animal health and foraging behaviour in extensive settings 

where managers do not have frequent visual checks of their livestock.  Advancing the effective use of on-

animal sensors in extensive settings will rely on understanding how GPS tracking and behavioral sensors 

such as accelerometers can be combined to quantify animal foraging behaviors, developing durable and 

cost-effective sensors and associated attachment to animals, and developing of cost-effective means to 

transmit sensor data to managers (Bailey et al. 2018).  Here, we provide an overview of multiple studies 

that have used on-animal sensors to quantify daily foraging behaviour of both yearling steers and mature 

cows in semi-arid rangelands of central North America (Colorado and Wyoming).  We examine (1) accuracy 

of calibrations of grazing, walking and stationary activities using varying models of devices, (2) use of 

resulting predictions to quantify metrics of daily foraging behaviour, and (3) how these foraging behaviour 

metrics vary in relation to factors such as forage allocation and quality, and paddock and herd size.     

Methods 

We first compare predictions of cattle (Bos taurus) activity states (grazing, walking, stationary) using (1) 

commercial GPS tracking collar with a 2-axis activity sensor (Augustine and Derner 2013), (2) commercial 

GPS tracking collar with a 3-axis accelerometer (Augustine et al. 2023), (3) in-house constructed collar 

with off-the-shelf GPS and 3-axis accelerometers (Cunningham et al. 2024), and (4) commercial GPS 

tracking ear tag with 3-axis accelerometer.  All devices were capable of collecting GPS fixes at 5-min 

intervals.  The in-house collar collected GPS fixes at 1-second intervals, allowing us to rarify the data to 

varying epoch lengths (e.g. 10 sec to 15 min), and examine the optimal length for prediction of activity 

states via GPS+accelerometer or accelerometer alone.  The eartag device was the xTPro produced by 701x 

(Fargo, ND, USA; 701x.com).  We fitted xTPros on 69 yearling steers (23 in each of 3 different pastures) 

at the Central Plains Experimental Range in northeast Colorado during May – Sept of 2024.  The 3 study 

pastures differed in stocking rate (low, moderate and high), and in vegetation composition, where the light 

stocking pasture was dominated by C3 midgrasses, and the heavy stocking pasture dominated by C4 

shortgrasses (Porensky et al. 2017).  We conducted direct observations of behaviours of 24 different steers 

wearing these eartags during May – July of 2024, where activity (grazing, walking, stationary, other) was 

recorded at a 30-second time step as described by Cunningham et al. (2024). The eartags collected GPS 

fixes at 5-min intervals, and used a 3-axis accelerometer in combination with a proprietary algorithm to 

predict the number of seconds in each interval the animal was grazing, walking, stationary (sum of resting 

and ruminating), or unknown.  We classified each 5-min interval based as whichever activity occurred for 

>=50% of that interval, based on both direct observations and eartag predictions.  Intervals in which no 

single activity occurred for >=50% of the time were classified as mixed. 

We compared metrics of foraging behaviour from three studies that deployed (1) GPS collars with a 2-axis 

activity sensor (Lotek 3300LR) on yearling steers grazing shortgrass rangeland (data from Augustine et al. 

2023), (2) GPS collars with a 3-axis accelerometer (MOOnitor.com) on yearling steers grazing shortgrass 

rangeland (data from Augustine et al. 2022), and (3) GPS collars with a 3-axis accelerometer 

(MOOnitor.com) on 12 mature cows with calves within a herd of 120 pairs grazing mixedgrass rangeland 

in northeastern Wyoming.  In the latter study, collars were deployed during the 2021 growing season, with 

GPS fixes at 5-min intervals.  Collared cows and their calves were individually weighed at the beginning 

and end of July, when vegetation was greening up and near peak biomass, and again at the beginning and 

end of September, when vegetation was senescing and reduced in biomass.  We used data from the collars 
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to calculate mean daily velocity while grazing (VG, in m min-1), mean daily grazing bout duration (GBD, 

in min) and mean daily turn angle while grazing (TAG, in degrees measured as deviation from a straight 

line), following the same methods as Augustine et al. (2022).    

Results 

Table 1.  Comparison of different on-animal sensors for their efficacies to predict cattle grazing and other 

activities for yearling steers grazing shortgrass rangeland in northeastern Colorado.  Activity categories are 

G = Grazing, NG = Not Grazing, W = Walking, S = Stationary, and M = Mixed.  Data sources are aAugustine 

and Derner (2013); bAugustine et al. (2022); cBrennan et al. (2021), dthis study, eCunningham et al. (2024).    

 

Predictions of cattle grazing activity via different on-animal sensors  

Misclassification rates for cattle activity were lower when making binary predictions of grazing vs. non-

grazing activity, compared to predictions of four activity classes (grazing, walking, stationary, and mixed; 

Table 1).  When distinguishing between all four activity classes, misclassification declined from 16-18% 

using GPS with an activity sensor at 5-min intervals, to 10-13% using accelerometer data at 90-sec intervals.  

Misclassification rates were similar for GPS plus accelerometers mounted on an eartag, compared to the 

same type of devices mounted on a collar.   

Variation in daily foraging behavior quantified via on-animal sensors  

Mean daily velocity while grazing, grazing bout duration, and turn angle while grazing all varied in relation 

to forage conditions, stock density, and animal type.  For yearling steers, a reduction in forage quantity and 

quality that reduced ADG from 1.11 to 0.25 kg steer-1 day-1 (HQl, HQt vs. LQl, LQt in panels A,D,G) also 

reduced VG by >2 m min-1, increased GBD by >80 minutes, and reducted TAG by 8 degrees.  For yearling 

steers, a 10-fold increase in stock density (which reduced ADG by 15%) was associated with a reduction in 

VG by 1.5 m min-1, an increase in GBD by 10 min, and a reduction in TAG by 6 degrees.   

Discussion  

Rangeland scientists have long recognized that foraging behaviours are likely to reflect variation in feed 

intake and the quality of herbage eaten, and hence could serve as indicators of animal growth rates (Stobbs 

1973, Chacon et al. 1976, Carvalho et al. 2015).  Today, the increasing deployment of GPS collars on cattle 

for purposes of distribution management via virtual fencing creates opportunities to additionally monitor 

animal foraging behaviour via the addition of other sensors such as accelerometers.  A synthesis of studies 

calibrating these various types of GPS + accelerometer combinations to predict cattle grazing activity at 

time steps of 1.5 to 5 min shows that misclassification rates of less than 15% can be achieved, both with 

collar- and eartag-mounted devices, even when non-grazing activity is separated into stationary vs. walking 

vs. mixed categories.  

Sensors Attachment Model Timestep
Activity 

categories
Misclass 

Rate Source
GPS + 2 axis activity sensor Collar Lotek 3300 LR 5 min G, NG 13% a
GPS + 3 axis accelerometer Collar MOOnitor 5 min G, NG 9% b
GPS + 3 axis accelerometer Collar Columbus P1; Gulfcoast 1 min G, NG 11% c
GPS + 3 axis accelerometer Eartag 701x 5 min G, NG 9% d
GPS + 2 axis activity sensor Collar Lotek 3300 LR 5 min G, W, S, M 16% a
GPS + 3 axis accelerometer Collar Columbus P1; Gulfcoast 5 min G, W, S, M 18% e
GPS + 3 axis accelerometer Collar Columbus P1; Gulfcoast 90 sec G, W, S, M 10% e
3 axis accelerometer only Collar Gulfcoast 90 sec G, W, S, M 13% e
GPS + 3 axis accelerometer Eartag 701x 5 min G, W, S, M 13% d
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Figure 1.  Comparison of three daily foraging behavior metrics quantified for free-ranging cattle in the 

semi-arid western Great Plains of North America using GPS collars combined with a 3-axis 

accelerometer.  Panels A,D,G show results for yearling steers grazing shortgrass rangeland paddocks with 

varying forage conditions in 2020 (Augustine et al. 2022).  Panels B,E,H show metrics for yearling steers 

grazing shortgrass rangeland with the same forage conditions early in the 2017 growing season, at high 

vs. low stock density (1.9 vs. 0.19 steers/ha; Augustine et al. 2023).  Panels C,F,I show results for mature 

cows with calves grazing mixedgrass rangeland with varying forage conditions, quantified via MOOnitor 
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collars (GPS+3-axis accelerometer at 5-min intervals; this study).  HQl = high quality forage; HQt = high 

quantity forage, LQl = low quality forage; LQt = low quality forage.  Error bars show +1SE. 

A key question is how to use these types of data to quantify foraging behaviour, and whether such 

behavioural metrics vary in response to foraging conditions and grazing management practices in 

predictable ways (Orr et al. , Carvalho et al. 2015).  When we focused on 3 behavioural metrics calculated 

from collar data at a daily timestep (VG, GBD, and TAG), we found that VG is especially sensitive to both 

changes in forage conditions and management of stock density, both for yearlings and mature cows, in a 

way that reflects variation in cattle weight gain.  Furthermore, VG was nearly equally sensitive to changes 

in forage conditions (both for steers and cows) as to a 10-fold increase in stock density.  In contrast, TAG 

was more sensitive to changes in stock density, and GBD was more sensitive to changes in forage 

conditions.  Findings also indicate that lactating cows graze at lower velocity and shorter GBD than steers 

for any given set of forage conditions, and cows exhibited more tortuous grazing pathways (greater TAG) 

compared to steers.  As technologies for on-animal sensors to track foraging behaviour continue to advance 

and become more cost-effective, we encourage comparisons of consistent metrics such as VG, GBD, and 

TAG across varying rangeland conditions, animal breeds and age classes, and management regimes to 

develop a framework for real-time monitoring of animal condition and growth rates.   

Acknowledgements 

We thank Crow Valley Livestock Cooperative, Inc., for providing cattle. We thank David Smith for 

designing and building the in-house collars.  We thank Melissa Johnston, Matt Mortenson, Nick Dufek, 

Jake Thomas, Nicole Kaplan, Tami Jorns, Averi Reynolds and many seasonal students for their efforts. This 

research is a contribution from the Long-Term Agroecosystem Research (LTAR) network. LTAR is 

supported by the United States Department of Agriculture. Animals used in the research were approved 

through animal use protocols by the USDA-ARS in Fort Collins, CO and by the University of Wyoming in 

Laramie, WY. 

References  

Augustine, DJ, Derner, JD (2013) Assessing herbivore foraging behavior with GPS collars in a semiarid grassland. 

Sensors (Switzerland) 13, 3711-3723. 

Augustine, DJ, Kearney, SP, Raynor, EJ, Porensky, LM, Derner, JD (2023) Adaptive, multi-paddock, rotational grazing 

management alters foraging behavior and spatial grazing distribution of free-ranging cattle. Agriculture, 

Ecosystems and Environment 352, 108521. 

Augustine, DJ, Raynor, EJ, Kearney, SP, Derner, JD (2022) Can measurements of foraging behaviour predict variation 

in weight gains of free-ranging cattle? Animal Production Science 62, 926-936. 

Bailey, DW, Trotter, MG, Knight, CW, Thomas, MG (2018) Use of GPS tracking collars and accelerometers for 

rangeland livestock production research. Translational Animal Science 2, 81-88. 

Brennan, J, Johnson, P, Olson, K (2021) Classifying season long livestock grazing behavior with the use of a low-cost 

GPS and accelerometer. Computers and Electronics in Agriculture 181, DOI: 10.1016/j.compag.2020.105957 

Carvalho, PCF, Bremm, C, Mezzalira, JC, Fonseca, L, da Trindade, JK, Bonnet, OJF, Tischler, M, Genro, TCM, 

Nabinger, C, Laca, EA (2015) Can animal performance be predicted from short-term grazing processes? Animal 

Production Science 55, 319. 

Chacon, E, Stobbs, TH, Sandland, RL (1976) Estimation of herbage consumption by grazing cattle using 

measurements of eating behaviour. Grass and Forage Science 31, 81-87. 

Cunningham, SA, Augustine, DJ, Derner, JD, Smith, D, Boudreau, MR (2024) In search of an optimal bio-logger 

epoch and device combination for quantifying activity budgets in free-ranging cattle. Smart Agricultural 

Technology 9, 100646 



 
WORKING TOGETHER FOR OUR GLOBAL RANGELANDS FUTURE 

 

571 

© 2025 PROCEEDINGS OF THE XII INTERNATIONAL RANGELAND CONGRESS 

Orr, RJ, Penning, PD, Rutter, SM, Champion, RA, Harvey, A, Rook, AJ (2001) Intake rate during meals and meal 

duration for sheep in different hunger states, grazing grass or white clover swards. Applied Animal Behaviour 

Science 75, 33-45. 

Stobbs, TH (1973) The effect of plant structure on the intake of tropical pastures. I. Variation in the bite size of grazing 

cattle. Australian Journal of Agricultural Research 24, 809-819. 

Trotter, M (2019) Precision livestock farming and pasture management systems. In 'Precision agriculture for 

sustainability.' (Ed. J Stafford.) pp. 421-459. (Burleigh Dodds Science Publishing) 

  


