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To meet the objectives of the Paris Agreement, which aims to limit the increase 
in global temperature to 1.5°C, significant greenhouse gas (GHG) emission 
reductions will be  needed across all sectors. This includes agriculture which 
accounts for a significant proportion of global GHG emissions. There is therefore 
a pressing need for the uptake of new technologies on farms to reduce GHG 
emissions and move towards current policy targets. Recently, precision livestock 
farming (PLF) technologies have been highlighted as a promising GHG mitigation 
strategy to indirectly reduce GHG emissions through increasing production 
efficiencies. Using Scotland as a case study, average data from the Scottish Cattle 
Tracing System (CTS) was used to create two baseline beef production scenarios 
(one grazing and one housed system) and emission estimates were calculated 
using the Agrecalc carbon footprinting tool. The effects of adopting various 
PLF technologies on whole farm and product emissions were then modelled. 
Scenarios included adoption of automatic weigh platforms, accelerometer-
based sensors for oestrus detection (fertility sensors) and accelerometer-based 
sensors for early disease detection (health sensors). Model assumptions were 
based on validated technologies, direct experience from farms and expert 
opinion. Adoption of all three PLF technologies reduced total emissions (kg 
CO2e) and product emissions (kg CO2e/kg deadweight) in both the grazing and 
housed systems. In general, adoption of PLF technologies had a larger impact 
in the housed system than in the grazing system. For example, while health 
sensors reduced total emissions by 6.1% in the housed system, their impact 
was slightly lower in the grazing system at 4.4%. The largest reduction in total 
emissions was seen following the adoption of an automatic weight platform 
which reduced the age at slaughter by 3  months in the grazing system (6.8%) 
and sensors for health monitoring in the housed system (6.1%). Health sensors 
also resulted in the largest reduction in product emissions for both the housed 
(12.0%) and grazing systems (10.5%). These findings suggest PLF could be an 
effective GHG mitigation strategy for beef systems in Scotland. Although this 
study utilised data from beef farms in Scotland, comparable emission reductions 
are likely attainable in other European countries with similar farming systems.
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1 Introduction

Discussions surrounding land use policies, aimed at achieving net 
zero, are intensifying globally. The net zero target is defined as the 
point at which “anthropogenic emissions are equal to anthropogenic 
removals” over a specified timeframe (IPCC, 2018). Therefore, 
reaching the target will require significant greenhouse gas (GHG) 
mitigation efforts. Many countries have already committed to 
achieving net zero, including some of the world’s biggest polluters – 
China (Government of China, 2021), the United  States 
(U.S. Department of State, 2021) and the European Union (European 
Commission, 2019). China have aimed to reach net zero by 2060, 
however, for the majority of countries, the target date is 2050. In some 
countries the target date for achieving net zero is even earlier. In 2019, 
Scotland introduced the Climate Change (Emissions Reduction 
Targets) Act, which brought forward the net zero target from 2050 
to 2045.

Agriculture accounted for 18% of Scotland’s total greenhouse gas 
(GHG) emissions in 2020, with most of these emissions coming from 
methane (CH4) from the enteric fermentation of ruminant animals 
and nitrous oxide (N2O) from soils following application of fertiliser, 
manure or animal excreta on pasture (National Atmospheric 
Emissions Inventory, 2023). Achieving net zero will therefore require 
significant emission reductions from agriculture and in particular 
livestock. According to the Scottish Government’s Climate Change 
Update Plan, agriculture must reduce its emissions by 31% from 2018 
levels by 2032.

There are several mitigation options available for farms to reduce 
their emissions, with many offering “win-win” solutions, whereby they 
not only reduce GHG emissions but also increase production 
efficiencies. Recently, precision livestock farming (PLF) technologies 
have been highlighted as a promising strategy to indirectly reduce 
GHG emissions by increasing production efficiencies (Balafoutis et al., 
2017). Precision Livestock Farming allows continuous automated 
monitoring to gather data which can aid farmers’ decision-making 
(Wathes et al., 2008). Precision livestock farming technologies have 
the potential to support reproductive management (e.g., early 
detection for oestrus) or disease management through prediction 
models which can highlight deviations from normal health, welfare of 
behaviour (Tullo et  al., 2019). Precision Livestock Farming can 
therefore aid management, improve animal health (Neethirajan, 
2017), improve welfare and production (Berckmans, 2014) and 
monitor or reduce GHG emissions (Hammond et al., 2016).

There are several types of PLF technologies, for example, 
accelerometer-based sensors can provide real-time data on feeding, 
rumination and activity in both housed and grazing cattle (Iqbal et al., 
2021; Nogoy et  al., 2022). Animal-mounted (neck, leg, or ear) 
accelerometer-based sensors can improve fertility through oestrus 
detection from changes in temperature or activity (Roelofs et al., 
2018). Efficient oestrus detection has the potential to decrease calving 
intervals, reduce heifer replacement rate and enhance genetic 
improvement (Nebel et al., 2011). In turn, this could improve overall 
efficiency and decrease GHG emissions per unit of product (i.e., meat 
from beef systems and milk from dairy systems). Accelerometer-based 
sensors have also been shown to allow early detection of disease and 
poor animal welfare through subtle changes in animal behaviour 
(Neethirajan, 2017; Chapa et al., 2020). Health sensors enable the 
detection of disease that may not be detected through traditional 

methods (Chapa et al., 2020; Bowen et al., 2021; Fan et al., 2022). The 
resulting reduction in morbidity and mortality could reduce GHG 
emissions per kg meat output. Another PLF technology which has the 
potential to reduce GHG emissions is automated monitoring of 
animal performance (i.e., liveweight). Automatic weigh platforms are 
fitted with electronic identification (EID) tag readers which identify 
individual animals and record animal weights every time they visit the 
feeder or water trough. These systems can be used both when housed 
and at grazing (where they can be powered by solar panels) (Brown 
et al., 2013; González et al., 2018). Automatic weigh platforms have 
the potential to reduce the age at slaughter by allowing animals to 
be selected for slaughter earlier than traditional methods, enabling 
more precise management of cattle nutrition and providing early 
indication of performance issues. Despite their various benefits, 
uptake of PLF technology remains low, particularly in beef systems 
(Makinde et al., 2022).

To date there have been no studies which have assessed the effects 
of PLF technologies on GHG emissions in beef systems. The aims of 
this work were to model the effects of adopting PLF technologies on 
whole farm and product emissions for both grazing and housed beef 
cattle. Using average data from the UK’s Cattle Tracing System (CTS), 
we demonstrate the realistic opportunities available for beef farmers 
to implement PLF technologies and reduce their GHG emissions.

2 Methods

To create two baseline farm scenarios for beef systems in Scotland, 
data were utilised from the UK Governments’ Cattle Tracing System 
(CTS). The CTS database contains details of all registered cattle births, 
deaths and movements in the UK (UK Government, 2023). Data were 
collated and average values were used to create one grazing and one 
housed baseline scenario, typical of those found in Scotland. Both 
scenarios were based on spring calving lowland suckler herds which 
finished animals on farm at 19–21 months. In the first baseline 
scenario (grazing), cattle were grazing for 6.7 months (56%) of the 
year and housed for 5.28 months (44%). In the second baseline 
scenario (housed), cattle were housed for 7.1 months (59%) of the year 
and grazed cattle for 4.9 months (41%). Although these scenarios are 
referred to as “grazing” and “housed,” it is important to note that 
neither system was exclusively grazing or exclusively housed. Diets 
were formulated by nutritionists from SAC Consulting to represent 
diets typical of those found in Scottish beef systems. Diets were 
formulated to provide 13% crude protein (CP) and 65% digestibility, 
consisting primarily of grass and grass silage, supplemented with 
barley and minerals. All calves received creep feed in both the housed 
and grazing scenarios so concentrate usage remained consistent. Full 
performance data for the grazing and housed baseline scenario can 
be found in Tables 1, 2. All manure was treated as farmyard manure 
(FYM) and all calves were finished on farm, for both baseline scenarios.

Baseline emission estimates were calculated using Agrecalc – a 
farm carbon calculator developed by Scotland’s Rural College 
(Agrecalc Ltd., Edinburgh). Agrecalc is aligned with ISO 14044 LCA 
guidelines and conforms to PAS2050 (2011) carbon footprinting 
standards. The system boundary of the tool is “cradle-to-gate,” and 
emissions are allocated on an economic basis. Agrecalc uses IPCC 
(2019) Tier 2 country-specific emissions calculations for all livestock 
enteric CH4 and N2O emissions from excreta deposited on grazing 
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land. All CH4 and N2O emissions from manure management and 
direct soil N2O emissions utilise IPCC (2019) Tier 2 emission factors 
(EFs). Indirect N2O emissions and N2O emissions from crop residues 
employ IPCC (2019) Tier 1 calculations. For inputs, energy use values 
were taken from figures published in the Greenhouse Gas Protocol 
(DEFRA, 2012). Embedded emissions for fertilisers were sourced 
from Fertilisers Europe (2018) which reported fertiliser emissions by 
region. Finally, for purchased feed, Agrecalc used the Dutch Feedprint 
database (Vellinga et al., 2013). Emissions were expressed as Carbon 
Dioxide equivalents (CO2e) using Global Warming Potential over 
100 years (GWP) from the fourth assessment report (AR4; IPCC, 
2007). This meant the GWP Value was 25 for CH4 and 298 for N2O 
(IPCC, 2007). Emissions were expressed as both whole farm emissions 
(kg CO2e) and emissions per unit of output (kg CO2e/kg dwt).

Scenarios were then created to assess the impact of various PLF 
technologies on GHG emissions of both baseline beef farms. Adoption 
of an automatic weigh platform, accelerometer-based sensors for 
oestrus detection (fertility sensors) and accelerometer-based sensors 
for early disease detection (health sensors) were modelled on both the 
grazing and housed systems. Model assumptions were based on data 
from validated technologies, direct observations and practical 
experience from farmers utilising the technology and expert 
knowledge and insights provided by consultants from SAC Consulting, 
Edinburgh.

Scenarios for both the grazing and housed system included the 
adoption of an automatic weight platform, which reduced age at 
slaughter by 1 month (RAS1) and 2 months (RAS2), the adoption of 
fertility sensors and the adoption of health sensors. An additional 
scenario, involving the adoption of an automatic weigh platform 
which reduced the age at slaughter by 3 months (RAS3), was modelled 
for the grazing system due to its initially higher baseline slaughter age. 
The assumptions of each scenario are listed below.

Automatic weigh platform
 1. Reduced age at slaughter by 1 month (RAS1)

Reduced killing out percentage (KO%) by 0.5% for both steers 
and heifers Live Weight Gain (LWG) increased by 0.05 kg/day 
to account for reduced age at slaughter.

 2. Reduced age at slaughter by 2 months (RAS2)
Reduced KO% by 1% for both steers and heifers.
LWG increased by 0.09 kg/day to account for reduced age 
at slaughter.

 3. Reduced age at slaughter by 3 months (RAS3) – grazing only
Reduced KO% by 1.5% for both steers and heifers.
LWG increased by 0.15 kg/day to account for reduced age 
at slaughter.
Final month of grazing prior to slaughter replaced with 
1 month of housing.

TABLE 1 Input data for all scenarios in the grazing system including baseline, adoption of automatic weigh platform which reduced age at slaughter by 
1 (RAS1), 2 (RAS2) and 3  months (RAS3), fertility sensors, and health sensors.

Farm info Baseline RAS1 RAS2 RAS3 Fertility sensors Health sensors

Suckler cows (hd) 91.83 91.83 91.83 91.83 92.58 92.33

Calves born (%) 86 86 86 86 90 90

Calves reared (%) 80 78 78 78 83 84

Replacement rate (%) 15 15 15 15 14 14

Age at calving (months) 36 36 36 36 24 36

Cow weight (kg) 700 700 700 700 680 700

Age at weaning (months) 220 220 220 220 220 220

Age at slaughter (months) 21 20 19 18 21 18

Steer sale weight (kg) 652 654 653 648 652 681

Steer sales (hd) 40 40 40 40 42 43

Steer KO% 56 55.5 55 54.5 56 55

Steer LWG (kg/day) 0.94 0.99 1.04 1.09 0.94 1.1

Heifer sale weight (kg) 589 594 590 594 589 615

Heifer sales (hd) 25 25 25 25 28 29

Heifer KO% 56 55.5 55 54.5 56 55

Heifer LWG (kg/day) 0.85 0.9 0.94 1 0.85 1.01

Cow sale weight (kg) 700 700 700 700 680 700

Cow sales (hd) 13 13 13 13 13 12

Cow KO% 56 56 56 56 56 56

Deaths (hd) 8 8 8 8 7 6

Total deadweight (kg) 27,961 27,857 27,575 27,316 29,521 29,859

Total concentrates (t) 7.61 7.61 7.61 7.61 7.98 8.09

N fertiliser (t ammonium nitrate 34%) 57.27 55.16 52.86 51.37 54.17 52.9
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Fertility sensors
Increase in calves born (4%) and reared (3%).
Decrease in replacement rate of 1%.
Age at first calving reduced to 24 months.
Cow weight decreased by 20 kg.

Health sensors
Increase in calves born (4%) and reared (4%).
Decrease in replacement rate of 1%.
Two fewer deaths (steer and heifer youngstock).
Reduced KO% by 1% for both steers and heifers.
LWG increase by 0.16 kg/day for both steers and heifers.

A full list of input data for all scenarios for both systems can 
be found in Tables 1, 2.

3 Results

In both the grazing and housed baseline scenarios, the 
primary sources of emissions were enteric CH4, followed by N2O 
from soils and embedded emissions from fertiliser production 
(Figures  1, 2). The grazing system had slightly higher total 
baseline emissions (1,068,199 kg CO2e) than the housed system 

(1,050,648 kg CO2e). Carbon dioxide (CO2) emissions from inputs 
were higher in the housed system (with the exception of bedding) 
than in the grazing system, however, enteric CH4 and N2O 
emissions were higher in the grazing system. Product emissions 
between the grazing and housed system were very similar at 
38.20 kg CO2e/kg dwt and 38.14 kg CO2e/kg dwt, respectively 
(Table 3).

Adoption of all three PLF technologies resulted in a decrease in 
both total emissions (Figures 1, 2) and product emissions (Table 3) 
in both grazing and housed systems. Utilising an automatic weigh 
platform, which reduced the age at slaughter, reduced both total 
emissions and product emissions more in the housed system 
(Figure  2) than in the grazing system (Figure  1). As the age at 
slaughter was decreased following the adoption of an automatic 
weigh platform, total emissions and product emissions decreased 
linearly in both grazing and housed systems. The scenario in which 
the automatic weigh platform reduced age at slaughter by 3 months 
had the biggest reduction in total emissions (6.8%) in the grazing 
system (Figure 1).

Fertility sensors also reduced total emissions more in the housed 
system (Figure 2) than in the grazing system (Figure 1). However, 
fertility sensors reduced product emissions slightly more in the grazed 
system than in the housed system (Table 3). Health sensors had the 
largest reduction in total emissions in the housed system (6.1%, 

TABLE 2 Input data for all scenarios in the housed system including baseline, adoption of automatic weigh platform which reduced age at slaughter by 
1 (RAS1) and 2  months (RAS2), fertility sensors, and health sensors.

Farm info Baseline RAS1 RAS2 Fertility sensors Health sensors

Suckler cows (hd) 91.83 91.83 91.83 92.33 92.33

Calves born (%) 86 86 86 90 90

Calves reared (%) 80 80 80 80 80

Replacement rate (%) 15 15 15 15 15

Age at calving (months) 36 36 36 24 36

Cow weight (kg) 700 700 700 700 700

Age at weaning (months) 220 220 220 220 220

Age at slaughter (months) 19 18 17 19 17

Steer sale weight (kg) 641 637 654 641 654

Steer sales (hd) 40 40 40 42 43

Steer KO% 56 55 55 56 55

Steer LWG (kg/day) 1.02 1.07 1.10 1.02 1.10

Heifer sale weight (kg) 578 583 579 578 579

Heifer sales (hd) 25 25 25 28 29

Heifer KO% 56 55 55 56 55

Heifer LWG (kg/day) 0.92 0.98 1.03 0.92 1.03

Cow sale weight (kg) 700 700 700 680 700

Cow sales (hd) 13 13 13 12 12

Cow KO% 56 56 56 56 56

Deaths (hd) 8 8 8 8 8

Total deadweight (kg) 27,550 27,537 27,550 28,713 29,854

Total concentrates (t) 7.61 7.61 7.61 7.98 8.09

N fertiliser (t ammonium nitrate 34%) 60.27 57.58 55.43 57.72 56.78
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FIGURE 1

Comparison of total farm emissions (kg CO2e) in the baseline grazing beef system and the subsequent impact of adopting an automatic weigh 
platform which reduced age at slaughter by 1 (RAS1), 2 (RAS2) and 3  months (RAS3), fertility sensors, and health sensors. Percentages represent 
emission reductions relative to the baseline.

FIGURE 2

Comparison of total farm emissions (kg CO2e) in the baseline housed beef system and the subsequent impact of adopting an automatic weigh 
platform which reduced age at slaughter by 1 (RAS1) and 2  months (RAS2), fertility sensors, and health sensors. Percentages represent emission 
reductions relative to the baseline.
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Figure 2) but a smaller reduction in total emissions in the grazing 
system. Heath sensors also resulted in the largest reduction in product 
emissions for both the housed (12.0%) and grazing systems (10.5%, 
Table 3).

4 Discussion

To evaluate the impacts of PLF technologies on GHG emissions, 
it is crucial to firstly establish an accurate baseline level of emissions. 
In this study, we utilised the government’s CTS database to create 
baseline scenarios which were representative of average beef farms 
found in Scotland. As expected, average CTS data for both grazing and 
housed systems produced product emissions which were comparable 
with the normal ranges cited in literature (Edwards-Jones et al., 2009; 
Jones et al., 2014; Beattie, 2022). Total emissions were slightly higher 
in the grazing baseline scenario than in the housed. This difference 
was likely due to cattle in the grazing system taking (2 months) longer 
to finish and were therefore on farm longer, emitting more CH4 and 
N2O. However, the housed system had higher CO2 emissions 
associated with inputs such as fertiliser and feed. Product emissions 
were comparable in the grazing and housed systems. Although cattle 
in the grazing system took longer to finish, leading to higher total 
emissions, the sale weights of their steers and heifers were greater, 
resulting in a larger output for their emissions to be spread across.

Adoption of PLF technologies which reduced age at slaughter, 
improved fertility and improved health, reduced total emissions and 
product emissions in all scenarios in both the grazing and housed 
systems. These results are unsurprising, given that it is widely 
acknowledged that emissions from livestock are strongly influenced 
by factors such as animal efficiency, fertility, and health (Kumari et al., 
2020). In general, adoption of PLF technologies had a larger impact in 
the housed system, both in terms of total emissions and product 
emissions. This could be attributed to the apparent higher baseline 
efficiency of the housed system, which had higher daily LWG and 
therefore finished cattle quicker. Although few studies have focused 
specifically on beef cattle, research in other species has indicated that 
PLF technologies have the potential to reduce emissions. For example, 
a recent study by Ferguson et al. (2024) found that fertility sensors 
reduced both total emissions (1.03–1.42%) and product emissions 
(1.94–2.78%) in three different Scottish dairy systems. Their modelling 
also found that health sensors reduced product emissions in all 
scenarios (6.36–6.62%) but slightly increased total emissions in two 
scenarios (0.16–0.43%) due to the increase in stock numbers from 
reduced morbidity and mortality. Another study by Pardo et al. (2022) 
estimated an 11% reduction in GHG emissions in dairy goat systems 

following the implementation of a PLF-platform which provided 
on-farm monitoring of individual animals through a smart phone.

Implementation of an automatic weigh platform which reduced 
age at slaughter by 3 months and increased daily LWG had the largest 
reduction in total emissions in the grazing system (6.8%, Figure 1). 
Automatic weigh platforms highlight performance issues and enable 
earlier selection for slaughter. With cattle spending less time on farm, 
there was a decrease in livestock CH4 and N2O emissions as well as a 
reduced demand for feed and fertiliser. There is limited research 
specifically evaluating the impact of PLF on GHG emissions, however, 
many studies have highlighted the emissions reductions possible 
through improvements in productivity. Flachowsky (2011), for 
example, reported that emissions from beef cattle could be reduced by 
70% if cattle gained 1.5 kg/day compared to 1.0 kg/day. Although not 
directly measuring or modelling GHG emissions, there is extensive 
research on the impact of these PLF technologies on production 
efficiencies. Segerkvist et al. (2020) found frequent weighing from an 
automatic weighing station in dairy steers could provide early 
detection for weight gain abnormalities and therefore opportunities 
for disease detection. However, Segerkvist et al. (2020) found that 
there were only 0.71 usable weights per animal per day, likely due to 
more than one animal standing on the platform at once or if an animal 
has only two legs on the platform (Brown et al., 2013). This is likely a 
limitation of the platform assessed in this particular study, and 
unlikely a problem associated with commercially available solutions 
which have undergone robust assessment.

When comparing the product emissions of each scenario, health 
sensors had the largest reduction in both the grazing (10.5%) and 
housed systems (12%, Table 3). While health sensors led to an increase 
the number of calves reared, they also increased daily LWG and 
decreased replacement rates, resulting in a reduction in slaughter age 
and an increase in output. Although no studies have specifically 
evaluated the effects of health related PLF technology, the emission 
reductions found in this study were higher than others which 
modelled the effects of improvements in health on GHG emissions. 
For example, ADAS (2014) estimated a 6% reduction in GHG 
emission intensities in beef cattle following a 50% shift from the 
baseline towards a healthy cattle population. This reduction was 
primarily attributed to lower replacement rates (19%) and a reduction 
in mortality and morbidity, resulting in 28% fewer cows needed. 
However, the effects of these improvements in health will be highly 
dependent on the initial health status of the herd. Accelerometer-
based sensors like those evaluated in this study have the potential to 
provide early detection of disease and lameness which can reduce the 
associated production losses. For example, de Mol et  al. (2013) 
developed a model which automatically detected lameness in dairy 

TABLE 3 Comparison of product emissions in the baseline grazing and housed system and the subsequent impact of adopting an automatic weigh 
platform which reduced age at slaughter by 1 (RAS1), 2 (RAS2) and 3  months (RAS3), fertility sensors, and health sensors.

Product emissions (kg CO2e/kg dwt)

Baseline RAS1 RAS2 RAS3 Fertility collar Health collar

Grazing 38.20 37.65 36.99 36.45 35.00 34.19

(−1.4%) (−3.2%) (−4.6%) (−8.4%) (−10.5%)

Housed 38.14 36.89 36.24 – 35.02 33.58

(−3.3%) (−5.0%) – (−8.2%) (−12%)

Percentages represent emission reductions relative to the baseline emissions.

https://doi.org/10.3389/fsufs.2024.1414858
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


McNicol et al. 10.3389/fsufs.2024.1414858

Frontiers in Sustainable Food Systems 07 frontiersin.org

cattle from accelerometer data with 88.5% sensitivity and 88.8% 
specificity based on seven activity variables including lying time, lying 
bouts, maximum and average length of lying bout, maximum and 
average length of standing bout and number of steps. Again, while 
GHG emissions were not directly measured or modelled in these 
studies, these increases in production efficiencies would result in a 
reduction in emissions per kg output (Hristov et al., 2013; Grossi 
et al., 2019).

The variation seen in the reduction of total emissions and product 
emissions in the grazing scenarios highlights an important issue 
whereby the most efficient farms or scenarios in terms of product 
emissions are not always those with the lowest total emissions. For 
example, while reducing the age at slaughter resulted in the greatest 
reduction in total emissions in the grazing system, it also led to a 
decrease in total deadweight and therefore did not affect product 
emissions to the same extent. Conversely, adoption of health sensors 
had the largest reduction in product emissions. However, due to the 
increased number of calves reared and higher sale weights, total 
emissions did not have the same level of reduction. This holds 
particular significance because although food production must 
be  increased to feed a growing population, efficiency gains must 
be achieved sustainably to avoid an increase in total emissions (Costa 
et  al., 2022). If production efficiencies were increased, it is likely 
farmers would increase their stock numbers, resulting in an increase 
in total emissions. This poses a challenge to current policy targets such 
as the net zero by 2045 target, which is defined as the point in which 
“anthropogenic emissions are equal to anthropogenic removals.”

Fertility sensors which increased the number of calves reared, 
decreased replacement rates and reduced age at first calving, were the 
second most effective PLF technology at reducing product emissions 
in both grazing (8.4%) and housed (8.2%) scenarios (Table 3). As 
mentioned above, the corresponding reduction in total emissions may 
not have been as high due to the increase in calves reared. Extensive 
research has been conducted on fertility sensors, particularly on their 
ability to enhance production efficiencies (Tzanidakis et al., 2023). 
Effective oestrus detection can shorten calving intervals and reduce 
the period in which cows are unproductive, reduce the number of 
cows culled due to failed conception and increase milk yields (Pfeiffer 
et al., 2020). For example, modelling by Rutten et al. (2014) found 
oestrus detection through an activity meter led to a shorter calving 
interval of 403 days and higher average annual milk production of 
1,043,398 kg, when compared to visual oestrus detection which had a 
calving interval of 419 days and average annual milk production of 
1,032,278 kg. However, the effects of implementing fertility sensors 
will be highly dependent on the pre-existing level of fertility on farm 
(Adenuga et  al., 2020; Baruselli et  al., 2023). As with the other 
technologies, limited research exists specifically on the effect of 
fertility sensors on GHG emissions, however, numerous studies have 
highlighted the emissions reductions possible through improvements 
in fertility (Smith et al., 2016). For example, Cullen et al. (2016) found 
beef herds with high reproductive performance had GHG emissions 
intensities that were 28 and 22% lower than typical herds in two 
different areas of Australia.

Despite many PLF technologies offering “win–win” solutions 
whereby they increase production efficiencies as well as reduce GHG 
emissions, uptake remains low in the beef and sheep sectors (Groher 
et al., 2020). One possible reason for this low uptake is the lack of 

perceived benefit of PLF technologies amongst some farmers (Lima 
et al., 2018; Makinde et al., 2022). Therefore, improved knowledge 
exchange and communication of the benefits of PLF technologies, 
both in terms of production efficiency and GHG mitigation could 
be key to increasing their adoption (Lima et al., 2018). Research like 
the current study, which clearly demonstrates the additional benefits 
of PLF technology adoption, could play a crucial role in accelerating 
their adoption, particularly if GHG mitigation was incentivised. 
However, even if technology is adopted, it does not always guarantee 
that technology will be utilised effectively (Schillings et al., 2021). 
Consequently, emission reductions from PLF may fail to reach their 
maximum technical potential.

As with most modelling work, some appropriate assumptions had 
to be made on the effects of the PLF technologies evaluated. Although 
these assumptions were based on the best available knowledge and 
expert opinion, there could still be an over- or under-estimation in the 
emission reductions possible following adoption. In future, a full 
sensitivity analysis should be performed to assess the effect of altering 
assumptions on the resulting GHG emission estimates. The validation 
of commercially available PLF tools is rarely subject to peer review, 
and there are limited studies which evaluate their effectiveness in 
increasing production efficiencies or reducing emissions. Therefore, 
more peer-reviewed studies are required to establish the efficacy of 
PLF technologies to enable more accurate modelling assumptions to 
be made. Moreover, this study was based on average data, which does 
not necessarily reflect the heterogeneity in the beef sector. Therefore, 
the emission reductions reported in this study could be significantly 
higher in some farms and lower in others.

The current study did not consider the range of socio-economic 
drivers and barriers to the uptake of PLF measures. While the 
significant initial costs of many PLF technologies are evident, there is 
a lack of data regarding the return on investment and net economic 
cost of these technologies (Banhazi et al., 2012). PLF has the potential 
to reduce costs through various means, including improvements in 
production efficiencies and therefore yields, reduced costs associated 
with disease and reduced labour costs (Hogeveen and Steeneveld, 
2013). The multi-faceted nature of these factors makes it challenging 
to accurately calculate the net cost of PLF technologies. Similarly, the 
social implications of PLF technologies are hard to measure and can 
significantly influence how successful a technology will be. For 
example, Kamphuis et al. (2015) highlighted that automated milking 
systems (AMS) are the most widely adopted PLF technology globally, 
despite several studies indicating that AMS may result in unfavourable 
economic outcomes compared to conventional systems. Nevertheless, 
adoption is still high due to the reduction in labour and greater 
flexibility in working hours. Future work should account for these 
socio-economic implications, as they could substantially influence the 
maximum technical abatement potential of such measures.

5 Conclusions

This preliminary assessment has uniquely demonstrated the 
potential emission reductions which could be  achieved by 
implementing various PLF technologies on beef farms in Scotland. All 
PLF technologies evaluated in this study including automatic weigh 
platforms, fertility sensors and health sensors resulted in a reduction 
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in both total emissions and product emissions in grazing and housed 
systems. These finding suggest that PLF could be a promising GHG 
mitigation strategy for beef systems in Scotland and could therefore 
help the sector meet current environmental targets. Although this 
study utilised data from beef farms in Scotland, comparable emission 
reductions are likely attainable in other European countries with 
similar farming systems.

While the assumptions made in this modelling were based on best 
available knowledge, more peer-reviewed studies are needed to 
evaluate the effects of implementing PLF technologies on production 
efficiencies and GHG emissions. As a result, it is possible the estimated 
abatement potentials in this study could be over- or under-estimated. 
Despite most PLF technologies representing “win–win” solutions, the 
uptake of PLF remains low in beef systems. While it is well 
documented that PLF can increase production efficiencies, 
demonstrating their additional benefits (i.e., reducing GHG emissions) 
could accelerate the adoption of these measures.
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