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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• European grassland sheep production 
must be carbon and resource efficient to 
meet environmental, rural and societal 
needs. 

• Labour, carbon and economic data were 
collected for farm case studies model
ling of different sheep management 
strategies. 

• Sheep performance recording and arti
ficial insemination are strategies bene
ficial to farm carbon efficiency and 
economics. 

• Prolific breeds increased economics 
with no extra labour or carbon, and 
technology reduced labour and 
increased economics. 

• Ewe prolificacy, breeding management 
and/or technology adoption can 
improve carbon and farm labour 
efficiency.  
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A B S T R A C T   

CONTEXT: Sheep production systems need to become more carbon efficient to meet growing public demands on 
climate change. Some of the ways postulated to achieve this is to implement new technologies and management 
strategies such as precision livestock farming (PLF), increased use of high genetic merit animals with estimated 
breeding values through artificial insemination (AI) where practical, and the use of prolific breeds. However, the 
carbon footprint impact of these strategies has not to-date been quantified. Additionally, international experience 
indicates that uptake of such strategies is low due, in part, to the perception of increased workload especially 
during busy periods of the sheep year. 
OBJECTIVES: This trans-European study investigates the impact of differing sheep management strategies on 
farm labour input, carbon footprint as well as the on-farm profitability, to address these concerns. 
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METHODS: Four management strategies were considered i) use of technology (PLF), ii) use of performance 
recording for higher genetic merit, iii) use of AI for higher genetic merit and iv) and use of prolific breeds, in 14 
case study flocks located in areas typical of Northern European grassland sheep production systems across 
Scotland, France, Ireland and Norway. For each management strategy, paired case study flocks were identified. 
Labour was assessed at key handling events using video recording, farmers’ diaries, and questionnaires, which 
were later quantified and classed into key tasks to create normalised labour profiles for each case study flock. The 
carbon footprint was quantified using a carbon calculator tool (www.agrecalc.com). Financial net margins were 
calculated. 
RESULTS AND CONCLUSIONS: Results highlighted that introducing PLF technology on extensive farms reduced 
labour by 20% and increased economic margins by £9/ewe but with a concurrent increase in carbon emissions 
(kg CO2e/ kg of meat produced). Using performance recording on sheep farms for achieving higher genetic merit 
increased economic margins by £6/ewe, and reduced carbon emissions (kg CO2e) per kg of meat produced but 
resulted in 10% extra labour. AI on farms increased economic margins by £50/ewe, did not incur extra labour 
and increased carbon efficiency in terms of kg CO2e/kg meat produced. Finally, high prolific breeds did not 
significantly increase labour input at key handling events and resulted by higher economic margins (+£3/ewe), 
without a change in terms of kg CO2e/kg meat produced. 
SIGNIFICANCE: These novel case studies clearly illustrate it is possible to increase carbon and labour efficiency 
by adopting technology, changing breeding management or ewe breed on sheep farms.   

1. Introduction 

There are approximately 86 million sheep on 850,000 sheep farms, 
in the European Union (EU), representing 14% of livestock farms 
(Eurostat, 2019). Many of these farms are found in challenging climatic 
and topographical environments, often referred to as ‘Less Favoured 
Areas’ (LFAs), which are unsuitable for any alternative type of agricul
ture (LFA - Article 2 of EU Council Directive No. 75/268/EEC). Addi
tionally, sheep farms in these areas are very much part of the landscape, 
traditions, and cultural heritage, and can be an important source of 
employment (Morgan-Davies et al., 2015). The high-quality traditional 
products they yield are broadly recognised as the result of developing a 
sustainable and multifunctional form of agriculture that contributes to 
preserving the environment and social cohesion in rural areas (Rossi, 
2017). 

However, despite its predominant role, the sheep population in 
Europe has been in steep decline since the 2000s (Eurostat, 2019) and 
the industry faces many challenges. Along with the increasing focus on 
the impact that livestock has on the environment in terms of GHG 
emissions, the industry must also find solutions to a) increase production 
efficiency and profitability and b) speed up the rate of technology 
development and adoption in order to compete successfully in the future 
(Montossi et al., 2013). Labour and production efficiency are therefore 
crucial areas for consideration. Although sheep farms employ around 
1.5 million people on a regular basis, representing 7% of the 22 million 
people working regularly on EU farms, the level of income per annual 
labour unit is lower than for other types of livestock farms (Rossi, 2017). 
Livestock farming is also becoming less attractive to the younger gen
eration or new entrants (Madelrieux and Dedieu, 2008). As such, the 
lack of skilled labour available to manage larger flocks is becoming a 
common theme in many areas. 

The EU plans a long-term strategy to reach the goal of carbon 
neutrality by 2050 (EU Commission, 2019). The successful management 
of agricultural Greenhouse Gas (GHG) emissions presents a substantial 
challenge to the scientific, commercial and policy sectors (Jones et al., 
2014a). Changes in management strategies and production intensity are 
often stated as potential methods to reduce the GHG emissions from 
small ruminants to mitigate climate change (Kumar et al., 2014; Marino 
et al., 2016). The ability to identify sheep production systems and 
strategies with the lowest carbon footprint, to offset any future policy 
changes whilst maintaining farm efficiency and profitability, is essen
tial. Amongst these strategies, research has shown that the profitability 
and efficiency of sheep production systems can be increased through the 
use of prolific breeds (Swan, 2009; Bohan et al., 2018), genetic selection 
indices (Lambe et al., 2014; Gibbons et al., 2019), and Precision Live
stock Farming (PLF) tools (Morgan-Davies et al., 2018). However, the 

impact that these strategies can have on a farm’s carbon footprint are, to 
date, relatively unknown. 

One of the major impediments to the implementation of these stra
tegies on-farm is the lack of suitably skilled labour and its optimisation. 
The quantification of workloads on livestock farms has been studied 
previously and various methods have been proposed (Dedieu et al., 
2000; Dieguez et al., 2010), but few have considered those associated 
with different sheep production management systems. There is therefore 
an opportunity for on-farm labour requirements to be rationalised and 
for farm performance to be improved by quantifying the implementation 
of new management strategies. Further, some impacts of climate change 
could be mitigated by applying the scientific knowledge and techno
logical capabilities included in these management strategies. Such 
quantification would be invaluable for the sheep production industry 
and wider society. 

This paper presents results from a transnational project investigating 
the impacts on farm labour input, farm profitability and carbon footprint 
of four differing management strategies: i) use of technology/PLF tools, 
ii) use of performance recording for higher genetic merit, iii) use of 
Artificial Insemination (AI) for higher genetic merit and iv) use of pro
lific breeds. Case studies in Scotland, Ireland, France and Norway were 
carried out, as sheep farming systems in these areas are typical of 
Northern European grassland sheep production systems, where the 
majority of the utilised agricultural areas are classed as grassland and 
used for livestock grazing (80%, 78%, 44% and 80% for Scotland, 
Ireland, Norway and French Basque region, respectively; Eurostat, 2019; 
Guicheney and Ballan, 2015). 

2. Material & methods 

2.1. Case studies and focus flocks 

A large proportion of sheep production systems in Europe is 
grassland-based, often found at the periphery or in mountainous areas 
(Eurostat, 2019). In Northern Europe in particular, sheep systems are 
located on permanent grasslands of various quality, with similar cli
matic (temperate and oceanic) or geographical (mountainous) condi
tions. They rely on seasonal and skilled labour and are embedded in the 
social and cultural fabric of these often very rural or remote areas. In this 
context, our case studies were conducted in three northern European 
areas (West of Ireland, Scotland and Norway) and one western mountain 
area (Eastern Pyrenees – French Basque region). Whilst the Scottish, 
Irish and Norwegian sheep flocks were associated with meat production, 
the French Pyrenees case study focussed on milk production for PDO 
cheese making. All case study flocks were grassland-based, with the 
Norwegian and French flocks relying on seasonal summer grazing in the 
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mountains. 
The four differing sheep management strategies were associated with 

1) the use (or not) of PLF; 2) the use (or not) of performance recording 
(PR); 3) the use (or not) of AI; and 4) the use (or not) of prolific breeds 
(PB). For each strategy, case studies were conducted in different coun
tries (Table 1) with paired case study flocks. 

The case study flocks were on commercial farms. They were selected 
through the authors’ professional networks, using the following criteria 
for selection: i) management strategies in place on the farm, ii) similar 
geographical locations for the paired farms, iii) similar husbandry con
ditions (e.g., flock size, buildings and pasture use, breed, etc.), and iv) 
willingness of the farmer to engage in the project for the duration. Using 
a paired flocks or sites approach has been used in other studies (Pollock 
et al., 2013) and is useful to gauge the impact of management strategies 
at farm level. 

The characteristics of the case study flocks are presented in Table 1. 
The Scottish flocks were situated in the West of Scotland, in the southern 
Highlands. They were extensive (600 to 1470 ha) with a low stocking 
density (between 0.5 ewe/ha and 1 ewe/ha) and grazed outside 
throughout the year. The Irish flocks were situated in Western Ireland 
and were semi-intensive (38 to 45 ha) with a higher stocking density 
(between 7.1 and 12.0 ewe/ha). Animals grazed outside for part of the 
year and were only housed for 3 months around lambing time (January 
to March). The Norwegian flocks, situated in the North West of Oslo, 
were a mixture of extensive and semi-intensive (130 to 520 ha) with a 
lower stocking density (between 0.3 and 1.5 ewe/ha). However, animals 
were housed during winter and were sent away for 3 months in the 
mountains for summer grazing (transhumance) on large areas (7000 
ha). The French flocks were situated in the south of France, in the Basque 
region. Although the French flocks were milking flocks, they were a 
mixture of intensive and semi-extensive. The farm areas varied between 
26 and 31 ha, with some access to summer grazing (up to 100 ha). The 
stocking density was around 10 ewes/ha (9.6 to 10.3 ewe/ha). Animals 
were housed during the winter and sent away in the mountains for 
summer grazing (transhumance). 

In Scotland, flocks using PLF had access to an auto-drafter weigh 
crate with an electronic identification (EID) reader, which was used for 
flock management and animal drafting at the major handling events. 
The non-PLF flocks used manual weigh crates at handling events and did 
not utilise any EID information. Ewes in the PLF flocks were retained 
based on their individual performance, whilst ewes in the non-PLF were 
replaced after 4 lambings (at 5.5 years old, a traditional practice in 
Scottish mountain type flocks). PR flocks in Scotland used rams with 

Estimated Breeding Values (EBV) in single-sire mating groups, recorded 
lamb pedigrees at lambing, and collected live weights and ultrasound 
back-fat and muscle information when required during the year. The 
non-performance recording (Non-PR) flocks used multiple-sire mating 
groups, and did not individually record lamb information at lambing, 
nor did they perform ultrasound scanning to assess back-fat and muscle 
information. They did, however, collect ewe weights at key handling 
points. In France, the flocks using AI were part of a large-scale breeding 
scheme using fresh ram semen (Centre Départemental de l’Elevage Ovin 
– CDEO), with technicians coming onto the farms to perform cervical 
insemination to a synchronised oestrus. These flocks were also milk 
recording. The non-AI flocks used natural mating. For the prolific 
breeds, the Norwegian and Irish flocks were either using High Prolific 
breeds or Medium Prolific breeds. The degree of prolificacy also varied 
by country (the Norwegian flocks had higher prolificacy than the Irish). 
Both Norwegian flocks in which breed prolificacy was compared used 
shot-in-the-dark AI with frozen-thawed semen, performed by the 
farmers themselves to a natural oestrus. This is a routine practice in 
Norway, with acceptable pregnancy rates due to the breed of the ewes 
used in Norway compared to elsewhere (Fair et al., 2019). Irish flocks 
used natural mating for high and medium prolific breeds. 

2.2. Carbon efficiency measurement 

The management strategies have been evaluated for their carbon 
footprint using a carbon calculator tool developed by the SAC Consul
ting division of Scotland’s Rural College (www.agrecalc.com). 

There are various models for measuring carbon footprint, which 
range in complexity and emissions considered (Rotz, 2018). They often 
include constant emission factors, variable process-related emission 
factors (Rotz et al., 2014), empirical or statistical models, mechanistic 
process simulations, and life cycle assessment (Rotz and Thoma, 2017). 
Life cycle assessments need a defined reporting methodology and may 
require a higher level of input data compared to GHG calculators 
(Whittaker et al., 2013). Moreover, to fully characterise farm emissions, 
models representing the various emission sources must be integrated to 
capture the combined effects and interactions of all-important compo
nents. One such method is the ‘agricultural resource efficiency calcu
lator’ (AgRECalc©) which shows the quantity of GHG emissions 
produced from routine farm activities, highlighting areas where changes 
can be made that, when implemented, could reduce emissions (Sykes 
et al., 2017). This calculator was developed using Intergovernmental 
Panel on Climate Change (IPCC, 2006) Tier II calculations and Tier I 

Table 1 
Case study flock characteristics across 4 northern European countries. The management strategies were: with or without the use of: Precision Livestock Farming (PLF; 
Scotland), performance recording (PR; Scotland), Artificial Insemination (AI; France) and prolific (Medium or High) ewe breeds (Ireland and Norway).  

Case study 
flock 

Country Number of 
sheep 

Main sheep 
breed$ 

Type of 
farm 

Area 
(ha) 

Weaning rate* (%)/Milk yield (l/ 
ewe/year) 

Number of. permanent/casual labour 
(persons) 

PLF1 Scotland 620 SBF mountain 600 90 1/1 
PLF2 Scotland 450 SBF mountain 630 78 3/1 
Non-PLF Scotland 450 SBF mountain 630 83 3/1 
PR1 Scotland 1450 SBF mountain 1470 85 1/3 
PR2 Scotland 200 SBF mountain 630 107 3/1 
Non-PR Scotland 360 SBF mountain 670 47 3/1 
AI1 France 630 MTN upland 64 308 4/1 
AI2 France 250 MTR mountain 26 210 2.5/0 
Non-AI1 France 290 MTR mountain 28 280 2/0 
Non-AI2 France 300 MTN mountain 31 170 1/0 
HP-IR Ireland 320 BxS lowland 45 170 1/5 
MP-IR Ireland 455 Sx lowland 38 150 2/3 
HP -NO Norway 200 NW mountain 7130 220 1/0 
MP-NO Norway 165 Sp mountain 7520 190 2/1 

PLF = Precision Livestock Farming; PR = Performance Recording; HP-IR = High Prolific Ireland; MP – IR = Medium Prolific Ireland; HP – NO = High Prolific Norway; 
MP – NO = Medium Prolific Norway; AI = Artificial Insemination. 

$ SBF=Scottish Blackface; BxS = Belclare x Suffolk; Sx = Suffolk cross; NW = Norwegian White; Sp = Spaelsau; MTN = Manech Tête Noire; MTR = Manech Tête 
Rousse. 

* Weaning rate for the French flocks is not shown as the milking flocks do not focus on or record lamb production indicators, but milk yield is presented instead. 
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methodology, and emission factors from Kool et al. (2012). 
AgRECalc© determines on-farm emissions per unit of output (SAC, 

2019), which is one of the most meaningful comparisons when consid
ering food production. AgRECalc© is industry focused and well suited to 
comparisons of farm management changes such as those investigated. 
Input data for AgRECalc© calculations were collected from farmer 
questionnaires for each flock under study, covering the breeding year 
between November 2016 to November 2017. The questionnaire was 
translated into French for the case studies in France. For the Norwegian 
farmers, the questionnaire was kept in English, as they understood the 
language. 

Data collected covered:  

• Land and crops, grass and forage (area, productivity, fertiliser 
applied)  

• Livestock numbers, weights and fate (sold, dead)  
• Energy used, renewable energy produced, and waste produced. 

2.3. Labour measurement 

2.3.1. Farm labour questionnaire 
To explore the labour input for each case study flock, a questionnaire 

covering the whole farm activities was devised and adapted to each 
country. Two main areas were covered: 1) labour profile for the farm for 
the whole year, and 2) farm characteristics. 

Once they had been selected, farmers were interviewed by the au
thors at the start of the project to explore their labour input. The farm 
labour questionnaire was not applied at the same time as the AgRECalc© 
questionnaire. 

The labour profile listed i) each key sheep year activity or event and 
covered seasonal tasks (namely mating, winter feeding, mid-pregnancy 
scanning, lambing, marking, shearing, weaning, post-weaning, ewe se
lection, lamb sales) rather than daily tasks; the only exception being 
milking, ii) the number of people required for these activities, and iii) 
the type of tasks undertaken during these key activities (e.g. weighing, 
sorting animals, feeding, recording, gathering, etc.). The key events 
varied according to country and the management strategy (Table 2). 
Further description of the key activities is presented in Table 3. 

The farm characteristics covered the farm itself (area of the farm, the 
number and type of animals and the facilities), the labour available 
(number of permanent, casual, family labour at different times of the 
year), and the animals (breeds, numbers and performance data). 

2.3.2. Sample days 
Once the questionnaire had been completed, sample days for 

recording were chosen, in agreement with the farmer. The main criteria 
for choosing the sample days was a typical key handling day or event. 
The days for labour recording at each key event was decided by the 
farmer. For example, at lambing, between 2 and 5 sample days were 
chosen, to cover the start, middle and end of lambing, to represent the 
variation in the number of lambs being born during the whole period 
(Table 4). 

Small video action cameras (GoPro HERO™, GoPro, Inc. USA) were 
used to record labour on these sample days (either attached to the 
farmer or attached to a vantage point in the sheep shed). All the farmer’s 
tasks were recorded, even if not related to sheep management. Sample 
day paper diaries were also used as back up. A social science ethics 
protocol covering General Data Protection Regulation (GDPR) issues, 
image property and privacy rights was established, with consent forms 
given to each participating farmer prior to the sample days recording. 

Recordings were collected throughout the sheep year, covering the 
2017/2018 period. In the case of the French case studies, recordings 
were collected over the 2018/2019 sheep year, due to their sheep year 
starting in June with AI. When a key handling day was missed, another 
day (covering the same handling event) during the same year or the 
following year, was chosen. Any missing data for these sample days was 

estimated and scaled using SRUC Hill & Mountain Research Centre 
existing labour data (Morgan-Davies et al., 2018). 

2.3.3. Data classification 
Video footage was analysed, and the labour categorised into tasks 

and sub-tasks following methods presented by Kirwan (2009) and 
Morgan-Davies and Robertson (2016). This was to determine total 
quantities and proportion of time spent on different tasks throughout 
each key event. The number of workers for each task or sub task was 
taken into account for labour quantification and scaled to 1 worker. 
Footage was classified into 12 main tasks (AI, driving, ewe tasks, 
feeding/watering, lamb tasks, non-sheep tasks, opening/shutting gates, 
preparation, shearing, shed tasks, walking, others) and within these task 
groups were sub-tasks (Supplementary Table 1). Total time spent was 
quantified by recording the start and finish time of each task and/or sub- 
task to obtain its duration. Each duration was then subsequently com
bined by adding them together by task. Activities involving ewes and 
lambs at lambing were categorised into the ‘ewe’ task group. 

2.3.4. Labour profile 
Once tasks were identified and quantified, they were modelled to 

create full labour profiles at key events over the year for each man
agement strategy (Morgan-Davies et al., 2018). Information available 
from the farm labour questionnaire and the timings gathered on sample 
day videos were combined and then scaled up, to create an individual 
labour profile for each case study flock. Labour profiles were scaled to 
represent the man-hours for a flock of 100 ewes over one year, thus 
allowing meaningful comparisons to be made between flocks. 

The labour profiles at key handling events were completed for all 
case study flocks, except at lambing, when recording issues arose for the 
video footages of PLF1, MP-NO, non-AI2 and AI2. Consequently, those 
four case study flocks did not collect actual number of hours spent at 
lambing. Comparisons of these lambing events were therefore not 
possible and is not included in the results. 

2.4. Economic impacts 

To evaluate the economic impacts of the different management 
strategies, financial margins for each case study flock were calculated. A 
combination of data collected from the AgRECalc© questionnaire and 
the SAC farm management handbook 2016–17 (SAC Consulting, 2017) 
was used to create net margins for each management strategy. 

Data included variable costs (feeds quantity, fertilisers, market costs 
etc) and outputs (number of animals sold, wool produced etc). Support 
payments and fixed costs such as building and electricity were not 
included in the calculations, to ensure a fair comparison and avoid bias 
towards some systems or countries. Labour was the only fixed cost 
included. The labour costs were calculated from each labour profile and 
related to the duration of the tasks in that profile. A standardised cost/h 
of £12/h was used (SAC Consulting, 2017). All market prices (including 
lamb prices) and costs were kept in £GBP to keep the case studies 
comparable. They were taken from the SAC farm management hand
book (SAC Consulting, 2017) and covered the same time-period. As the 
farm management handbook distinguishes animal prices and costs per 
sub-type of farming system, that distinction was applied to reflect the 
different management conditions under study in each country. The 
‘extensive hill ewe’ values were thus used for the PLF and PR Scottish 
case study flocks, whilst the ‘crossbred ewe’ values were applied to the 
French, Irish and Norwegian case study flocks. 

2.5. Analysis 

A sensitivity analysis approach was used on the results from the 
economic impact. The following variables were explored: i) lamb, ewe 
and milk price, ii) labour cost, iii) weaning rate and iv) feed, AI and ram 
costs. 
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Table 2 
Key handling events and associated tasks for all four management strategies, and the associated labour (man-hours) scaled up to a 100-ewe flock. Precision Livestock 
Farming (PLF; Scotland), performance recording (PR; Scotland), Artificial Insemination (AI; France) and prolific (Medium or High) ewe breeds (Ireland and Norway).  

Handling events and tasks Non- 
PLF 

PLF1 PLF2 Non- 
PR 

PR1 PR2 Non- 
AI1 

AI1 Non- 
AI2 

AI2 MP- 
IR 

HP- 
IR 

MP- 
NO 

HP- 
NO 

Mating 
Gather 1.8 0.3 1.8 1.8 2.1 1.8  0.1   0.1 0.1   
Manually read tag, weigh, condition score 

& sort into mating groups 
1.8    1.1  0.8 0.8 0.8      

Automatically read EID tag, weigh, 
condition score ewe & sort into mating 
groups  

0.7 0.8 0.8  0.8     0.6 0.6   

Footbath       0.3    0.3 0.3   
Dose ewe 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2  0.2 0.2 0.2 0.2 0.2 
Condition score ewe        0.1     0.1  
AI ewes        1.1  1.2     
Mating of ewes with ram on leash             0.1 0.8 
TOTAL (man-hours) 3.8 1.2 2.7 2.7 3.4 2.7 1.3 2.3 0.8 1.4 1.2 1.2 0.4 1.0  

Scanning/pre-lambing   
Gather 1.4 0.3 1.4 1.4 2.5 1.4         
Ultrasound scanning 1.4 0.5 1.4 1.4 0.5 1.4 0.6 0.6  0.6 1.4 1.4 1.1 0.6 
Manually sort into feeding and pregnancy 

groups 
0.1 0.1   0.1  0.1 0.1  0.1  0.1 0.1 0.1 

Manually read ID tag, weigh and condition 
score 

1.9      0.1 0.1 0.1 0.1     

Automatically read EID, weigh, condition 
score & sort into pregnancy groups   

0.8 0.8  0.8     0.8    

Vaccinate/treat ewes 0.4 0.1 0.4 0.4 0.4 0.4 0.2 0.2  0.2 0.4 0.4   
Footbath       0.3    0.3 0.3   
Neckband ewes      1.5         
TOTAL (man-hours) 5.3 1.0 4.1 4.1 3.4 5.5 1.2 0.9 0.1 0.9 2.9 2.3 1.1 0.7  

Lambing (TOTAL man-hours) 63.6 n/ 
av 

63.6 63.2 41.6 63.6 19.4 23.0 n/av n/ 
av 

45.6 67.3 n/av 129.0  

Marking 
Gather 3.0 0.1 3.0 3.0 0.1 3.0     0.1 0.1 12.6 12.6 
Worm, ear-notch, castrate & vaccinate 

lambs 
8.8 0.6 8.8 5.0 0.8 8.4 0.1 0.3 0.1 0.4     

Automatically read EID tag and weigh 
ewes   

0.8 0.8  0.8     0.3    

Manually read ID tag and weigh animals 6.1       0.6       
Condition score ewe         0.1  0.3  0.1 0.1 
Automatically read EID tag and weigh 

lambs  
0.3 2.0 1.1  1.9     0.5 0.5 1.5 1.8 

Dose/treat/vaccinate lambs  0.5         0.5 0.6 0.6 0.7 
Footbath     0.6      0.8 0.9   
Dose ewes 0.2  0.2 0.2 0.1 0.2     0.2    
Bell on ewes             0.8 0.8 
FEC lambs         0.1  0.7    
TOTAL (man-hours) 18.1 1.4 14.8 10.0 1.6 14.2 0.1 0.9 0.2 0.4 3.5 2.1 15.6 16.0  

Shearing 
Gather 3.0 0.3 3.0 3.0 2.9 3.0  0.1 0.1 0.4 0.1 0.1   
Automatically read EID, weigh and sort 

lambs into worming groups   
0.7 0.4 0.2 0.7     0.3    

Manually read ID, weigh and sort into 
worming groups 

4.5              

Worm lamb based on weight assessment    0.2  0.4         
Dose/treat lambs based on FEC 0.7 0.1   0.1     0.04     
FEC lambs 0.4 0.4   0.4    0.1  0.7    
Footbath  1.2   0.6  0.3 0.4 0.4  0.8 0.9   
Dose ewes         0.2 0.2     
Shear ewes 7.6 3.2 7.6 7.6 1.7 7.6 1.6 1.5 1.6 1.8 7.6 7.6 4.1 4.1 
TOTAL (man-hours) 16.2 5.3 11.3 11.2 6.0 11.6 2.0 2.0 2.3 2.4 9.6 8.6 4.1 4.1  

Weaning 
Gather 1.5 0.3 1.5 1.5 0.3 1.5     0.1 0.1 12.6 12.6 
Split ewes and lambs using manual 

shedder  
0.1   0.1   0.1 0.1 0.1 0.8 0.8 0.2 0.2 

Automatically read EID, weigh and sort 
animals   

1.6 1.2  1.5     1.1 0.5 1.5 1.8 

Manually read ID, weigh and sort animals 6.4        2.0      
Dose/treat lambs 0.4 0.1 0.1 0.2 0.5 0.3  0.1  0.04 0.3 0.4 0.6 0.7 
Back-fat scan lambs  1.5   1.4 1.4         
Footbath  1.2   0.6    0.4  0.8 0.9   
FEC lambs  0.4   0.4      0.7 0.8   
Treat ewes 0.3 0.3 0.3 0.3 0.2 0.3     0.3  0.2 0.2 

(continued on next page) 
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Being case studies with a relatively small number of farms, the labour 
profiles were not analysed using statistical tests. However, at lambing, 
the ranking of the different sub-tasks durations was analysed using non- 
parametric ranking (Mann-Whitney U) test. All statistical analyses were 
performed using the Genstat 16th edition software (VSN International, 
2013). 

Table 2 (continued ) 

Handling events and tasks Non- 
PLF 

PLF1 PLF2 Non- 
PR 

PR1 PR2 Non- 
AI1 

AI1 Non- 
AI2 

AI2 MP- 
IR 

HP- 
IR 

MP- 
NO 

HP- 
NO 

TOTAL (man-hours) 8.6 3.9 3.5 3.2 3.6 5.0 n/av 0.1 2.4 0.1 4.1 3.5 15.1 15.4  

Post-weaning 
Automatically read EID, weigh and sort 

lambs into groups   
0.8   0.8     0.5 0.5   

Manually read ID, weigh and sort lambs 
into groups 

4.5       0.04 0.03    0.3 0.4 

Footbath     0.3      0.5 0.6   
FEC lambs     0.4      0.7 0.8   
Dose/treat lambs 0.0 0.2 0.2 0.2 1.0 0.3     0.3 0.4   
2nd tag lambs     1.4          
Dose ewe            0.3   
TOTAL (man-hours) 4.6 0.2 1.0 0.2 3.1 1.1 N/A 0.04 0.03 N/A 2.0 2.5 0.3 0.4  

Lamb sales 
Manually read ID and weigh lambs 4.6        0.1    1.5  
Automatically read EID and weigh lambs  0.3 0.7  0.2 0.6     0.6 0.7  1.8 
TOTAL (man-hours) 4.6 0.3 0.7 0.0 0.2 0.6 N/A 0.0 0.1 N/A 0.6 0.7 1.5 1.8  

Ewe Selection 
Manually read ID and weigh ewes 1.9              
Condition score  0.1   0.1  0.1  0.1  0.3  0.1  
Footbath           0.3    
Automatically read EID and weigh ewes   0.8 0.8  0.8     0.3    
Treat ewes  1.1   1.1          
TOTAL (man-hours) 1.9 1.2 0.8 0.8 1.2 0.8 0.1 N/A 0.1 N/A 1.0 n/av 0.1 n/av  

Milking 
Milking ewes       88.7 88.7 73.1 76.6     
Milking control       1.9 2.1 1.9 2.1     
TOTAL (man-hours) N/A N/A N/A N/A N/A N/A 90.6 90.8 75.0 78.7 N/A N/A N/A N/A  

Grand total with lambing (man-hours) 126.6 14.5 102.3 95.3 64.1 105.1 114.8 120.0 81.1 83.9 70.4 88.2 38.3 168.3 
Grand total without lambing (man- 

hours) 
63.0 14.5 38.7 32.1 22.5 41.5 95.4 97.0 81.1 83.9 24.8 21.0 38.3 39.3 

EID = electronic identification. 
FEC = Faecal Eggs Counts for anthelminthic treatment decision. 
ID = identification. 
N/A = not applicable. 
n/av = not available. 

Table 3 
Description of the key activities during the sheep year, for all four management strategies.  

Key activity Description 

Mating Ram(s) introduced with the ewes for 1 to 3 cycles 
AI Artificial insemination of the ewes – either with fresh semen (French systems) or frozen-thawed semen (Norwegian systems). Include synchronisation of ewes 

with insertion/removal of sponges (France) or to a natural oestrus (Norway). 
Mid-pregnancy 

scanning 
Ultrasound scanning of ewes to determine pregnancy and the number of lambs carried. 

Lambing Lambing period (from 3 to 6 weeks) - e.g. monitoring and assisting ewes lambing if necessary, taking care of the ewes and lambs up to 1 week after lambing, 
taking care of orphan lambs, moving ewes and lambs from sheds to pastures. 

Marking Weighing, counting, tagging and worming lambs ~8 weeks after birth. 
Shearing Shearing the animals to obtain the wool. 
Weaning Lambs taken off their dams. 
Post-weaning Feeding/fattening lambs in shed or on pasture.  

Back -fat scanning  Ultrasound scan image collected at the third lumbar vertebra of a lamb to collect fat and muscle depth measurements. 
Ewe selection Decide which ewes to keep for another year, which ewe to sell on, which ewe lambs to keep for replacements. 
Lamb sales Select lambs ready to be sent to slaughter. 
Milking Daily milking - includes preparing/cleaning milking parlour. 
Milking control Controlling milk quality and quantity - not daily.  
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3. Results 

3.1. Labour measurements 

3.1.1. Labour profiles 
The labour profiles (Table 2) were modelled for a 100-ewe flock 

across key handling events (based on sample days and labour ques
tionnaires) for each management strategy. Although the location and 
environment of the farms as well as the farmer’s approach and speed 
during tasks, can explain some of the differences, the labour profiles 
allowed to pinpoint in more detail where the differences lay. 

The PLF management strategy showed that PLF1 and PLF2 both used 
less labour than the non-PLF (48.5 man-hours/year and 24.3 man- 
hours/year less, respectively) across the key handling events. The 
main differences concerned the manual handling versus the automatic 
handling of the animals. There was no direct video footage for lambing 
on PLF1 farm, so comparison with non-PLF was not feasible. However, 
with lambing the total time spent at key handling events on 100 ewes 
was 102.3 man-hours/year and 126.6 man-hours/year for PLF2 and 
non-PLF respectively. The amount of time spent at lambing was similar 
(63.6 man-hours per 100 ewes), as the PLF was not used at lambing. 

The PR management strategies showed that, excluding lambing, PR2 
required 9.4 man-hours/year more than the non-PR, whilst PR1 needed 
9.6 man-hours less per year than the non-PR. Once lambing was 
included in the profiles, the PR2 system took 9.8 man-hours more than 
the non-PR, mostly due to the task of neck-banding the ewes and back- 
fat scanning the lambs. However, the PR1 system took 31.2 man-hours 
less than the non-PR. Whilst PR1 also back-fat scan its lambs, they 

seem to spend much less time with the lambs at marking. Farmer’s 
organisation would therefore be a major factor for differences in that 
case. 

For a 100-ewe flock across the key handling events (excluding 
lambing), the non- AI French case study flocks required on average 2.2 
man-hour/year less than the AI case study flocks, giving a total number 
of hours of 95.4, 97.0, 81.1 and 83.9 man-hour/year for the non-AI1, 
AI1, non-AI2, and AI2, respectively. At mating, the AI tasks were the 
major difference. Additionally, the AI1 was weighing and recording its 
animals more frequently, thus causing the difference. 

In total (excluding lambing), the time spent on 100 ewes across key 
events in the Norwegian medium prolific case study flock was 38.3 man- 
hours/year, compared to 39.3 man-hours/year in the Norwegian high 
prolific case study flock. Some of the differences were observed at 
mating and at marking and weaning, when the HP-NO spent more time 
handling its animals. However, differences at lambing could not be 
accounted for as the footage was missing for one of the Norwegian case 
study flocks. In the Irish case study flocks, the total time spent on 100 
ewes across key handling events including lambing was 70.4 man- 
hours/ year in the medium prolific case study flock, compared to 88.2 
man-hours/year for the Irish high prolific case study flock, a difference 
of 17.8 man-hours/year. The lambing task caused most of the difference 
between the flocks. Without it, the MP-IR spent more time handling 
animals than the HP-IR. 

3.1.2. Labour profiles at lambing 
The labour profiles at lambing were further investigated for the 

Scottish performance recording (PR) and Irish prolific breeds 

Table 4 
Sample days per handling event for each case study flock.  

Handling events Non-PLF PLF1 PLF2 Non-PR PR1 PR2 Non-AI1 AI1 Non-AI2 AI2 MP-IR HP-IR MP-NO HP-NO 

Mating 1 1 1 1 1 1 1 2 0 1 1 0 1 1 
Pre-lambing/scanning 2 2 2 2 1 2 1 0 0 0 2 0 1 0 
Lambing 5 3 5 5 3 5 2 1 0 0 2 3 0 4 
Marking 1 4 1 1 1 1 1 1 0 0 1 1 0 0 
Shearing 1 1 1 1 1 1 1 1 1 1 1 0 1 0 
Weaning 1 1 1 1 1 1 0 0 0 0 1 1 0 1 
Lamb sales 1 0 1 1 1 1 0 0 0 0 1 0 0 1 
Ewe selection 1 0 1 1 1 1 0 0 1 0 0 0 0 0 
Milking N/A N/A N/A N/A N/A N/A 0 2 1 1 N/A N/A N/A N/A 
Milking control N/A N/A N/A N/A N/A N/A 1 1 1 1 N/A N/A N/A N/A 
Transhumance/summer grazing N/A N/A N/A N/A N/A N/A 1 1 1 1 N/A N/A 0 1 
Total sample days 13 12 13 13 10 13 8 9 5 5 9 5 3 8  

Fig. 1. Time spent (%) on main tasks on an average lambing day per 1a) performance recording (PR) management strategies in two Scottish flocks and 1b) in the 
medium prolific (MP) and high prolific (HP) management strategy in two Irish flocks. 
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management strategies (Fig. 1). Due to the missing footage, the Nor
wegian and French lambing labour profiles are not presented. 

The time spent on an average lambing day (in percentage) per task in 
all PR management systems is presented in Fig. 1a. 

The four main tasks across the PR management strategies related to 
driving and walking as well as tasks associated with the ewes and the 
lambs (Supplementary Table 1). Driving took 28, 13 and 18% of the 
farmers’ time in the non-PR, PR1 and PR2 flocks, respectively. The ewe 
tasks took 20, 23 and 17% of the farmers’ time (non-PR, PR1 and PR2 
flocks, respectively). Interestingly, whilst the lamb tasks took 17 and 
21% of the farmers’ time in the non-PR and PR2 flocks, respectively, the 
farmer in PR1 only devoted 10% of their time to lamb tasks. Likewise, 
farmers in non-PR and PR2 flocks spent 16 and 19% of their time 
walking, whilst the farmer in PR1 flock only spent 8% of their time 
walking. Conversely, the farmer in PR1 flock spent a quarter of their 
time (26%) doing tasks related to the on-farm cattle herd. 

However, once the tasks were subdivided in sub-tasks (Supplemen
tary Table 1), there were differences in the sub-tasks’ durations between 
PR2 and non-PR (P < 0.05), and between PR1 and PR2 (P < 0.001). The 
main differences (Supplementary Fig. 1) were linked to sub-tasks 
relating to the lambs (e.g. recording/weighing the lambs (absent in 
non-PR)) and the ewes (e.g. moving ewes and lambs from the field to the 
shed or from one field to another). 

In the prolific breeds management strategy (Fig. 1b), the high prolific 
(HP) flock appeared to spend more time, in an average lambing day, on 
ewe and lamb tasks, and on walking, compared to the medium prolific 
flock (MP). The three main tasks undertaken were related to the ewes 
(25 and 23% of the farmer’s time in the MP and HP, respectively), and 
the lambs (23 and 25% of the farmer’s time for MP and HP, respec
tively). Walking was the third most important task undertaken in terms 
of farmer’s time (19 and 21% for MP and HP, respectively). 

When the lambing tasks were subdivided into sub-tasks (Supple
mentary Table 1), the HP flock spent 30% of its time checking the ani
mals, whilst the MP spent 36% of its time doing so. Equally, both HP and 
MP spent 18% of their time feeding lambs, whilst the HP spent 21% of its 
time preparing milk for lambs, compared to only 12% of the farmer’s 
time in MP case study flock (Supplementary Fig. 2). 

3.2. Carbon footprint 

The carbon footprints calculated for each management strategy are 
shown in Table 5. 

In the PLF management strategy, the difference between non-PLF to 
PLF ranged from 3.5 and 6.7 kg CO2e per kg of liveweight and from of 
14.2 and 7.8 kg CO2e per kg of deadweight, with the PLF having a 
higher carbon footprint. Conversely, both PR management strategies 
had a lower carbon footprint, compared to the non-PR (3.5 and 1.8 kg 
CO2e per kg of liveweight for PR1 and PR2 respectively, 8.1 and 3.2 kg 
CO2e per kg of deadweight for PR1 and PR2, respectively). 

In the French AI management strategy, the difference between the 
non-AI and AI was minimal in terms of kg of CO2 per kg liveweight. AI1 
management strategy had a slightly lower carbon footprint compared to 
non-AI1 (a difference of 1.8 kg of CO2e per kg of liveweight), whilst AI2 
had a higher carbon footprint compared to non-AI2 (1.5 kg CO2e per kg 
of liveweight). However, in terms of kg CO2e per kg of deadweight, both 
paired case study flocks showed opposite results. Non-AI1 has a much 
higher carbon footprint to AI1 (18.3 kg of CO2e) while Non-AI2 has a 
lower carbon footprint to AI2. 

Finally, in the Irish prolific breeds management strategy, the high 
prolific breeds had a slightly higher carbon footprint compared to the 
medium prolific (a difference of − 0.4 kg CO2e per kg of liveweight and 
of 0.29 kg CO2e per kg of deadweight). 

3.3. Economic margins 

The net margins calculated for all management strategies, based on a 
100-ewe flock, are given in Table 6. The averaged results show that 
adopting PLF, PR, prolific breeds and/or AI management strategies 
resulted in an increased net margin per ewe of £9.14, £6.25, £3.26 and 
£51.05, respectively, even when the labour costs were included. These 
results are however farm-dependant. It also demonstrated the profit
ability of the French dairy systems compared to the meat-based systems 
in the other countries. There were nonetheless farm differences for PLF 
and PR management strategies. PLF2 and non-PLF only showed a margin 
difference of £2.90/ewe, whilst the PLF1 and non-PLF difference was 
much higher (£15.40/ewe), due to husbandry decisions not linked to the 
management strategy (no hay, bedding straw or off-wintering costs for 
PLF1). Similarly, PR2 is slightly worse off than non-PR (£2.04/ewe), 
whilst PR1 showed a positive difference of £14.5/ewe compared to non- 
PR. Most of the differences are due to finishing the lambs in shed (fin
ishing feeds and bedding straw). 

There were large differences between the milk production incomes 
for the French dairy farms, leading to large variation between the 
average gain with the AI management strategy (£91.58 between non-AI1 
and AI1, and £10.53 between non-AI2 and AI2, giving an average of 
£51.05). 

The sensitivity analysis (Supplementary Table 2) showed that the 
management strategies were not very sensitive to changes in inputs 
(ram, AI, feed and labour costs), prices (lamb, ewe and milk prices) and 
weaning rate. Changes between 5% and 10% did not have a strong ef
fect. However, the variables most likely to affect the margins were the 
lamb price and the weaning rate (a change of 19% in both cases affected 
the high prolific flock margins), whilst the variables with the least effect 
were the ewe price and the AI cost. For the AI management strategy, it 
would require an increase of 527% in the cost of AI (from £9.70/ewe to 
£60.82/ewe) for it to be less financially attractive than the non-AI. 
Likewise, for the PLF management strategy, even if the labour was 
free, there would still be a gain of £4.10/ewe between the PLF and the 

Table 5 
kg CO2e per kg of liveweight and deadweight, in the Scottish, Irish, Norwegian and French case study flocks and the differences (∆ = non-PR minus PR; MP-IR minus 
HP-IR; non-PLF minus PLF; non-AI minus AI)) for each strategy. The difference for the Norwegian flocks is not shown (N/A) as values for MP-NO were unavailable.   

Non- 
PLF 

PLF1 PLF2 Non- 
PR 

PR1 PR2 Non- 
AI1 

AI1 Non- 
AI2 

AI2 MP- 
IR 

HP-IR MP- 
NO 

HP- 
NO 

kg CO2e / kg liveweight 16.17 22.75 19.62 19.81 16.28 18.03 25.10 23.27 30.44 31.89 10.35 10.75 N/A 13.42 
kg CO2e / kg deadweight 36.33 50.56 44.09 44.02 35.95 40.85 70.05 51.71 67.65 70.87 24.18 23.89 N/A 53.96 
∆ kg CO2e / kg liveweight  − 6.59 − 3.46  3.52 1.78  1.82  − 1.45  − 0.40  N/A 
∆ kg CO2e / kg deadweight  − 14.23 − 7.77  8.07 3.17  18.34  − 3.22  0.29  N/A 

∆ = non-PLF minus PLF; non-PR minus PR; non-AI minus AI; MP-IR minus HP-IR for each strategy. 
AI = Artificial Insemination. 
HP-IR = High prolific – Ireland. 
HP-NO = High prolific - Norway. 
MP-IR = Medium prolific – Ireland. 
PLF = Precision Livestock Farming. 
PR = performance recording. 
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non-PLF. The labour costs would need to be negative (− £10.14/h) for 
the PLF to become less financially attractive than the non-PLF. 
Regarding the PR management strategy, the cost of a performance 
recorded ram would need to increase by 139% (from £450 to £1075.50) 
for it not to have a financial benefit compared to the non-PR, even with 
the extra labour costs (due to performance recording) included. Like
wise, the cost of labour would need to increase by 138% (£29.4/h) for 
the PR management strategy to become less attractive than the non-PR. 
Finally, amongst the four management strategies, the PR and high 
prolific breeds were the most likely to be affected by changes in 
variables. 

4. Discussion 

These results are from case study flocks and as such, are country and 
farm dependant, and only provide indications of what could be achieved 
in terms of labour, economics and carbon footprint. However, some key 
messages can be identified. 

4.1. Labour input and economic margin 

Similar to Carson et al. (2004), this study highlights differences be
tween the different sheep farming systems with differing management 
strategies. As already demonstrated by Morris et al. (2012) and Morgan- 
Davies et al. (2018), this study reinforces the fact that labour savings 
could be achieved through the use of technology (between 24 and 49 
man-hours per 100 ewes per year). Although the initial outlay for 
technology may be onerous, the averaged subsequent savings in labour 
time were shown to be around ~£9 per ewe. An auto-drafter can cost up 
to ~£10,000 (Gautier et al., 2019), so the return on investment for a 
500-ewe flock could be about 2.5 years (rising to 11 years for a 100-ewe 
flock). Targeted subsidies for modernisation are available in Ireland 
(40% grant aid; DAFM, 2020) and Scotland (Scottish Government, 
2020), making such an investment more affordable. Additionally, the 
labour saved can be used for other on-farm diversifications or off-farm 
working. This labour flexibility (Bernués et al., 2011) can be another 
sustainability strategy for sheep farmers. 

Although flock genetic improvement via the use performance 
recording schemes or AI can bring financial rewards (Conington et al., 
2006), there is slow uptake of this technology. Our study showed that 
the averaged financial reward for performance recording could be up to 
£6/ewe. It would require an increase of 138% in labour prices for such 
strategy to stop being cost-effective, as shown by the sensitivity analysis. 
Performance recording of animals can be rewarding for the profitability 
of the farm, provided the labour input is planned. Our findings also 
highlighted that more time is spent attending lamb tasks (e.g. writing/ 
recording/weighing lamb) than ewe tasks in the PR case study flocks. 
Once farmers are aware of such differences, they can rationalise or 
organise in advance their labour. Cournut et al. (2018) emphasised this 
need to understand work organisation in livestock farms to better 
respond to the diversity of the work situation and consider the evolu
tions of livestock farming systems. 

While the AI management strategy case study flocks were somewhat 
different from the other three case study flock, being sheep dairy farms, 
similar trends were observed. The use of AI, despite the costs of syn
chronisation and insemination, brought an averaged additional £51.05 
per ewe, mostly due to a higher milk production. This increase in milk 
productivity is most likely due to the genetic merit of the rams providing 
the semen. However, similar increases could perhaps also have been 
achieved through purchases of rams with higher genetic merit and used 
naturally. The initial technological investment in the management sys
tem needs to be accounted for (Gibbons et al., 2019), as well as access to 
the skilled labour necessary for the procedure and additional facilities 
when a high percentage of ewes lamb in a short period. It should also be 
noted that in this study, the French case study flocks used cervical AI 
with fresh liquid semen. This technique is widely used in French dairy Ta

bl
e 

6 
G

ro
ss

 a
nd

 n
et

 m
ar

gi
ns

 (
in

 G
BP

 £
 s

te
rl

in
g)

 p
er

 1
00

-e
w

e 
flo

ck
 fo

r 
al

l m
an

ag
em

en
t s

tr
at

eg
ie

s.
   

N
on

-P
LF

 
PL

F1
 

PL
F2

 
N

on
-P

R 
PR

1 
PR

2 
M

P-
IR

 
H

P-
IR

 
M

P-
N

O
 

H
P-

N
O

 
N

on
-A

I1
 

A
I1

 
N

on
-A

I2
 

A
I2

 

La
m

bs
 r

ea
re

d 
91

%
 

90
%

 
91

%
 

51
%

 
85

%
 

86
%

 
15

0%
 

17
0%

 
19

0%
 

22
0%

 
24

%
 

26
%

 
16

%
 

26
%

 
La

m
b 

in
co

m
e 

£2
17

0 
£2

31
0 

£2
34

5 
£7

70
 

£3
73

6 
£4

13
5 

£1
0,

50
0 

£1
1,

90
0 

£1
3,

30
0 

£1
5,

40
0 

£1
71

4 
£2

52
0 

£1
75

0 
£1

61
0 

Ew
e 

in
co

m
e 

£1
62

4 
£1

33
4 

£1
33

4 
£1

34
4 

£1
62

4 
£1

33
4 

£1
24

1 
£1

24
1 

£1
24

1 
£1

24
1 

£1
31

4 
£1

38
7 

£9
49

 
£1

02
2 

W
oo

l i
nc

om
e 

£1
50

 
£1

50
 

£1
50

 
£9

6 
£1

50
 

£1
50

 
£3

54
 

£3
54

 
£3

54
 

£3
54

 
£3

54
 

£3
54

 
£3

54
 

£3
54

 
M

ilk
 in

co
m

e 
   

   
   

 
£1

6,
89

6 
£3

0,
79

6 
£1

2,
33

3 
£1

4,
00

0 
Le

ss
: r

am
 r

ep
la

ce
m

en
t (

ne
t)

 
£4

50
 

£4
50

 
£4

50
 

£4
00

 
£4

50
 

£4
50

 
£5

42
 

£5
42

 
£5

42
 

£5
42

 
£5

42
  

£5
42

  
Le

ss
: g

im
m

er
s 

pu
rc

ha
se

d 
/ 

A
I c

os
ts

   
   

 
£2

66
2 

£2
66

2 
£2

66
2 

£2
66

2 
 

£9
70

  
£9

70
 

To
ta

l o
ut

pu
t 

£3
49

4 
£3

34
4 

£3
37

9 
£1

81
0 

£5
06

0 
£5

16
9 

£8
89

1 
£1

0,
29

1 
£1

1,
69

1 
£1

3,
79

1 
£1

9,
73

6 
£3

4,
08

7 
£1

4,
84

4 
£1

6,
01

6 
W

in
te

r 
fe

ed
 

£9
50

 
£1

03
4 

£9
50

 
£4

12
 

£2
20

 
£9

50
 

£1
39

3 
£1

83
3 

£1
83

3 
£2

30
8 

£3
23

4 
£7

08
4 

£9
68

 
£1

05
6 

Fi
ni

sh
in

g 
fe

ed
   

  
£1

34
4 

£1
48

8 
   

   
  

H
ay

 
£3

36
  

£3
36

 
£3

3 
 

£3
36

   
   

£3
70

 
£7

39
 

£6
72

 
O

ff-
w

in
te

ri
ng

 c
os

ts
 

£5
22

  
£4

32
 

£5
22

 
£5

22
 

£4
32

   
   

   
H

ea
lth

 c
os

ts
 

£4
95

 
£4

95
 

£4
95

 
£4

74
 

£4
95

 
£4

95
 

£6
06

 
£6

21
 

£6
40

 
£6

76
 

£6
06

 
£6

06
 

£6
06

 
£6

06
 

Be
dd

in
g 

st
ra

w
 

£1
28

  
£1

28
  

£7
5 

£1
28

 
£5

03
 

£5
03

 
£4

50
 

£4
50

 
£3

00
 

£7
50

 
£6

23
  

O
th

er
 c

os
ts

 
£6

82
 

£6
82

 
£6

82
 

£4
89

 
£6

82
 

£6
82

 
£1

18
8 

£1
32

0 
£1

45
2 

£1
65

0 
£1

18
8 

£1
18

8 
£1

18
8 

£1
18

8 
Fo

ra
ge

 c
os

ts
 

£2
28

 
£1

35
 

£2
28

 
£2

28
 

£1
08

 
£8

11
 

£1
34

4 
£9

68
 

£2
06

6 
£2

06
6 

£1
12

 
£2

46
  

£2
39

 
To

ta
l v

ar
ia

bl
e 

co
sts

 
£3

34
1 

£2
34

6 
£3

25
1 

£2
15

9 
£3

44
6 

£5
32

1 
£5

03
4 

£5
24

5 
£6

44
1 

£7
14

9 
£5

44
0 

£1
0,

24
4 

£4
12

4 
£3

76
1 

G
R

O
SS

 M
A

R
G

IN
 

£1
53

 
£9

97
 

£1
28

 
-£

34
9 

£1
61

4 
-£

15
2 

£3
85

7 
£5

04
6 

£5
25

0 
£6

64
1 

£1
4,

29
7 

£2
3,

84
3 

£1
0,

72
0 

£1
2,

25
5 

La
bo

ur
 c

os
ts

 
£1

59
1 

£8
96

 
£1

27
8 

£9
12

 
£1

42
1 

£1
31

2 
£2

92
5 

£3
88

8 
£3

15
2 

£4
11

6 
£5

16
8 

£5
55

7 
£5

06
1 

£5
54

3 
G

R
O

SS
 M

A
R

G
IN

 M
IN

U
S 

LA
BO

U
R

 C
O

ST
S 

-£
14

38
 

£1
01

 
-£

11
50

 
-£

12
60

 
£1

93
 

-£
14

64
 

£9
32

 
£1

15
8 

£2
09

8 
£2

52
6 

£9
12

8 
£1

8,
28

6 
£5

65
9 

£6
71

2 
 

Pe
r 

ew
e 

-£
14

.3
8 

£1
.0

1 
-£

11
.5

0 
-£

12
.6

0 
£1

.9
3 

-£
14

.6
4 

£9
.3

2 
£1

1.
58

 
£2

0.
98

 
£2

5.
26

 
£9

1.
28

 
£1

82
.8

6 
£5

6.
59

 
£6

7.
12

 
di

ffe
re

nc
e 

 
£1

5.
39

 
£2

.8
8 

 
£1

4.
53

 
-£

2.
04

  
£2

.2
5 

 
£4

.2
7 

 
£9

1.
58

  
£1

0.
53

 
A

ve
ra

ge
 g

ai
n 

(£
) 

w
it

h 
m

an
ag

em
en

t 
(P

LF
, P

R
, H

P,
 A

I)
 s

tr
at

eg
ie

s 
 

£9
.1

4 
  

£6
.2

5 
  

£3
.2

6 
   

£5
1.

05
   

 

C. Morgan-Davies et al.                                                                                                                                                                                                                        



Agricultural Systems 191 (2021) 103155

10

sheep and yields acceptable pregnancy rates. However, in Norway, 
cervical AI with frozen-thawed semen is used routinely but not else
where due to unacceptably low (<30%) pregnancy rates. This is due to 
the breed of the ewes used in Norway (Fair et al., 2019). 

The use of prolific breeds has been identified as a key driver for the 
profitability of meat-based sheep systems (Diskin and McHugh, 2012; 
Bohan et al., 2018). Our study demonstrated that lambing was the main 
key event affecting labour costs between flocks of differing prolificacy 
level. Having high prolific breeds increased labour by ~18 man-hours 
per 100 ewes per year in the Irish flocks. Interestingly, the repartition 
of tasks varied between the two Irish case study flocks. In the high 
prolific flock, more time was spent on checking animals, feeding lambs, 
preparing milk and lambing ewes. As in the PR management strategy, 
once the farmer is aware of the sort of tasks that will be required at 
lambing, they can organise their lambing accordingly. Moreover, in 
terms of profitability, the high prolific breeds management strategy 
brought an additional £3.30 per ewe (£2.30 and £4.30 for the Irish and 
Norwegian case study flocks, respectively. It would take a 19% decrease 
in either weaning rate or lamb prices for it to become non-profitable. 

4.2. Carbon footprint 

This study assessed the efficiency in terms of labour and carbon 
footprint. Numerous studies on the carbon footprint of the livestock 
sector, and particularly the sheep sector, have been conducted on dairy 
sheep (Jones et al., 2014b; Sabia et al., 2020), meat sheep (Dougherty 
et al., 2019; Toro-Mujica et al., 2017) as well as pastoral sheep (Mansard 
et al., 2018). Most of these studies have used an LCA approach. This 
present study is using a different tool, AgRECalc© which is, to a greater 
extent, a farmer-friendly benchmarking tool (MacLeod et al., 2016; 
Sykes et al., 2017). Our study highlighted management strategies that 
were more efficient in terms of carbon efficiency than others. 

Increasing animal efficiency (by increasing the number of lambs 
produced, either with performance recording or by using AI) is one 
strategy to decrease emissions on a kg liveweight or deadweight basis 
(Toro-Mujica et al., 2017). By using the PR management strategy, this 
study found that the carbon footprint could be on average, 5.6 kg CO2e/ 
kg deadweight produced (meat) less when compared to the non-PR 
management. Likewise, the AI management strategy was more carbon 
efficient in terms of CO2e/kg deadweight produced, especially in one of 
the case studies. Conversely, in both case studies, the PLF management 
strategy produced a higher carbon footprint. This could be due to the 
ewe retention strategy in the PLF case study flocks, where older (heav
ier) ewes are kept for longer, whilst more lambs (lighter) are sold, thus 
affecting the overall amount of deadweight produced by the flocks. This 
is counterintuitive and could be an artefact of the AgRECalc© calcula
tions. Indeed, keeping ewes longer means a lower replacement rate, 
which should reduce the carbon footprint of that flock. Finally, the high 
prolific breeds management strategy only shows a minimal impact on kg 
CO2e/kg liveweight or deadweight produced (meat). The small differ
ence could be due to the higher amount of concentrates feed and fer
tiliser used in the high prolific breeds flock, causing a higher amount of 
direct and indirect emissions of CO2 from energy use in the AgRECalc© 
calculations. 

Ripoll-Bosch et al. (2013) found similar values of kg CO2e/kg lamb 
liveweight in Spanish meat-sheep farming systems (between 19.5 and 
25.9 kg CO2e). They also found that the highest values belonged to the 
more extensive, pastoral systems, which is also reflected in our study 
(the Scottish case study flocks have a higher carbon footprint than the 
Irish more intensive ones). However, these authors also argue that car
bon efficiency should also take into account the multifunctionality of 
these sheep systems, by accounting for cultural and social ecosystem 
services. By doing so, the ranking of emissions of these sheep systems 
was reversed. Similarly, by accounting for labour input and economic 
margin, as well as carbon efficiency, this present study concurs with the 
findings of Ripoll-Bosch et al. (2013). For instance, although the PLF 

management strategy was found to be less carbon efficient, it provided 
the most labour savings. However, the values presented in this study did 
not consider the farm as a whole, and only focused on the sheep flock 
component of these farms. 

Finally, it should be stressed that the present study was based on case 
studies and farm-specific focus flocks and data, with shown individual 
farm effects. Although not representative of the whole sheep industry in 
each country, it nonetheless can provide trends and pointers, especially 
regarding labour tasks and farm labour organisation. Rolling out a wider 
study based on video recording the sheep year labour at key events was 
beyond the scope of this study. This study pinpoints the key events 
affecting labour, carbon and financial efficiencies, and thus could 
further guide more detailed and representative studies. Additionally, 
whilst we used a labour tasks accounting system, as described by Kirwan 
(2009), it could also be interesting to use a different approach, such as 
the QuaeWork (Hostiou and Dedieu, 2012) which analyses interactions 
between livestock management, workforce and equipment facilities 
using productivity and flexibility-based work criteria, to compare and 
contrast the methods and further the knowledge regarding labour on 
sheep farms. 

5. Conclusion 

These case studies are a unique insight into sheep farm efficiency 
that consider and combine carbon footprint, farm labour and economics 
for four sheep management strategies. The study has highlighted that 
using performance recording on sheep farms for gaining higher genetic 
merit could increase economic margins and reduce GHG emissions per 
kg of meat produced, with incurring up to 10% extra labour. Although 
high prolific breeds increased labour input on farms mostly at lambing 
time, this increase was compensated for by higher economic margins, 
with a small change in terms of kg CO2e/kg meat produced. Introducing 
PLF technology on extensive farms could reduce greatly labour and in
crease economic margins but may also be associated with a concurrent 
increase in GHG emissions. Finally, using AI on farms increased eco
nomic margins, did not incur extra labour, with a small change in carbon 
efficiency in terms of kg CO2e/kg meat produced. However, the milk 
production effect, which could not be entirely captured with the 
AgRECalc© software in this study, needs to be modelled. 

To conclude, these unique case studies suggest it could be possible to 
improve carbon and labour efficiency by introducing changes associated 
with ewe prolificacy, breeding management and/or by adopting preci
sion livestock tools. Although this work was conducted on a small 
number of case studies based in Northern Europe, the results could help 
to inform where future studies should be concentrated to ensure sheep 
production systems and strategies aim for the lowest environmental 
footprint whilst maintaining farm efficiency and profitability 
worldwide. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.agsy.2021.103155. 
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