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ARTICLE INFO ABSTRACT

Handling Editor: Jason Michael Evans Global land resources are over-exploited and natural habitats are declining, often driven by expanding livestock
production. In Ireland, pastureland for grazing cattle and sheep account for circa 60% of terrestrial land use. The
agriculture, forestry and other land use sector (AFOLU) is responsible for 44% of national greenhouse gas (GHG)
emissions. A new Grassland Animal response Model (GLAM) was developed to relate livestock-cohort grass and
feed requirements to farm-grassland system areas, enhancing environmental assessment of prospective AFOLU
configurations. Although land conversion targets are often well-defined, they tend to lack a clear definition of
where land sparing can occur. Through analyses of 10 scenarios of milk and beef production and management
strategies, we found that displacing beef cows with dairy cows can increase national protein output while sparing
up to 0.75 million ha (18%) of grassland (albeit with a minor increase in overseas land requirement for addi-
tional concentrate feed). Reducing slaughter age, increasing exports of male dairy calves and increasing grass-
land use efficiency on beef farms each achieved between 0.19 and 0.32 million ha of land sparing. Sexed semen
to achieve more favourable male-female birth ratios had a minor impact. GHG emissions, ammonia emissions
and nutrient leaching were only reduced substantially when overall cattle numbers declined, confirming the need
for cattle reductions to achieve environmental objectives. Nonetheless, application of GLAM shows potential for
improved grass and cattle management to spare good quality land suitable for productive forestry and wetland
restoration. This change is urgently needed to generate scalable carbon dioxide removals from the land sector in
Ireland, and globally.

Keywords:

Livestock production
Climate change

Land use

Grassland systems
Environmental modelling
LULUCF

1. Introduction

Land resources are increasingly over-exploited due to a growing
global population and demand for resource-intensive, high-impact
foods. Economic growth has driven expansion of agricultural production
at the expense of the environment and the depletion of natural resources
(IPCC et al., 2019a; Sandker et al., 2017; Searchinger et al., 2023).
Grassland-based ruminant livestock production is an important part of
Ireland’s economy and a major land use. In 2020, 59% of land cover was
classified as grasslands, mostly used for livestock (cattle and sheep)
production (CSO, 2023). Wetlands, forests and cropland accounted for

17%, 11% and 10%, respectively. The agricultural sector is the second
largest national GHG emission source (23 Mt COze in 2021), primarily
due to intensive livestock production systems (Duffy et al., 2023). Unlike
the majority of European countries, Ireland’s land use, land use change
and forestry (LULUCF) sector is a source of emissions (7.3 Mt COqe in
2021) with annual emissions from grassland on organic soils surpassing
carbon sequestration in forests and mineral soils under grassland (Duffy
et al., 2023).

As one of the 196 countries signing the Paris Agreement, Ireland has
committed to reaching climate neutrality across all sectors by 2050
(Government of Ireland, 2021; UNFCCC, 2015). The agriculture,
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forestry and other land use (AFOLU) sector in Ireland is responsible for
44% of national greenhouse gas (GHG) emissions. Achieving new zero
GHG emissions will require substantial changes in land use into carbon
sinks such as forestry or wetlands (Haughey et al., 2023; Lanigan et al.,
2023). A successful implementation of these measures will necessitate
the large-scale transformation of the current, grassland-dominated, land
configuration in Ireland to build synergies between food production,
carbon dioxide removals, fossil-free energy production, water quality
improvements and biodiversity enhancements (Bishop et al., 2024;
Gorman et al., 2023; Roe et al., 2019).

Despite the urgent need and political targets to reduce environ-
mental impacts and spare land, clearly defined pathways to meeting
these objectives are lacking on the national and international scale. In
this study, we aim to quantify the land sparing potential of ruminant
livestock production strategies in Ireland alongside their impacts on
livestock numbers, protein production from cattle, concentrate feed
requirements, and environmental quality indicators (GHG and ammonia
emissions, N and P nutrient leaching to water bodies). These livestock
production strategies require a design that enables the investigation of
how protein production can be combined with lower environmental
footprints of livestock production that can be radically decoupled from
past livestock herd and land structures, enabling more detailed explo-
ration of specific changes in herd dynamics and grassland management.
We aim to investigate five unique shifts in grassland-based livestock
production strategies as follows:

(1) A continuation of the trend towards more dairy cows and fewer
beef cows in Ireland. Recent modelling has shown a slight in-
crease in GHG emissions until 2030 under a business-as-usual
regime with a shift in cow composition (EPA, 2022). Producing
a larger proportion of beef from the dairy sector instead of the
suckler beef herd has shown potential to reduce GHG emissions
(Soteriades et al., 2019; van Selm et al., 2021).

(2) A reduction of mean slaughter ages of cattle kept for beef pro-
duction. This reduces life-cycle emissions while lowering cattle
numbers in older age cohorts (Lanigan et al., 2023; Mazzetto
et al., 2015).

(3) Maximisation of male dairy calf export to minimise their envi-
ronmental impacts and land use within the Irish national

Journal of Environmental Management 356 (2024) 120569

inventory boundary. Alternatively, a minimisation of male dairy
calf exports to maximise national protein production.

(4) The introduction of sexed semen to alter male-female birth ratios
of dairy cows towards female dairy-progeny, thus reducing the
number of surplus male (non-crossbred) dairy calves. This was
found to be a cost-effective mitigation measure at farm-level
(Eory et al., 2014; Holden and Butler, 2018).

(5) Improving grassland use efficiency (GUE) on beef farms, which is
substantially lower compared with dairy farms in Ireland (Duffy
et al., 2022b).

2. Materials and methods
2.1. Disaggregated cattle herd representation

The COHORTS model represents the national cattle herd structure as
21 cohorts (Fig. 1): three in the adult stage (dairy cows, beef cows, and
bulls) and 18 in the pre-adult stage (pure dairy cattle (DxD), dairy-beef
crossbreeds (DxB), and pure beef cattle (BxB), each male and female,
and each in age groups <1 year, 1-2 years, and >2 years) (Henn et al.,
2023a). Pre-adult cohorts in the scenarios are determined based on herd
coefficients that are derived from dairy and beef cow numbers. This
genetic classification allows for a differentiation between DxD and DxB,
based on dairy cow numbers, and BxB, based on beef cow numbers. For
scenarios, a three-year mean (2018-2020) of herd coefficients was used
to reduce the impact of outliers for any given year. The COHORTS model
was validated for the period 2006-2020 in terms of total cattle numbers,
beef production and GHG emissions stemming from enteric fermenta-
tion (Henn et al., 2023a). Sheep numbers were based on data from the
National Inventory Report and reclassified according to the sheep flock
structure of the GOBLIN land-balance model, including a differentiation
into upland and lowland herds (Duffy et al., 2022b, 2023).

Energy requirements and environmental impacts (GHG emissions,
ammonia emissions, N and P leaching) from cattle and sheep were
calculated in the life cycle assessment sub-model within GOBLIN, based
on IPCC Tier 2 methodology and equations 10.2 to 10.34 (Duffy et al.,
2023; IPCC, 2019b; IPCC, 2006). Annual milk production was obtained
from Eurostat (2022) and protein content was assumed to be 3.5% (CSO,
2023). Total beef output was calculated according to Henn et al. (2023a)
based on cattle in the 1-2 year old cohorts. Protein content of beef was

(Dai 1 ( Y ( \\ Adult
Dairy Bulls Beef
stage
cows m cows
\ o J \ J \ J)
(7 \\ A
(" pwom Y pxp-F )\ [ pxBM ., bxBF ) [ BxBM v BB F ) Pre-adult
ﬂ : n E : stage
) <1 year
( : : : \
) 1-2 years
{ : v ; : \
\ : J \ ; J \ : J) >2 years

Fig. 1. Overview of the 21 cattle cohorts contained within the COHORTS model: three in the adult stage and 18 in the pre-adult stage. Bulls for breeding were not
distinguished between dairy and beef genetics. Pre-adult cohorts were divided according to age, gender and genetic classification into three groups: DxD (pure dairy
cattle), DxB (dairy-beef crossbreeds) and BxB (pure beef cattle), according to the structure adapted from Henn et al. (2023a).
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estimated at 23% (AMCTB, 2014; Greenfield and Southgate, 2003).

The GOBLIN model assumes three different sectors of livestock
production: dairy, beef and sheep. Dairy farms are specialised in milk
production and contain dairy cows, DxD cattle <1 year, and DxD heifers.
Beef farms specialise in either rearing or fattening of cattle for beef
production, and contain beef cows, bulls, DxD male cattle >1 year, DxB
cattle and BxB cattle. In terms of Ireland’s National Farm Survey (NFS)
farm definitions, “cattle rearing” and “cattle other” farms are combined
within our definition of the beef sector and, when applicable, mean
values of the two farm types were used. Sheep farms are specialised in
sheep production and contain all sheep cohorts.

2.2. GrassLand Animal response model (GLAM)

Grassland is the main source of feed for the vast majority of Irish
ruminant livestock (cattle herd and sheep flock). Dairy cow diets consist
of over 80% grazed grass and grass-silage, while the proportion in beef
cattle and sheep diets are typically higher (O’Brien et al., 2018; O’Mara
et al., 2021). The purpose of the grassland model within GOBLIN is to
determine the total grassland area needed to provide dry matter feed
requirements from grassland for the aggregated national dairy cattle
herd (dairy sector), beef cattle herd (beef sector) and sheep flock (sheep
sector) after concentrate feed intake is accounted for. Total concentrate
feed requirements for all cohorts are based on aggregation from O’ Mara
(2006). Dairy cow concentrate feed requirements were adjusted to
reflect increased milk production and resulted in 2.97 kg day ™, a sub-
stantially larger intake than beef cows (0.84 kg day '), bulls (0.65 kg
day™1), cattle <1 year of age (1 kg day 1) and cattle >1 year of age (0 kg

Livestock productivity
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day’l) (Duffy et al., 2022b).

The NFS and NFS fertiliser survey distribute grassland into four types
depending on management: pasture, silage, hay and rough grazing
(Dillon et al., 2018, 2022). In the GrassLand Animal response Model
(GLAM), total areas of each of these four grassland types were allocated
across the three ruminant livestock sectors outlined above, resulting in a
total of twelve grassland use categories. Based on inorganic and organic
fertiliser inputs to each grassland use category, mean dry matter pro-
duction was determined utilising yield response functions developed by
Finneran et al. (2012). Inorganic fertiliser inputs to each grassland use
category were derived for the period 2005-2015 from the NFS fertiliser
survey and extrapolated until 2020 utilising national fertiliser inputs
(Dillon et al., 2018).

Organic fertilisation rates were based on the LCA sub-model in
GOBLIN (Duffy et al., 2022b), which utilises IPCC Tier 2 methodology to
determine spreading rates of excretion from livestock (IPCC, 2006). We
assume that only ruminant livestock manure is spread on grassland, and
application occurs only on pasture and silage areas within each livestock
sector and there is no nitrogen trading between sectors. In addition, a
soil yield penalty is applied, which lowers the mean yield on grassland
use categories within each livestock sector depending on soil groups.
The NFS defines three soil groups according to agricultural suitability (I,
II, and III, with I being the most productive) and provides mean distri-
butions of each soil group per farm type (Dillon et al., 2022).

Previously calculated dry matter feed requirements per animal are
upscaled to represent all cohorts present within each sector depending
on average livestock numbers per farm type (Dillon et al., 2022). Dry
matter feed requirements depend on Irish grass nutritive value, most

Grassland yields — hectare level
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Fig. 2. Structure of GLAM as grassland sub-model within the GOBLIN model; total grassland areas of the three livestock sectors (centre) are determined based on data
inputs for livestock productivity, grass yields on a per hectare level, grassland use efficiencies (GUEs) by average farm type based on the National Farm Survey (Dillon
et al., 2022) and dry matter requirements on a national level; DMreq = dry matter requirements, DMprod = dry matter produced.
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importantly dry matter digestibility (70%), crude protein content
(18.5%), and gross energy (18.5 MJ kg~! DM), and energy demand of
livestock for maintenance, activity, weight gain, pregnancy and lacta-
tion (IPCC, 2006). Based on the average size and grassland type
composition per farm type defined by the NFS (Dillon et al., 2022), dry
matter production per farm type was determined using the previously
determined average grass yields within each livestock sector. Mean
grassland use efficiencies (GUEs) of the three sectors were determined
by dividing dry matter requirements by dry matter production (Fig. 2).
These GUEs were scaled up and assumed to represent each livestock
sector at the scale of national grassland area.

On a national level, total dry matter requirements of each farm type
were calculated based on the previously outlined distribution of cohorts
between the three livestock sectors. Total grassland areas per farm type
were determined by combining the hectare level grass yields from each
grassland type (GT), livestock sector (LS) specific GUEs and national
level dry matter requirements depending on the different cohorts (C).
This resulted in a total of 252 sub-equations as outlined in Equation (1):
Dry matter requirementscy 1, c21

(€Y

Total grassland area =

Grass yieldgri 1o 614 * GUELs1 10 153

The developed total grassland areas were used for validation of
GLAM against national grassland areas from CSO (2023) over the
timeframe 2005 to 2015.

2.3. Scenario development and rationale

A baseline scenario was established that represents agricultural ac-
tivity in Ireland for 2020. Cow numbers were based on the mean
numbers of the June and December surveys from CSO in 2020 (CSO,
2023). Where available, real values for the year 2020 were used for
baseline scenario setup. When aggregation or extrapolation were
necessary, mean values from 2018 to 2020 were used to lower bias from
interannual variability yet remain close to the baseline year. Pre-adult
cattle herds were compiled based on the COHORTS model (Henn
et al., 2023a). Herd coefficients, mean slaughter age and weight gain,
export rates and fertiliser application rates were based on mean values
between 2018 and 2020. The proportion of male DxD calves exported
within the first six weeks after birth averaged 30% between 2012 and
2020 (DAFM, 2022). Grassland use efficiencies of each farm type were
based on 2015 levels modelled within GOBLIN, unless manually
changed as specified scenario inputs.

The 2020 baseline scenario (Scl) was developed to compare with
Scenarios 2-10 (Table 1). These nine scenarios can be classified into five

Table 1
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groups of measures that investigate individual impact of changing (1)
cow numbers and genetic composition, (2) slaughter age, (3) proportion
of DxD male calves exported, (4) using sexed semen with altered male-
to-female birth ratios, and (5) improved grassland use efficiency on beef
farms. The last two scenarios (9&10) combine measures from the five
groups. In all scenarios, a constant milk production of 14.95 L cow !
day~!, 2020 inorganic fertiliser application rates for each grassland use
category, and sheep numbers were based on numbers in 2020 and were
assumed to remain constant in the analyses (Dillon et al., 2018; Eurostat,
2022).

Purposefully, the scenarios were designed to be extremely ambitious
in relation to current projections or national emission mitigation ob-
jectives between 2020 and 2030. This was done to assess what can be
achieved through national scale implementation of measures without
constraint from current policy recommendations. This implies that not
all of the scenarios examined reflect expected or desired outcomes from
a policy perspective. Instead, they provide estimates of the magnitude of
the effectiveness of each investigated scenario. For each scenario, nine
key characteristics and impacts were investigated: (1) total cattle
numbers, (2) protein output, (3) concentrate feed utilisation, (4) inor-
ganic N fertiliser application, (5) agricultural GHG emissions, (6)
ammonia emissions, (7) N leaching from agricultural soils, (8) P runoff/
leaching from agricultural soils, and (9) grassland area in use for grazing
livestock. National grassland area is the all-encompassing boundary for
this study serving as the interface for external imports (for example
concentrated feed produced on cropland in Ireland or elsewhere) and
exports (export of calves to livestock farms outside of Ireland). Within
the grassland boundary, productivity and other different herd manage-
ment strategies have an immediate impact on grassland area. To simplify
the display of the nine key characteristics, results are provided as
“scores”. A positive score indicates a positive impact on the respective
production, environmental or land balancing indicator, while a negative
score represents a negative impact. Therefore, an increase in protein
output or a decrease across all other characteristics represent a positive
score. Scenarios are time insensitive, meaning that the outlined results
are independent from the time required for their implementation.

The land sparing potential of each scenario was determined in rela-
tion to the grassland area of the 2020 baseline scenario. Greater herbage
production per ha for livestock feed compared with the baseline trans-
lates into land being available for other uses. On the other hand, higher
demand for herbage or feed translates into a requirement for additional
grassland for herbage production and thus land use change. Depending
on the livestock sector from which land is spared, the average soil group
distribution within the sector determines the distribution of spared land

Scenario description and inputs, including: dairy and beef cow numbers [000 head], mean slaughter age [days], export percentage of male DxD calves at calf stage
within six weeks of birth (average between 2012 and 2020) (DAFM, 2022), sexed semen utilisation, and grassland use efficiency [%] on dairy and beef farms according

to GOBLIN calculation (Duffy et al., 2022b).

Scenario Description Dairy cows Beef cows Mean slaughter age DxD_m export rate Sexed semen Grass use efficiency (dairy/beef)

Units million head million head days % v /% %

1 2020 Baseline 1.56 0.92 795 30 x 73/55

Dairy specialisation scenarios

2 Strong dairy increase 2.00 0.47 795 30 x 73/55

3 Very strong dairy increase 2.25 0 795 30 x 73/55

Slaughter age efficiency

4 90-day reduction 1.56 0.92 705 30 x 73/55

Export scenarios

5 DxD_m export minimised 1.56 0.92 795 0 x 73/55

6 DxD_m export maximised 1.56 0.92 795 100 x 73/55

Sexed semen scenarios

7 DxD: 25% M, 75% F 1.56 0.92 795 30 v 73/55
DxB/BxB: 75% M, 25% F

Grassland Use Efficiency

8 Beef farm improvement by 10% 1.56 0.92 795 30 x 73/65

Combined scenarios

9 Combination of Sc. 1,4,6,7,8 1.56 0.92 705 30 v 73/65

10 Combination of Sc. 3,4,6,7,8 2.25 0 705 30 v 73/65
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per soil group. Changing concentrate feed requirements were also
calculated in relation to the 2020 baseline scenario. An average, dairy
concentrate feed composition for Irish dairy cows was adapted from
O’Brien et al. (2012). Using the Ecoinvent v.3.9 cut-off LCA database
(Wernet et al.,, 2016), and accounting for global average land re-
quirements for production of specific feed components, we determined
the mean land requirements of feed. Land use change due to lower or
higher concentrate feed requirements was assumed to take place outside
of Ireland, where about 80% of the concentrate feed components are
produced (O’Brien et al., 2012).

Scenario (Sc) 2 and Sc3 investigate a specialisation of the Irish
agricultural sector towards dairy production. This trend started in 2011
with the removal of EU milk quotas and was driven by the profitability
of pasture-based dairy production (Henn et al., 2023b). This trend is
expected to continue in coming years (Donnellan et al., 2018; EPA,
2022). In Sc2, total adult cow numbers remain consistent, but their
distribution is altered strongly towards two million dairy cows and 470,
000 beef cows. In Sc3, overall cow numbers are reduced by 9% to 2.25
million, although all of them are dairy cows.

One of the central targets for GHG emission mitigation in Ireland is
the reduction of mean slaughter ages of cattle to at least 24 months by
2030 (DECC, 2023). This requires a reduction of circa 70 days from the
2020 baseline of 795 days. This would represent a steep acceleration in
productivity, considering that mean slaughter age was reduced by no
more than 50 days between 2010 and 2020 (Henn et al., 2023a; ICBF,
2022). We go a step further in Sc4, which involves a 90-day reduction in
mean slaughter age of cattle kept for beef production, (i.e. excluding
bulls used for breeding, dairy cows and beef cows).

Sc5 and Sc6 are concerned with export rates of male DxD calves. Due
to their slow daily weight gain compared with DxB and BxB cattle, they
are often considered as a by-product of dairy production and are less
profitable for beef production (Rutherford et al., 2021). However, from a
global, environmental efficiency perspective, their use is important as
they support additional (downstream) beef production from dairy sys-
tems, with smaller carbon and environmental footprints compared with
specialised BxB beef production (Soteriades et al., 2019). Sc6 examines
minimising national environmental impacts by exporting of all male
DxD calves. On the other hand, there are animal welfare concerns about
the live export of calves from Ireland to continental Europe (Boyle et al.,
2022; Mee, 2020; Mee and Boyle, 2020). This could result in stricter
requirements for the care of calves during transport or a ban of live
exports altogether, and is examined in Sc5.

Sexed semen in dairy and beef cattle herds provide the opportunity
to alter the ratio between born male and female calves, allowing the
displacement of the consistent surplus of male DxD calves (Holden and
Butler, 2018). In beef herds, male DxB and BxB cattle accumulate weight
faster than females (ICBF, 2022). However, there are well-known
problems with conception rates that might negate economic advan-
tages of sexed semen (Holden and Butler, 2018; Oikawa et al., 2019). In
Ireland, conception rates of sexed semen are between 16 and 18% lower
than conventional semen (Teagasc, 2023), which can mean a somewhat
more protracted breeding to achieve the same rates of pregnancy season
where sexed semen is used. Furthermore, we assume that technical
improvements in the future can bridge this gap and conception rates
remain unchanged. In Sc7, we assume that birth ratios are skewed from
current ratios, almost exactly 50% male and female for all three genetic
classes (DxD, DxB, and BxB), towards 75% female and 25% male for DxD
cattle. Nevertheless, we assume that female DxD births remain constant
and male DxD births are lower and instead replaced by a larger number
of DxB births. Total offspring numbers from dairy cows remain un-
changed. In addition, a DxB birth ratio of 75% male and 25% female is
assumed.

Between 2005 and 2015, grassland occupied by the dairy sector has
consistently shown a 15-20% higher GUE compared with grassland used
by the beef sector. In 2015, GUE was 73% within the dairy sector, 55%
within the beef sector and 52% within the sheep sector (Duffy et al.,
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2022b). In Sc8, the effects of a 10% increase in GUE across grassland of
the beef sector are investigated, i.e. closing the gap towards the dairy
sector by half.

In Sc9 and Scl0, the effects of mean slaughter age reduction, male
DxD calf export maximisation, sexed semen and GUE improvements are
combined. Cow numbers and deriving cattle numbers in pre-adult co-
horts are based on 2020 (Sc9) or Sc3 (Sc10).

3. Results
3.1. Cattle numbers and structure

In 2020, the baseline scenario (Scl) contains total cattle numbers of
6.8 million. Dairy expansion scenarios 2 and 3 resulted in a changing
composition of offspring towards larger proportions of DxD and DxB
cattle (Fig. 3). This resulted in lower cattle numbers in Sc3, where the
herd decreased by 9% due to lower cow numbers and subsequently
smaller pre-adult cohorts. A mean slaughter age reduction (Sc4) led to
5% lower cattle numbers due to shrinking cohorts of cattle over two
years old. Sc5 and Sc6 directly impact DxD pre-adult cohorts and
increased total cattle numbers by 4% or decreased them by 8%,
respectively. The implementation of sexed semen showed a small effect
on total cattle numbers but altered the composition of pre-adult cohorts,
mostly from DxD towards DxB. Improved grassland use efficiency had no
effect on cattle numbers (Sc8). Combined scenarios 9&10 both lowered
total cattle numbers, especially Sc10, which resulted in 5.7 million
cattle, the lowest value across scenarios. Genetic distributions in Sc10
are strongly altered towards dairy cows and 68% DxB in pre-adult
cohorts.

3.2. Scenario impacts

In Scl, total bovine protein production comprises 67% from milk and
33% from beef. Sc2 and Sc3 produce 18% and 24% more bovine protein
in aggregate, respectively (Fig. 4). This is achieved by larger milk out-
puts which offset lower beef outputs. The proportion of protein that is
supplied by milk rises to 73% in Sc2 and 78% in Sc3. However, replacing
beef cows with dairy cows incurs a trade-off by increasing concentrate
feed requirements (a dairy cow is typically fed 3.5 times more concen-
trate feed than a beef cow, annually). In Sc2, slightly lower inorganic
fertiliser use was recorded, while the environmental impact remained
similar across the investigated impact categories (GHG and NH3 emis-
sions, N and P nutrient leaching). In Sc3, fertiliser inputs were reduced
by circa 15%, which resulted in an improvement of around 10% across
all environmental impact categories. This coincided with the 10%
reduction in total cattle numbers for Sc3 (Fig. 3). Reduced fertiliser in-
puts are mainly a direct result of land sparing from agricultural pro-
duction, depending on the livestock sector it is spared from. Sc4 showed
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Fig. 3. Total cattle numbers [million head] in Scenarios (Sc) 1 to 10 outlined in
Table 1, and distributed into adult cohorts (dairy cows, beef cows and bulls)
and pre-adult cohorts grouped by genetics (DxD, DxB and BxB).
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Fig. 4. Radar plot of modelling results from a) Baseline (Sc1) + Sc2 to Sc5 and b) Baseline (Sc1) + Sc6 to Sc10 (Table 1). Investigated results are provided as scores,
where positive scores indicate proportional improvement compared to Scl (i.e. increase in protein output; decrease in concentrate and N fertiliser input, reduced

emissions of GHGs or NHj to air, or N and P to water).

very small changes relative to the baseline across environmental impact
categories, while protein output and fertiliser application were slightly
reduced. Similarly small impacts were observed in Sc7, from the intro-
duction of sexed semen. Sc5 led to slightly more protein production at
the expense of larger concentrate feed requirements and environmental
impacts, while Sc6 resulted in the opposite. Higher GUE on beef farms
(Sc8) lowered inorganic fertiliser applications and environmental im-
pacts, specifically NH3 and nutrient leaching. Sc9 lowered protein pro-
duction slightly while concentrate requirements remained stable and all
other impact categories were reduced by around 5%. Sc10 showed the
largest impact — protein output is increased by 23% at the expense of
14% larger concentrate feed requirement, whilst fertiliser applications
and environmental impacts are reduced by 8-13%.

3.3. Total grassland requirements and spared land

The 2020 baseline scenario entailed a grassland area of 4.01 million

ha (Fig. 5). Apart from Sc5 and Sc7, where area increased very slightly,
all scenarios resulted in grassland sparing opportunities within Ireland.
The largest grassland sparing opportunities were found in Sc3 and Sc10,
coinciding with the largest reductions in cattle numbers. In these sce-
narios, 0.6 and 0.75 million ha, respectively, were spared from current
grassland use. Consequently, around 15-20% of current grassland areas
could be spared, while total protein output would be increased sub-
stantially. However, concentrate feed requirements increased for these
two scenarios, and resulted in non-Irish land use change of 102 kha and
94 kha, reflecting 17% and 12%, respectively, of grassland area directly
spared within Ireland. No significant non-Irish land area was spared
globally across the other scenarios, apart from in Sc6 where less
concentrate feed was required due to the prompt export of all male DxD
calves (in this case, global land sparing would only take place if calves
are slaughtered for veal soon after export). Otherwise, global feed re-
quirements would remain stable and are solely displaced from Ireland to
the export country. Across all scenarios, between 88% and 93% of land
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et al., 2022), and land use change (LUC) outside of Ireland due to varying
concentrate feed requirements (negative values indicate land sparing compared
to Scl, positive values indicate additional land requirements).

use change in Ireland occurred on soils of groups I and II, the most
productive soil classifications (Fig. 5).

4. Discussion
4.1. Modelling approach

The new GLAM sub-model within GOBLIN is primarily based on yield
response functions that determine grass production and the underlying
productivity of grassland resources. Therefore, the model is easily
adaptable to different response functions and databases that may
become available to increase the accuracy of predicting grass produc-
tivity, such as PastureBase in Ireland (O’Donovan et al., 2022). It could
also be adapted to represent different sward compositions, such as
grass-clover or multi species swards which have the potential to provide
large herbage yields while improving environmental quality (Baker
etal., 2023; Herron et al., 2021; Yan et al., 2013). Combined with type of
grassland management specific data on fertiliser inputs, these allow for a
greater level of differentiation between grasslands within each livestock
sector in terms of productivities and area-based emissions. The distri-
bution of livestock cohorts onto varying farm types provides the foun-
dation of modelling herd dynamics, and their grass feed and land area
requirements. At present, the model contains three different livestock
sectors with a total of twelve unique grassland use categories, which is a
vast improvement on previous GOBLIN model resolution (Duffy et al.,
2022b). In future studies, there is great potential to further improve the
structure and implement “mixed livestock” systems with lower degrees
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of specialisation into the model. In addition, further distribution ac-
cording to performance or intensity spreads within farm types could
enable testing of measures to close gaps between high- and
low-performance farms of similar typologies (Buckley and Donnellan,
2022). Livestock intensity could be used as a proxy to differentiate be-
tween conventional and organic production systems, which are growing
in importance and typically operate under nitrogen and livestock
stocking rate limitations. This will further improve the utility of
bio-physical modelling by elucidating a wider range of interventions
across prospective herd compositions. This is especially relevant in
Ireland, where herd composition and farm dynamics have changed
substantially over the past decade and a further increase in dairy cows is
expected due to high profitability gaps between farm systems (Donnel-
lan et al., 2018; EPA, 2022).

To meet future climate and other environmental targets in Ireland,
large-scale land sparing from grasslands is a necessity (Gorman et al.,
2023; Haughey et al.,, 2023). This will require models to support
informed decision-making around effective strategies involving appro-
priate land uses in relation to farm and grassland types and soil cate-
gories. Scenarios presented here outline large-scale potential for land
sparing on a national level, even where total bovine protein output re-
mains constant or increases. The next step is spatial determination of
where these can be implemented based on current agricultural systems,
soils, climate and other specific regional factors. The modelled changes
in livestock systems would entail significant structural changes to Ire-
land’s agriculture sector, including the exit, merger and conversion of
many farms. One important caveat about realising the land sparing
potential indicated by biophysical modelling is the economic pull that
could be exerted by more productive livestock systems towards expan-
sion of production. To realise environmental benefits from land sparing,
a robust policy framework will be required to promote diversification of
spared land and prevent further intensification through additional cattle
stocking (particularly dairy). Such intensification would also be likely to
have consequences for animal welfare and biodiversity (Carter et al.,
2023; Stafford and Gregory, 2008).

4.2. Climate and environmental impact

Presented scenarios indicate that substantial reductions in agricul-
tural GHG emissions will be difficult to achieve through the evaluated
measures, without significant reductions in overall cattle numbers. Sc3,
Sc6 and Sc10 were the only scenarios that reduced GHG emissions by 5%
or more, Sc10 representing the largest reduction of 7.5%. Notably, these
three were the only scenarios that included larger reductions in total
cattle numbers, between 8 and 15%. This indicates that total cattle
numbers are a more important driver of agricultural emissions
compared with other herd dynamics or compositions. While dairy cows
have larger GHG emission factors per head, a larger proportion of their
offspring is exported, and the remaining offspring are less emission
intensive compared to those from beef cattle. However, in scenarios with
larger dairy cow populations, an increase in protein production was
achieved due to much larger milk outputs and comparatively small
losses of beef production. Dairy specialisation is likely to further reduce
the average carbon footprint per litre of milk produced in Ireland. More
broadly (at global scale), dairy specialisation may come at the risk of
increasing beef carbon footprints due to lower dairy-beef outputs
driving a shift towards more specialised beef production with a larger
carbon footprint, unless beef demand is dramatically reduced (Soter-
iades et al., 2019). Meanwhile, the indirect emissions effects of dis-
placing beef production systems overseas are unclear and could be either
positive or negative. Ultimately, whilst herd reductions may become a
necessity to meet environmental targets, and the much less profitable
beef sector is more likely to shrink first, scenarios evaluated here
highlight how a reduction in total cattle numbers does not necessarily
mean a reduction in total protein output. Protein production is used as
proxy for the economic growth of the Irish agricultural sector that was
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achieved since 2011, closely linked with livestock production, particu-
larly from the dairy sector (Fitzgerald, 2019). Often it is also associated
with Ireland’s contribution to global food security. However, close to
80% of agri-food export value was generated in the EU-27 countries, UK
and United States in 2022 (DAFM, 2023), countries where protein
availability is well-established.

All scenarios fall far short of the 2030 national target to reduce GHG
emissions by 25% compared with 2018 values (Government of Ireland,
2021). Therefore, there remains an urgent need for rapid implementa-
tion of additional mitigation measures to reduce agricultural emissions,
as proposed by Lanigan et al. (2023) and the Irish Climate Action Plan
(DECC, 2023). Strategies defined in the evaluated scenarios appear
much more important for land sparing, supporting GHG emission miti-
gation within the LULUCF sector, than for direct emission reductions in
the agricultural sector. In reality, farmers manage most land, and the
sectors are closely intertwined; indeed, the agricultural and LULUCF
sectors may be accounted for as a combined Agriculture, Forestry and
Other Land Use (AFOLU) sector in the future (European Parliament,
2023; Herold et al., 2021). Outlined structural changes need to go hand
in hand with effective farm-scale mitigation measures to lower agri-
cultural emissions while turning the land use sector from an annual
source of carbon into a sink.

As part of the European Green Deal, the EU has targets to reduce
nutrient losses by 50% and inorganic fertiliser use by 20% (European
Commission, 2019). The majority of investigated scenarios have a pos-
itive impact on both of these targets, especially reducing inorganic fer-
tiliser application. Sc3 and Sc10 reduce inorganic N fertiliser application
by over 15% (Fig. 4), almost entirely achieving the outlined target
without further measures. However, N and P leaching are far less
effectively mitigated in all of the scenarios in this study, achieving a
maximum reduction of 15% in Sc10. From 2030 onwards, Ireland is
obliged to reduce ammonia emissions to 113.6 kt annual emissions ac-
cording to the EU emission ceiling directive (EPA, 2021; Hyde et al.,
2021), a 12.3% reduction in relation to the 2020 baseline situation. Sc3
and Sc10 reduce NHj3 emissions by 10.1% and 11.6% respectively,
indicating that the outlined scenarios can contribute substantially to
meeting ammonia reduction targets.

The sexed semen strategy implemented in scenarios 7, 9 and 10
resulted in very small effects on all evaluated impact categories, only
providing isolated benefits in combination with drawbacks for other
attributes, e.g. lower environmental impact but also lower protein pro-
duction (from beef). Whilst increasing the birth ratio of DxD cattle to-
wards female replacement heifers for dairy production may reduce the
environmental impact of dairy farms on a farm level, less protein is
produced on a national level. As outlined in the context of dairy
specialisation, maintaining protein production levels would require
additional beef production from BxB cattle, mitigating any farm-level
environmental benefits. Hence, when combined with challenges such
as reduced conception rates, our results suggest that sexed semen offers
little meaningful potential for improvement of environmental quality or
land sparing on a national level.

4.3. Land sparing and soil quality

The investigated scenarios outline pathways to reduce grassland
areas needed for cattle by up to 0.75 million ha, circa 20% of all Irish
grassland. Depending on accounting method and net-zero target defi-
nition (and which sectors are included), projections outline that be-
tween 0.5 and 1 million ha will be needed for afforestation and wetland
restoration to meet 2050 targets and create sufficient carbon seques-
tration to offset livestock and other agricultural emissions (Duffy et al.,
2022a; Haughey et al., 2023).

At least 88% of spared land was found to be on soil groups I and II,
depending on scenario. These are the most productive soils, not only for
agriculture, but also for biomass production in forests (Duffy et al.,
2020). This is crucial in terms of the potential for CDR from new forests
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established on these soils. A comparatively small proportion of soils is
within group III. A significant gap in knowledge is the distribution of
drained organic soils across the three soil groups. Identifying where
these are located is crucial to develop strategies for preferential land
sparing and appropriate management, including wetland restoration,
enhanced soil carbon storage and afforestation. This is especially
important given that past afforestation on organic soils within soil group
III means is contributing to a rapidly declining carbon sink within Irish
forests. Forests planted on organic soils may even be a net source of GHG
emissions according to recently revised emission factors for organic soils
under forest (Jovani-Sancho et al., 2021), outlining the importance of
sparing good quality land for afforestation measures. A major barrier to
implementation of nature-based solutions on such land could be the
willingness of farmers to diversify this land out of food production.
There are a variety of concerns among farmers about forest conversion,
especially the perceived loss of value of the land and the irreversibility of
the conversion due to current regulations (Vidyaratne et al., 2020).
Overcoming such barriers may require a restructuring of current affor-
estation policies to enhance economic benefits and increase flexibility
(Ryan et al., 2022).

In scenarios with increased dairy cow numbers, a growing demand
for concentrate feed was observed. This resulted in land use re-
quirements outside Ireland that were not further specified on the global
market. Additional global land use requirements were modest compared
to land sparing opportunities within Ireland under the investigated
scenarios, representing 10-50% of spared national areas. The overall
GHG balance that would result from the land use change outside and
inside Ireland will be strongly case dependent on previous land use in
countries where feed components are produced and subsequent use of
converted grasslands in Ireland. Further studies are required to inves-
tigate possible outcomes.

4.4. Limitations

Environmental and land modelling is subject to substantial un-
certainties. GOBLIN validation methods were outlined in detail by Duffy
et al. (2022b). GLAM was validated within GOBLIN over the time period
from 2005 to 2015 against total national grassland areas from CSO
(2023) and achieved less than 2% mean difference over this timeframe
(Figure Appendix A.1).

For this work, scenario development was based purely on the na-
tional cattle herd and interactions between dairy and beef sectors and
area requirements and their effect on important characteristics and
environmental impacts. According to GOBLIN, approximately 20% of
Irish grasslands are used for sheep production (Duffy et al., 2022b), and
different sheep flock strategies, production levels and management
practices should certainly be investigated in future scenarios.

An important next step will be to model pathways towards national
climate neutrality based on the investigated scenarios. This will require
the development of land use strategies to determine how remaining
grassland and spared land are managed, including the addition of
measures from the LULUCF sector like afforestation (of various tree
species, yield classes and management regimes) and wetland
restoration.

5. Conclusions

The development of GLAM enables a more dynamic and higher res-
olution modelling of prospective national grassland-based livestock
herds, land management practises and associated land requirements.
Scenarios that increased dairy cow numbers at the expense of beef cow
numbers, especially when combined with overall herd reductions,
slaughter age reduction, increased male dairy calf exports and GUE
improvements, showed tremendous potential on the Irish national scale
to spare high-quality land from agricultural use. Meanwhile, limiting the
export of male dairy calves and implementation of sexed semen had
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adverse or small impacts. The explored scenarios could provide a sig-
nificant contribution to meeting ammonia reduction targets but offered
limited progress towards meeting agricultural GHG emissions and
nutrient leaching reduction targets. Previously studied farm-scale miti-
gation measures not explicitly modelled here, and/or reductions in an-
imal protein output, may be needed to meet those targets.

Substantial land use diversification will be required to achieve
climate neutrality across the agricultural and LULUCF sector by mid-
century and to meet biodiversity targets. This study demonstrates an
important potential contribution from modified cattle production stra-
tegies. Realising potential environmental benefits will require integra-
tion with technical emission abatement measures and appropriate land
use strategy via coordinated policies pertaining to agriculture, land use
and environmental protection.
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