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Improved efficiency in dairy systems is a significant challenge for the future, to meet

increased food demand while competing for inputs, adapting to climate change, and

delivering ecosystem services. Future grazing systems can play a major role to supply

healthier foods within systems with a reduced reliance on fossil fuels and chemical

inputs, while also delivering environmental, biodiversity, and animal welfare benefits.

Can we design lower-input systems that deliver efficient levels of output in a positive

environmental context? Lower-input systems will have a lower reliance on concentrates

and inorganic fertilizers, and an increased reliance on extended grazing seasons and high

quality forage. Multiple strategies will be needed to maximize nitrogen use efficiency,

including a strong reliance on legume-based swards that displace inorganic nitrogen

fertilizer. Expected environmental benefits include a reduction in GHG emissions and

nitrate leaching, an increase in C sequestration and a reduced reliance on the use

of herbicides and pesticides. In comparison with confinement feeding systems, the

relatively low energy density and high climate sensitivity of grazing diets requires both

effective pasture management and robust and adaptive animals. The appropriate cow

for grazing systems must be able to harvest pasture efficiently by re-calving every 365

days to efficiently utilize peak pasture supply, achieve large intakes of forage relative to

their genetic potential for milk production (i.e., aggressive grazers) and be adaptable

to fluctuations in feed supply. Legume-based multi-species grassland mixtures can

maximize the use of symbiotically-fixed nitrogen, and displace the use of inorganic N

fertilizer. There is a need for system-scale experiments that use legume-based mixtures

within paddocks, and in grassland leys within crop rotations. Moreover, lower-input

systems will need a combined focus on research and knowledge transfer for rapid testing

and implementation. New opportunities and requirements will arise as policy, society, and

the markets demand a higher level of environmental sustainability from food systems

and products. This raises the possibility of public-private partnerships for the demand

and reward of provision of environmental benefits. To deliver these benefits, future food

systems will need to be redesigned to incorporate the enhanced supply of a range of

ecosystem goods and services, which should be better incentivized through the market

price returned to producers.
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INTRODUCTION–CHANGING DEMANDS
ON FOOD SYSTEMS AND CLIMATE
SMART FARMING

Across the world, agriculture plays a crucial role not only in
supplying food, but in shaping rural areas, preserving landscapes
and cultural practices and heritage. The coming decades are likely
to see increased pressures on agricultural systems, to continue
to provide for an expanding and increasingly wealthy global
population, and on the supply side, from greater competition for
inputs and climate change (Godfray and Garnett, 2014; Zijdeman
and Ribeira da Silva, 2014). The world’s population is expected
to grow from 7.6 to 10 billion between 2017 and 2067 (FAO,
2017) while the global demand for milk is expected to increase
by 48% between 2005 and 2050 (Alexandratos and Bruinsma,
2012). As global incomes increase, diets typically shift from
those comprised of mostly grains, to diets that contain a greater
proportion of meat, dairy, and eggs (Tilman et al., 2011; Kastner
et al., 2012). It is estimated ∼40% of the world’s population
will undergo this dietary shift by the year 2050 (Delgado et al.,
2009). Society has grown accustomed to low food prices and at
the same time, expects agriculture’s environmental footprint to
be reduced, to protect biodiversity and to provide products of
unprecedented nutritional value. The longstanding challenge of
achieving global food security through sustainable agriculture is
particularly acute as world agriculture is a leading pressure on
the environment. Today, global agriculture, forestry and other
land use activities account for 13% of carbon dioxide (CO2), 44%
of methane (CH4), and 81% of nitrous oxide (N2O) emissions
from human activities globally, representing 23% of total net
anthropogenic emissions of GHGs (IPCC, 2019). At the same
time, loss of biodiversity and pressures on ecosystem services are
among the most pressing global environmental challenges while
land cover and land use change are leading contributors to habitat
fragmentation, habitat loss and reduced biodiversity (Newbold
et al., 2015; Ceballos et al., 2017).

In the past 50 years, growth in demand for food has been met
primarily by steady increases in agricultural productivity driven
by the intensification of agricultural production supported by
increased use of monoculture crops and an increasing reliance
on chemical fertilizers and herbicides (Arneth et al., 2019). Since
1961, the total production of food (cereal crops) has increased by
240% (until 2017) because of land area expansion and increasing
yields (IPCC, 2019). Continued productivity gains from these
practices are now increasingly uncertain while antagonistic
environmental impacts such as more intense competition for
natural resources, increased greenhouse gas emissions, and
further deforestation and land degradation are anticipated (FAO,
2017). The global rate of annual yield increase of cereal crops
has steadily declined from 3.2% in 1960 to 1.5% in 2000 (FAO,
2009) while the initial impacts of climate change and global
warming are already resulting in reducing yields in the most
sensitive regions (Kornhuber et al., 2019). Consequently, new
agricultural technologies that can reinvigorate productivity gains
and enhance agricultural/food system efficiency are now critical
to meet global food security goals. In the European Union

(EU), the newly proposed EU Green Deal (EU, 2019) is an
integral part of this EU Commission’s strategy to implement the
United Nation’s 2030 Agenda and the sustainable development
goals (UN, 2015). In addition to the productivity challenge,
these proposals require EU food systems to become more
transparent, continuing to supply healthy nutritious food from
traceable production models, while simultaneously reducing
environmental impact, supporting increased biodiversity and
improved animal welfare, and reducing the use of hormones,
agro-chemicals and antibiotics.

On that basis, the objective of this paper is firstly, to redefine
the objectives and products of modern climate-smart dairy
systems and secondly, in the particular case of temperate lowland
grazing systems, to explore selected primary opportunities
to realize these benefits within future systems. Although we
do not exclude the application of these ideas to non-EU
temperate regions, we acknowledge that our experience and
perspectives are largely shaped by the EU context. We begin
by outlining the contribution of intensively managed temperate
grasslands to food production. We then discuss the demands
of pasture-based systems on the dairy animal, and how these
might be better addressed. We provide an overview of the
potential contribution of multi-species grassland mixtures to
nutrient efficiency and more sustainable grassland production.
We conclude with a discussion of biodiversity and ecosystem
services from dairy pastures, and the role of public and
market-based payments to better incentivise the delivery of
such services.

REDEFINING THE PROCESSES AND
DESIRED PRODUCTS FROM CLIMATE
SMART FOOD SYSTEMS

While the intensification and regional specialization of the
Green Revolution in Agriculture during the last 60 years has
greatly increased productivity, it has also resulted in adverse
consequences for the natural environment. The continued
intensification of such systems is now questioned in many
developed economies worldwide. Firstly, the high reliance of
intensive dairy systems on mineral fertilizer inputs has resulted
in reduced nutrient use efficiency and an increased risk of
nutrient losses to air and water. In addition, the increased
use of concentrates, and in particular imported soya bean
and palm kernel, creates increased demand for such crops in
developing economies thereby stimulating deforestation and
environmentally harmful agricultural practices elsewhere around
the world. Allied to these damaging impacts of intensification, the
loss of landscape biodiversity arising from such farming practices,
combined with the disappearance of habitats for small land
animals, insects or birds is also important in the context of the
contribution of livestock farming to GHG emissions and global
warming. In light of these criticisms, and in response to consumer
demand for more environmentally sustainable food products,
dairy systems must be adapted and redesigned to continue to
provide sufficient high quality nutritious foods in addition to an
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FIGURE 1 | Conceptual representation of farm scale input levels and output variables according to a gradient of management intensity from intensive to extensive.

The various metrics relate to per unit area rather than per unit product. PES, payment for the provision of environmental public goods by various ecosystem services,

see text for further details.

enhanced supply of ecosystem goods and services. This approach
is conceptualized in Figure 1.

Although intensive dairy systems can achieve low levels of
environmental impact when expressed per unit of product
produced (Capper and Cady, 2020), the total level of
environmental impact remains high when expressed per hectare
of land farmed in more intensive systems while others aspects,
which are poorly evaluated with the LCA approach, must also be
considered (van derWerf et al., 2020). Therefore, as management
intensity reduces, productivity per hectare or per animal will
decrease and the reduction in per hectare productivity will
occur commensurate with a reduction in environmental impact.
Grassland nutrient use efficiency increases when inputs decrease,
until an inflection when the low exportation rate results in
a lower efficiency (Huguenin-Elie et al., 2018). Biodiversity
mitigation in intensive systems is also difficult to achieve, with
negligible increases in biodiversity until there is a major shift
to more extensive practices (in a land sharing approach). For
example, going from 250 kg ha−1 to 200 kg ha−1 of inorganic
N fertilizer has negligible effects on grassland biodiversity,
compared to going from 50 to 0 kg ha−1 (Kleijn et al., 2009). In
essence, biodiversity conservation within dairy systems will only
be achieved by protecting and improving the quality of adjoining
wildlife habitats. For this reason, part of on-farm biodiversity
enhancement can be achieved with relatively minor impact
on production as the land areas most likely to be beneficial for
biodiversity are likely to be those which are least suitable for dairy
production e.g., areas of wetlands, woodlands, hedgerows, wet
grasslands etc. Farm profitability (per hectare) will also reduce
initially as productivity is reduced, however the reduction in

profitability will at a lower rate than that for production. This is
because the marginal profitability of extra production is lower for
each additional unit of productivity within intensified systems
due to increased marginal costs associated with intensification
(Ramsbottom et al., 2015).

Finally, in our opinion, there is a non-linear relationship
between production and profit and environmental impact
according to the level of management intensity. A key challenge
is to re-design farming systems so that required standards
of environmental quality are delivered with least impact on
production and farm profits. For the system to be robust, losses
in income to the farmer arising from de-intensification should
be compensated for providing a just transition to a new farming
system. On that basis, the provision of environmental public
goods should also result in enhanced market prices for producers
of such products, either promoted by consumers’ preferences
(“Market supported” in Figure 1), or supported by public
payments for the provision of public goods (“Policy supported”
in Figure 1), or a combination of both. Such advanced market
systems already occur in some countries such as Switzerland,
France and Germany (see below).

THE EVOLVING ROLE OF LOWLAND
TEMPERATE GRASSLAND IN FOOD
SYSTEMS

Grasslands cover more than 40% of the earth land surface
(excluding Greenland and Antartica) with a large diversity of
vegetation (White et al., 2000). While grazing land is the single
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largest land-use category, the intensity of land use varies hugely
within and among different land-use types, and regions with
∼10% of the total ice-free land surface managed intensively (Erb
et al., 2016). A large part of the total grassland area is composed
of native or natural grassland such as the savanna in Africa, the
pampa in South America, shrub land and steppes in Oceania and
Asia and tundra in Europe. Indeed, intensive and semi-intensive
grasslands represent only a minor component (2%) of total land
use (Figure 2; IPCC, 2019). Within the spectrum and context
of future food systems, the specific case of temperate lowland
grazing-based production is deserving of specific attention. In
an EU context, improving the efficiency of grazing production
systems is considered as the greatest opportunity to develop
climate smart farming systems for the future.

In addition to forage production, grasslands play a major role
in ecosystem equilibrium including biodiversity preservation,
carbon storage, erosion control, water and nutrient cycling
regulation (O’Mara, 2012; Soussana and Lemaire, 2014;
Plantureux et al., 2016). In addition to the provision of
these benefits, the role of grasslands in efficiently converting
human inedible feed to high quality human nutrients has been
acknowledged (Mottet et al., 2017; Peyraud, 2017). These systems
are commonly practiced in temperate lowlands (such as Europe,
New Zealand, and South America), are highly competitive and
make a significant contribution to global food supplies. Similar
to other food systems however, the intensification of grazing
systems in the last 50 years using cheap mineral fertilizers and
feed supplements has helped to increase management control

and productivity in grazing systems. Consequently, today’s
pasture-based dairy systems can be described as semi-intensive
or intensive systems with high levels of mineral nitrogen
fertilizers, concentrates and irrigation applied to increase feed
supply and reduce variability. In terms of feeding systems, they
are increasingly specialized based on monocultures of sown
grass or integrated in crop-livestock systems where grass and
maize silage coexist (Table 1). Moreover, while grazing systems
are widely recognized for the positive impacts on animal health
and welfare (EU, 2009), the reduction in grazing season length,
associated with the intensification of the EU dairy industry is
now among the main animal welfare concerns for the sector
(Nalon and Stevenson, 2019).

DESIGNING CLIMATE-SMART
TEMPERATE GRAZING SYSTEMS

In the context of the desired evolution in climate-smart food
systems (outlined in the previous section) we identify and
discuss three pertinent issues for temperate lowland grazing
systems. There are many others possibilities such as, for example,
to better utilize the complementarity within integrated crops-
livestock farming (Ryschawy et al., 2017), but we believe that
the required increase in resilience and environmental benefits
in temperate lowland grazing based dairy systems will be
primarily based on the adaptation of livestock, feeding systems
and ecosystem services. We discuss three specific changes

FIGURE 2 | Global, ice-free land area use 2015 (IPCC, 2019). (Each bar represents a broad land cover category; the numbers on top are the total percentage of the

ice-free area covered, with uncertainty ranges in brackets and ordered along a gradient of decreasing land-use intensity from left to right).
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TABLE 1 | Main characteristics of some pasture-based dairy systems in

temperate lowlands (These data represent average values, and are derived from

diverse national statistical publications).

France Ireland Netherlands New Zealand

Herd size (cows) 75 80 90 435

First lactation (%) 32 23 27 22

Milk yield (kg/cow) 7000 5000 8700 4200

Calving interval (days) 420 395 420 370

Concentrate (kg/cow) 1300 1000 2000 600

N mineral (kg/ha) 70 180 130 150

Grassland area (%)a 50 95 70 90

Forage crop area (%)a 50 5 30 10

Stocking rate (cow/ha)a 1.70 2.00 2.50 2.85

aCalculated on the area used to feed the dairy cows.

to farm practices namely; the selection of cows adapted to
grazing, the development of multi-species pastures and the
promotion of biodiversity and associated ecosystem services
through semi-natural habitats.

MATCHING THE COW TO THE SYSTEM

In livestock farming systems, the animal is a key component of an
efficiently working system. In low-input, pasture-based systems,
more than others, the dairy cow is a feed-to-food transformer,
converting grass to milk. In these systems, increasing the
proportion of grazed grass in the annual feeding budget reduces
total costs and increases farm returns (Ramsbottom et al., 2015).
Consequently, the dairy cow must possess critical attributes,
which are associated with the particularities of the grass-based
systems of production.

In grazed grass-based systems, three main aspects should be
highlighted to define the “ideal” animal. By construction, the
feeding resource is based on forages defined with a higher fill
value and a lower energy nutritive value than concentrate based
feeding. Secondly, to manage grazing with high efficiency and a
low post grazing residual height, the grass offered restricts the
expression of the animal intake capacity. Finally, this resource is
naturally seasonal, unstable, and uncertain with huge variation in
feed supply due to the sensitivity to climate variation.

The first consequence, resulting from the two first
specifications of the grazed based system is the failure to fully
meet the nutritional requirements of high genetic merit dairy
cattle for milk yield within a grass only diet. This is illustrated
by Bargo et al. (2002) with their experiment comparing indoor
and grazing feeding systems. The total daily dry matter intake,
milk yield and milk solids were lower (−5.1,−9.6, and−0.69 kg,
respectively) for grazing dairy cows. With such high demands
for energy and protein, due to the continental Holstein milk
yield potential, grass intake is unable to satisfy completely the
mammary gland requirements. In this situation, although the
grass nutritive value (energy, protein content) is high, the overall
level of intake achieved is inadequate. With genetic selection
based mainly on milk yield, the dairy cow intake capacity

TABLE 2 | Dairy cows performance observed in the INRAE Le Pin experiment

(The cow for the system?-2006–2019) and in the Teagasc NGH experiment (Next

Generation Herd-2013–2016) in comparison with the objective for grass-based

dairy system and compact calving management (12 weeks calving period).

Objective The cow for the system?a NGHb

Breed Holstein Normande NatAv Elite

Feeding level High Low High Low

Milk yield (kg) 8360 6000 6200 4625 5810 5610

Milk solids (kg) 568 411 457 342 451 459

BCS at calving [pts

(0–5)]

2.80 2.65 3.40 3.05 3.00 3.25

BCS losses [pts(0–5)] −0.50 −0.90 −1.15 −0.60 −0.80 −0.40 −0.40

Interval calving−1st

ovulation (days)

25–30 41 39 33 30 / /

Normal cyclicity profile

rate (%)

80 51 43 67 76 / /

First AI in-calf rate (%) 60 36 29 43 41 46 60

6 week in-calf rate (%) 70 40 36 49 52 58 73

13 week in-calf rate (%) 90 60 56 73 70 83 93

aHigh: In winter (100 days), early in lactation, total mixed ration with maize silage,

dehydrated alfalfa, and concentrate, ad libitum. At grazing (180 days), 0.35 ha per cow,

4 kg concentrate, and 5 kg maize silage from July. In autumn (85 days), 5 kg maize silage,

4 kg concentrate, and grass silage ad libitum.

Low: In winter (100 days), early in lactation, total mixed ration with grass silage, and big

bale haylage, ad libitum. At grazing (180 days), 0.55 ha per cow. In autumn (85 days),

grass silage ad libitum. No concentrate. (updated from Delaby et al., 2018).
bTwo genotypes based on Ireland’s dairy selection index, the Economic Breeding Index

(EBI): NatAv (n= 45 annually) representing national average based on EBI and Elite (n= 90

annually) representing the top 1% (O’Sullivan et al., 2019, 2020).

increases but much less than the associated energy demand.
Consequently, at grazing without supplementation, high genetic
merit cows are unable to express their potential due to the form
and nature of the forage offered. In the same way, in farmlet
experiments comparing different types of cows managed at
different feeding levels, the authors often report a phenotypic
interaction on total milk and milk solids yield (Horan et al.,
2005; Fulkerson et al., 2008). Comparing animal performance,
typically, the greater the milk yield or milk solids potential of
the cow, the greater the difference observed between high and
low feeding treatments at grazing. Indeed, the milk production
response to feeding level of high genetic merit cows is generally
higher than for dual-purpose, crossbred, and lower genetic merit
cows (Table 2; Delaby et al., 2014). Continuing to select on milk
yield potential will lead to a nutritional impasse.

The final characteristics of grazed based production systems,
associated with the seasonality of grass growth, has two
main consequences in terms of herd management and
animal robustness. The dairy farmers are highly motivated
to synchronize herd demand with grass availability using
compact calving in spring to maximize grass utilization (Delaby
and Horan, 2017). In environments where a period of drought is
probable during summer for example, and without irrigation or
with severe restriction on water utilization, Pottier et al. (2007)
have suggested keeping compact calving management but with
two compact calving periods at 6-month intervals is appropriate.
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In this situation, half of the herd demand is associated with dry
cows, in summer or in winter, the traditional period with reduced
pasture growth. Two periods of compact calving can allow total
feed requirements to be reduced on the grazing platform thereby
allowing available pasture and the best-conserved forages to be
dedicated to the milking cows during periods of feed restriction.

To obtain compact calving at the same time every year
requires compact rebreeding before day 90 of lactation. For
dairy cows, this period is early in lactation and concomitant
with the peak of lactation. Due to the gap between intake
and energy demand, increased peak milk production results
in increased body reserve mobilization resulting in a reduced
likelihood of successful timely rebreeding (Butler, 2014; Bedere
et al., 2016, 2017). Typically, continental Holstein dairy cows
are unable to conceive within the required short timeframe due
to high milk production levels which are detrimental to the
maintenance of adequate body condition to facilitate conception
at the right moment and avoid ill health within a restricted feed
environment (Table 2; Baumont et al., 2014; Delaby and Fiorelli,
2014). Consequently, a more appropriately balanced (milk plus
fertility potential) dual purpose or cross breed cow with lower
milk production and superior fertility is beneficial to maintain
high fertility capacity which is essential for grazed grass based
dairy systems (Washburn and Mullen, 2014). This has been done
with success in Ireland. Starting 20 years ago, the definition and
the application of an Economic Breeding Index has paid dividend
(Berry et al., 2019). In comparison with national average genetic
merit cattle, the performance of high EBI dairy cows in terms of
milk yield, milk composition, and fertility are consistent with the
ambition of this program (Table 2; O’Sullivan et al., 2019, 2020).

In the future, two or three main aspects must be kept in mind
to further improve the animal capability to assume better grass
based systems constraints. Firstly, in relation to animal health
and welfare, selecting for a healthier cow will be the first step to
improve animal welfare. Specifically at grazing, the selection of
animals, which are resistant to lameness and parasitism to limit
use of antibiotics and anthelmintic products, is an opportunity
for the future. Some breeds such as Normande or Montbéliarde
dairy cows are more sensitive than Holstein or Jersey or Kiwi-
cross breeds to lameness, probably because of high animal
bodyweight and hoof hardness which is underdeveloped for
long walking distances. Resistance to parasitism is important for
heifers during the first grazing season and it is well-known that
parasitism sensitivity differs between animals and is heritable. In
fact, some specific approaches based on selective anthelminthic
treatment using standard growth curves and regular animal
weighing must be further developed to reduce use and limit
the anthelmintic footprint of food production in addition to the
risk of anthelmintic resistance (Delaby, 2015). Such approaches
to limit anthelminthic treatment must be further developed for
the future.

A second concern for the future is the potential for more
erratic grass growth patterns, as anticipated climate change will
increase the frequency of negative hazards. The reduction in
inorganic nitrogen fertilization and the control of water use
for irrigation will also make the system more dependent on
the natural processes of mineralisation and fixation. That may

also contribute to increase pasture supply variability in future.
Such system changes coupled with the increasing frequencies
of unpredictable weather events will exacerbate the volatility
of pasture supply and nutritive value (Lee et al., 2013), and
will require future dairy cattle that can withstand periods of
nutritional restriction. The ideal dairy cow should have the
inherent capability to reduce milk yield during periods of
restriction, to protect vital processes and thereafter, to rebound
when forage supply recovers. To select on this capability, named
plasticity (Friggens and Newbold, 2007), a methodology has to
be developed to challenge the animal and observe their reactivity.
In the short term, we know that the dairy cow is able to reduce
milk yield during short term feed restrictions and preserve the
mammary gland secretion potential. This is illustrated well with
the milk yield profile observed in long residence time rotational
grazing paddocks when grass availability declines between the
first and the last day in the paddock (Roca-Fernandez et al.,
2012). In the longer-term, this capability to recover mammary
gland milk synthesis potential is modest and the carry over effect
will depend mainly of the duration and severity of the restrictive
feeding period, the dairy cowmilk production potential and body
reserves (Delaby et al., 2009).

Finally, as an integrative property, a well-adapted dairy cow
for future grass based systems is a cow with greater longevity.
Farmers describe “a transparent cow, a cow you never hear about”
(Delaby et al., 2018). This cow is able to be in calf at the right
moment, with no or few health problems, and produce high fat
and protein content milk according to the feeding level available
from grazed grass. In this situation, the replacement rate is low
which helps to reduce environmental impacts such as the global
GHG emissions of the dairy system (Dall-Orsoletta et al., 2019).
In the same direction, reduced inorganic nitrogen use facilitated
by the (re)introduction of legumes into pastures will also reduce
GHG emissions and increase N efficiency. Improving the global
efficiency of the system, with higher dairy cow durability will
generally have a simultaneous positive effect on the environment.

MULTI-SPECIES MIXTURES: BENEFITS OF
DIVERSITY

There has been renewed focus on the incorporation of
legumes into intensive grassland-livestock systems. A well-
managed legume proportion in a sown grassland (ideally 30–
50% legume content) can result in higher productivity and
reduced production costs (Suter et al., 2015). These savings
are achieved through lower reliance on inorganic nitrogen (N)
fertilizer, a prominent variable cost in intensive dairy systems. In
Switzerland, grass-legume mixtures receiving 150 kg ha−1 yr−1

of N fertilizer out-yielded grass monoculture receiving 450 kg
ha−1 yr−1 of N fertilizer when legume proportion comprised
30% or more of the vegetation biomass (Nyfeler et al., 2009).
In a continental-scale experiment, four-species mixtures (two
grasses and two legumes) consistently yielded better than the
average of the four monocultures, and even yielded more than
the best-performing monoculture in a majority of cases (Finn
et al., 2013). Grange et al. (2019) also showed that combining
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competitive grass, legumes and forbs (with 150 kg ha−1 yr−1 of N
fertilizer) achieved a fertilizer replacement value sufficient to out-
yield a perennial ryegrass monoculture with 300 kg ha−1 yr−1

of nitrogen.
Better nitrogen fertilizer use efficiency is associated with

higher forage nitrogen content, thus, incorporating legumes can
bring higher milk solids from a lower-input system (Harris et al.,
1997; Egan et al., 2015). In addition, the inclusion of forbs in
a grass-legume sward can bring extra yield and more complete
feeding value, especially of minerals and bioactive secondary
metabolites (Delagarde et al., 2014; Cranston et al., 2015; Cong
et al., 2016). Despite the technical difficulty in quantifying the
benefit of these metabolites in livestock health, we know that
several husbandry pathologies can be tackled by a diverse diet
that includes high concentrations in some of these metabolites
(Poutaraud et al., 2017). In an example that differentiated
grass and/or clover effects from grass+clover+herb vegetation,
a 2-year study investigated lamb and ewe performance on
perennial ryegrass only, perennial ryegrass and white clover,
and a six-species and nine-species mixture. Lambs on the six-
species mixture had heavier bodyweights and required fewer
anthelmintic treatments than lambs grazing either perennial
ryegrass or perennial ryegrass and white clover. Lambs grazing
the perennial ryegrass sward required more days to reach
slaughter weight than lambs grazing all other sward types (Grace
et al., 2019).

On a broader scale, by diversifying plant species, we reduce
the risk of deficiency in any aspect of an animal diet. To
illustrate this in a 2-year grazing experiment (with 75 kg N ha−1

yr−1) in France, an increase of botanical complexity from one
to five species (two grasses, two clovers, and chicory) resulted
in positive effects on animal performance (Roca-Fernández
et al., 2016). They distinguished between monocultures of
perennial ryegrass, grass-clover mixture, and “multi-species
swards” of grasses, clovers, and chicory. Compared to grass-
clover, multi-species swards improved production of milk (+0.8
kg/day) and milk solids (+0.04 kg/day), which was attributed
to enhanced sward quality and increased dry matter intake
(+1.5 kg DM/day). Compared to monocultures, plant richness
also enhances grassland stability over seasons and weather
disturbances. As climate change is leading to more extreme
weather events such as summer drought (Hopkins and Del
Prado, 2007), multi-species swards have shown better resistance
than monocultures in several studies (Vogel et al., 2012; Isbell
et al., 2015; Craven et al., 2016; Finn et al., 2018). When
including forbs, multi-species swards contributed to increase
carbon sequestration (Cong et al., 2014). Mixtures are also very
stable against weed invasion which is another threat in intensive
dairy systems (Connolly et al., 2018), and facilitates a reduced
reliance on herbicides. In summary, increasing plant diversity
in sown grasslands (to levels with four to eight selected species)
is an example where better environmental performance can
be achieved without any reduction in productivity, even when
there is a reduction in farm inputs (Weigelt et al., 2009). In
an economic analysis, (Schaub et al., 2020) found higher farm
profitability and reduced production risk from multi-species
grassland compared to a monoculture.

BIODIVERSITY AND ECOSYSTEM
SERVICE PROVISION

Globally, there is an ongoing decline in both biodiversity and the

provision of ecosystem services. Much of European biodiversity

is associated with extensively managed farmland; agricultural

intensification is a major driver of this decline through
conversion (e.g., species-rich grassland or woodland is converted

to cropland or forestry), fragmentation, homogenisation, and

modification (overgrazing, undergrazing, and the application of

nutrients and biocides) of habitats. Intensively managed farming

systems, therefore, prioritize the delivery of selected provisioning
services (food), at the expense of land uses that are favorable
for biodiversity, and associated ecosystem services. Thus, it is

perhaps not surprising that surveys of intensively managed farms
show that most of the original farmland habitats have been
removed, and there tends to be only small habitat fragments

remaining. For example, farmland habitats in a survey of mostly
grassland farms in Ireland reported semi-natural habitat areas of
14 and 13% (Sheridan et al., 2011, 2017); Sullivan et al. (2011)
reported an average of 15%. In an Irish study of more intensively
managed farms (n = 119), the wildlife habitat area across three
separate farming enterprises (tillage, beef, and dairy) comprised
almost 10% of the farm area. Linear features such as hedgerows,
buffer strips and drainage ditches accounted for 43% of the total
area of wildlife habitat surveyed, and hedgerows were the single
most abundant wildlife habitat (Larkin et al., 2019). Looking at
a gradient of farming intensity from extensive to intermediate to
intensive, the Farm Ecos project in Ireland showed that the area
of semi-natural habitat was 42% to 15.6% to 6.1%, respectively
(Rotchés-Ribalta et al., 2020). Overall, these studies demonstrate
how intensive agricultural management such as occurs on most
dairy systems is generally associated with a reduced area of
habitat available for wild populations of plants and animals, and
especially when there is low protection afforded to habitats by
policy (Rotchés-Ribalta et al., 2020). There is also a wider off-farm
impact of livestock systems that may not be captured by farm-
scale metrics e.g., biodiversity impacts that arise from conversion
of tropical rainforest for cultivation of soy to supplement animal
intake of protein, and biodiversity impacts from downstream
impacts on water quantity. Importantly, the off-farm biodiversity
impacts due to land use change can be as large as those that occur
on-farm (Teillard et al., 2016); the greater the reliance on off-farm
feed, the greater the impact. Methods to better assess the impact
of livestock systems are under development (FAO, 2020).

There is a growing expectation from society for agricultural
systems to improve their environmental sustainability, and to
respond to the climate and biodiversity crises. Food production
systems vary widely in their environmental sustainability,
and the public perception of food production has become
increasingly polarized.

What role can lower-input pasture-based dairy systems play
to improve biodiversity? Some general guidance for habitat
triage follows:

• Protect and maintain the appropriate management of existing
natural habitats that support wild populations of plants and
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animals e.g., ponds, hedgerows, native woodland, peatlands,
wetlands, heathlands etc.

• Enhance the wildlife quality of degraded farmland habitats
through improved management.

• Only consider the creation of new wildlife habitats after
existing habitats have been retained or enhanced.

• Do not locate newly created wildlife habitats on
existing habitats.

In practice, within dairy systems, likely actions will include:
protection and conservation of existing habitats with native
vegetation and species; planting of new hedgerows; improved
management of hedgerows to support more wildlife; widening
of existing field margins; creation of field margins; creation
of ponds and planting of small woodland areas. Excessive
cutting and management of hedgerows removes flowers and
food that supports a variety of invertebrate species (including
pollinator species) and can destroy over-wintering insects. More
appropriate management of hedgerows for wildlife involves
trimming on rotation every second or third year. An example
of a project undertaking demonstration of such actions is
taking place in the Bride Valley, Cork, Ireland (BRIDE
project www.thebrideproject.ie).

The benefits of such actions extend beyond the improvement
in allocation of space for biodiversity. For example, for
hedgerows and wooded areas (that are characteristic of many
temperate landscapes in Ireland, and bocage in France), wider
benefits include:

• Shelter and shade. Hedgerows and trees provide shelter from
winds and cold weather. In addition, they also provide shade
and protection from heat stress during warmer weather and
heatwaves. The physical barrier provided by thick hedges
contributes to reduced disease transmission among herds.

• Carbon sequestration. Hedgerows can also contribute to
carbon sequestration: the greater the volume and age of the
hedgerow, the more carbon is likely to be sequestered.

• Improved water infiltration. Water infiltration is higher
adjacent to hedges, and can prevent lameness due to foot-
splaying and is less suitable to snails that are hosts to liver fluke.

• Improved pollination services. The diversity of plants and
floral resources in diverse hedgerows provides habitat and
food for wild pollinating insects. These will benefit adjacent
crops that are pollination-dependent, as well as contributing
to biodiversity.

• Biological control. Habitat diversity underpins the diversity of
species that naturally contribute to the control of agricultural
pests and diseases, and reduces the reliance on chemical
methods of control.

• Landscape connectivity.

MARKET AND POLICY ACTIONS TO
ENHANCE BIODIVERSITY AND
ECOSYSTEM SERVICES

A number of possible market and policy actions are available
to curb the greatest impacts of production systems, but also

to actively enhance their positive contributions. In considering
what unique role exists for lower-input dairy systems to improve
biodiversity, some examples include:

• Voluntary actions by farmers. These are highly dependent
on personal motivation, and availability of good advice for
environmental management and biodiversity conservation.
We do not discuss this any further here.

• Entry-level criteria that are associated with market access.
• Public payments for environmental public goods. Here, we

give an example based on EU agri-environment schemes,
and discuss recent developments that focus on results-based
approaches and payments.

• Private initiatives/market-based incentives to reward
provision of ecosystem services. We provide two case
studies here.

Agri-food companies are undertaking sustainability assessments
for compliance or benchmarking with international accreditation
schemes. Increasingly, food processors are requesting that
suppliers (farmers) attain minimum criteria as a condition of
supply to the processor. In general, such approaches tend not
to be very demanding, and are highly dependent on adequate
compliance inspection and availability of adequate advice. In
addition, such approaches tend to be more suited to preventing
future impacts rather than restoring ecosystems that were
impacted in the past. As one example of an international
accreditation scheme, the Sustainability Assessment Initiative
(SAI) Platform is a global initiative, and includes several
biodiversity criteria (essential, basic, and advanced) in its Farm
Sustainability Assessment (FSA) tool (www.saiplatform.org).

In the EU, the Common Agricultural Policy is an extremely
prominent policy, and key instruments include: income support
through direct payments that ensure income stability, and
remunerate farmers for environmentally friendly farming and
delivering public goods; market measures to deal with difficult
market situations, and; rural development measures with
national and regional programmes to address the specific needs
and challenges facing rural areas. Within the Rural Development
Programme, agri-environment schemes are intended to be a
major contributor toward CAP objectives to reverse biodiversity
decline and restore ecosystem services, improve good water
quality and mitigate climate change impacts of food production.
In the European Union, the primary source of funding
for biodiversity conservation and ecosystem services now
derives from agri-environment policies (reflecting the large
relative size of the CAP to national and other funds for
biodiversity conservation). In practice, the administrative
workload and payment levels from agri-environment schemes
are not sufficiently attractive for most dairy farmers, and they
tend to have low participation levels in biodiversity actions as part
of agri-environment schemes.

It is clear, however, that the business-as-usual, “one-size-
fits-all” EU approach that has been characteristic of most agri-
environment schemes has failed to deliver the best biodiversity
and ecosystem services outcomes, despite their considerable
financial costs. There is a general acceptance among researchers
and policymakers that agri-environment schemes need to be
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more focussed and better targeted to deliver verifiable results
(ECA, 2011). In line with this expectation, a novel approach
for the development of such schemes is to incorporate “results-
based approaches” and payments. Results-based approaches tend
to define an objective, and then offer a payment that is related
to the degree to which the objective has been attained (see
O’Rourke and Finn, 2020). This is in contrast to “action-based
approaches” in which the service provider is provided with a
standard payment that reflects the transaction costs and income
foregone for undertaking an action–importantly, this payment is
independent of the outcome that is achieved (Figure 3).

This approach is most likely for a high-quality environmental
outcome that is in demand and targeted by policy (e.g., protection
of species-rich grasslands). In typical action-based approaches
(a), the payment rate (y axis) is standard (represented by
the horizontal dashed line in the left panel) despite the large
variation in the delivery of the ecosystem service represented
by the distribution of points. In an example from results-based
approaches (b), the exact same level of performance is supplied
from the same farms in the left panel, but the payment rate
is related to the level of supply of the ecosystem service: the
higher the level of supply, the higher the payment. In this
example, there is a threshold level of quality below which a low
or no payment is made. In this scenario, some farms do not
receive a results-based payment. From a scheme perspective, this
may represent a form of targeting; however, these farms may
participate in other more relevant schemes, or may receive non-
productive investments that allow them to increase their score
over time and then be eligible to receive payments. Looking to
the future, such more targeted approaches may better attract
dairying systems to participate in approaches that aim to improve
specific environmental objectives. A good example of such
an environmental objective would be carbon conservation on
farmland. This could (1) reward farmers for continuing farming
practices that protect existing stocks of carbon on farmland
and grassland (e.g., conservation of permanent grassland,

continuation of carbon-conserving practices and protection of
hedges and woodland) and (2) incentivise practices that increase
carbon sequestration where it is considered to be a scientifically
valid opportunity (e.g., conversion of tillage to permanent
grassland, adoption of carbon-conserving practices to increase C
sequestration on grassland, planting of woody vegetation).

PAYMENT FOR ECOSYSTEM SERVICES:
POTENTIAL FOR PUBLIC-PRIVATE
PARTNERSHIPS

The emergence of public-private partnerships for the provision
of environmental public goods is one of the innovations that
may arise through up-scaling of results-based approaches. To
date, the prevailing view about agri-environment schemes has
been dominated by the provision of environmental public goods
being delivered through public payments from the national (or
international) taxpayer. Such efforts were originally required
because of market failure to internalize the negative/positive
impacts of some types of production systems. The growing
market awareness and reliance of food brands on sustainability
standards represents an effort to internalize the environmental
benefits of farming systems i.e., brands want to be associated with
practices that are good for soil, water, climate and biodiversity
(among other attributes). However, with this internalization of
the reputational benefits of sustainability standards also comes
with it the possibility of internalization of the costs of achieving
these sustainability standards. Might we see greater interest
in public-private partnerships that result in some combination
of public and private payments for environmental goods and
services? If so, it is difficult to see such an approach that
would not involve clear and verifiable delivery of the stated
standards. Therefore, results-based approaches (see Figure 3B)
have a strong role in the delivery of public-private partnerships
for delivery of ecosystem services. There are some examples of

FIGURE 3 | Comparison in the distribution of payments in relation to level of outcome in (A) action-based approaches and (B) results-based approaches (adapted

from O’Rourke and Finn, 2020).
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this across Europe e.g., Pro Weideland programme in Germany,
and TerraSuisse in Switzerland.

The Pro Weideland programme promotes grazing as
nature-oriented husbandry, with its positive influences on
environmental protection, animal welfare, and biodiversity.
What is especially interesting about the Pro Weideland example
is its market-facing approach, and its governance structure.
The initiative arose out of a stakeholder-based response to
consumer demands for dairy systems that are better for the
environment and animal welfare. Farmers receive a premium for
their milk that is determined (and paid) by the processor, and
varies from one to four cent (e currency) per liter, depending
on the different participating co-operatives. In 2020, about 1,500
farmers participate in the PW programme (and this number is
growing). The label is supported by strict standards, a legal entity
to manage the programme, and independent monitoring of the
procedures and implementation.

The Swiss organization for integrated farming (IP-Suisse)
comprises about one quarter of Swiss farmland. In 2009, IP-
Suisse incorporated a Credit Points System (CPS) in their
production guidelines. Based on expert knowledge, the CPS is
a predictive tool that includes farmers’ efforts for biodiversity
on the farm, and allocates points for management practices
that increase the wildlife value of farmland. The scores are
correlated with biodiversity (Jenny et al., 2013), and producers
associated with IP-Suisse have to reach a defined point score.
Produce from IP-Suisse farmers are sold by the large Swiss
retailer Migros under the “TerraSuisse” label. In addition to the
state-funded environmental payments for ECAs, farmers also
receive a payment from Migros (Jenny et al., 2013). Importantly,
the TerraSuisse approach and related initiatives also enhance
the public perception of farming and farmers. This is also
a good example of a public-private partnership in which the
TerraSuisse approach uses market instruments to add (financial
and biodiversity) value to the federal public payments for
ecological compensation areas.

CONCLUSION

Pasture-based systems have many positive aspects in their
production of healthy food from livestock fed on grassland
forage, which is not directly utilizable as food by humans. This is
well-known and recognized by consumers. However, over the last
50 years of intensification, increased stocking rates and associated
agrichemical inputs have resulted in multiple environmental
impacts. In temperate areas, there is a questionable reliance on
systems that are dominated by perennial ryegrass monocultures
supported with high levels of inorganic fertilization, the removal
of hedges and drainage ditches to facilitate grazing and

mechanization, and increasing use of concentrates in dairy
feeding. As food demand increases, consumers want to know
more about the production system both in terms of the
environmental impact and the welfare of animals. We highlight
an opportunity for pasture-based systems to be more consistent
with societal demands, and to transform this demand into
success. This challenges animal science to develop a type of
cow that is well-adapted, robust, and appropriate for the system.
Multispecies pastures are one practical farm-scale response to
questions around nutrient use efficiency, feed self-sufficiency
and forage quality, biodiversity, and long-term C sequestration.
On the periphery of the grazing platform, the presence
and appropriate management of hedgerows can increase the
contribution to biodiversity, and promote ecological habitats and
niches. These positive practices contribute to a de-intensification
of the dairy system, and will partially change the objectives
for breeders of both livestock and forage plants. Consequently,
this contribution of livestock farming to ecosystem services
has to be recognized by consumers and society. Moreover,
different forms of payments for ecosystem services need to be
developed that target and incentivize positive characteristics.
To achieve this successful transition, financial signals from the
marketplace can help in addition to agricultural policy supports
to encourage the change that is desired by consumers and
society, is equitable to farmers and consistent with the goals of
sustainable farming.
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