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Increasing plant diversity is often suggested as a way of overcoming some of the
challenges faced by managers of intensive pasture systems, but it is unclear how
to design the most suitable plant mixtures. Using innovative design theory, we identify two conceptual shifts that foster potentially beneﬁcial design approaches.
Firstly, reframing the goal of mixture design to supporting ecological integrity, rather
than delivering lists of desired outcomes, leads to ﬂexible design approaches that
support context-speciﬁc solutions that should operate within identiﬁable ecological
limits. Secondly, embracing, rather than minimising uncertainty in performance
leads to adaptive approaches that could enhance current and future beneﬁts of
diversifying pasture. These two fundamental shifts could therefore accelerate the
successful redesign of intensive pastures.

Highlights
Managers of intensive pastoral systems
face signiﬁcant environmental and socioeconomic challenges, including a need
to minimise adverse environmental impacts and maximise adaptation to climate change.
Increasing plant biodiversity is often
suggested as a mechanism to help
meet these challenges, but it is unclear
how best to design suitable mixtures.
The most common current design approach relies on deterministic relationships of species to desired outcomes.
This may limit capacity to cope with the
high complexity and uncertainty associated with diverse mixtures on-farm, and
therefore may not on its own fully realise
the potential gains from diversifying pasture.

The need for agricultural system redesign
Intensive, industrial agricultural systems have been designed to maximise productivity and have been
highly successful in doing so. However, these systems now need to deliver a much wider range of
outcomes (see Glossary), including increased environmental sustainability, resilience to climate
change, and higher levels of native biodiversity. These expanded needs, combined with a closing window of time to reduce the worst impacts of climate change [1], mean intensive agricultural systems
require an urgent and fundamental redesign [2–7]. A common high-level theme among alternative
agricultural models, which typically aim to increase reliance on internal ecological functioning
(e.g., agroecology, ecological intensiﬁcation, regenerative agriculture, biological agriculture), is that increasing plant diversity could signiﬁcantly contribute to delivering this wider range of outcomes [4,8,9].
Grazed grasslands cover ~24% of global land area [10]. Within this, intensive pasture systems contribute signiﬁcantly to meeting increasing human demands for animal products [10–12]. Current intensive pastures are typically based on only one to two plant species [13], yet much of the evidence for
diversity beneﬁts comes from grassland experiments using many more species [14,15]. This suggests intensive pastures may have a particularly high potential to beneﬁt from increasing diversity.
However, as the number of possible species mixtures is high and their impacts on desirable outcomes are uncertain, careful consideration needs to be given to how best to approach designing
more diverse pasture mixtures. Here, we highlight the limitations of the most commonly suggested
approach, which relies on deterministic links between species and outcomes, and explore how integrating innovative design and ecological theory can lead to complementary approaches that could
signiﬁcantly contribute to realising the potential of pasture plant diversity to deliver multiple outcomes.

Current approach to designing multiple outcome pasture mixtures
The most common approach to intensive pasture mixture design in both agronomy and functional ecology is to identify an optimal species mixture by deﬁning a set of desired outcomes,
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Combining ecological theory with innovative design principles opens up complementary design approaches that could
contribute to faster, more successful,
transformation of pastoral systems.
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exploring the mechanisms that lead to those outcomes and then identifying the plant species
that drive those mechanisms [9,13,16,17]. Optimal mixtures are often viewed as generic mixtures
that perform adequately well in a wide range of environments [18]. There is already a wealth of
knowledge that can be used to populate models based on this species–outcome framework
[13,19–21]. Such models are good tools for comparing the ‘potential’ impacts of well-researched
grassland species and to some extent mixtures of those species, on single and multiple outcomes [20,22,23]. However, accurately predicting which plant species mixture is optimal for consistently delivering a broad range of ‘realised’ outcomes is much more difﬁcult, and the complexity
of this task increases as more species and larger temporal and spatial scales are considered.
Predicting the optimal species mixture for multiple outcomes is difﬁcult for two main reasons. Firstly,
many parts of the species–outcome framework show high context-dependency. The outcomes
prioritised by an individual farmer are likely to vary depending on their environmental, societal,
economic, and cultural context [7], and these can change through time. The relative importance
of different ecological mechanisms for individual outcomes also varies with local-scale context,
such as soil type [20] and fertiliser inputs [24]. Individual species effects on outcomes are likely to
be temporally and spatially variable, as they depend on species’ relative abundance [25] and intraand interspeciﬁc interactions such as competition [26–28]. Intraspeciﬁc trait variability, including
trait plasticity in response to abiotic and biotic contexts, is also increasingly recognised as a signiﬁcant driver of outcomes [29–32]. The second reason why predicting optimal species mixtures is
difﬁcult is that pastures are complex systems inﬂuenced by multiple abiotic and biotic drivers that
are often difﬁcult or impossible to predict. For example, the timing, duration, and magnitude of
disturbances; legacies created by disturbance, past land use, and management; above- and belowground biota; and interactions between drivers can all inﬂuence outcomes [33–38]. As a consequence of these complexities, the uncertainty associated with predicting optimal species mixtures
is high. Relying solely on the species–outcome framework, and the rule-based design principles
it is based on (Figure 1A), may therefore not be sufﬁcient to fully realise the potential beneﬁts of diversifying pasture. Given the urgent need to respond to climate change and reverse land degradation
[1,10], now is an opportune time to consider complementary design approaches that could help
accelerate the effective design of diverse pasture mixtures.
Reframing goals can be a powerful way of shifting perspectives and approaches to solving problems [2,39]. Innovative design provides a rigorous, formalised method that aims to achieve these
changes (Figure 1A) [40–42]. Here, we used Concept-Knowledge innovative design processes (File S1 in the supplemental information online) [41] to identify two conceptual shifts that
change perspectives and subsequently lead to ﬂexible design approaches that can accommodate high complexity and uncertainty in mixture performance and future contexts. These
approaches incorporate innovative design principles by facilitating the exploration of a wide range
of mixture compositions and using a broad knowledge base, while still providing pathways for the
use of the rule-based design principles typically used in research (Figure 1). Used together, these ﬂexible approaches could foster fast knowledge gain, innovation, and increased adaptability, all of which
are critical for maximising the beneﬁts of diversifying pasture and responding to continual change in
climate and socioeconomic contexts as rapidly as possible. We detail these conceptual shifts and
the initial design approaches we generated in the following two sections.

Reframing the goal of pasture design to cope with complexity
The primary reason given for increasing plant diversity in agroecosystems is to ensure long-term
food security by improving resilience and the ability of the system to capture, store, and cycle
resources efﬁciently [43]. These improvements are encapsulated by the concept of ecological
integrity [44,45]. A logical ﬁrst conceptual shift is therefore to reframe the goal of the design
2
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Glossary
Co-adaptation: occurs where two or
more species adapt as a pair or group.
Cognitive bias: describes a subconscious tendency for thought patterns to
follow familiar pathways without
questioning them.
Concept-Knowledge innovative
design theory: distinguishes two
spaces – (i) the Concept (C) space,
which includes statements without logical status (i.e., it is impossible to say if it is
true or false); such statements are partly
unknown, do not exist yet but are imaginable (e.g., antibiotics without resistance), and (ii) the Knowledge (K) space,
which includes statements with a logical
status (the statement is either true or
false, e.g., a cow is a mammal). The
design process starts with a concept
and relies on a dialogue between the Cspace and the K-space that leads to a
co-expansion of concepts and knowledge. C-K maps are used to foster the
exploration of disruptive ideas and to
tackle cognitive biases.
Ecological integrity: describes the
extent to which an ecosystem is able to
sustain and regulate its own structure
and functionality, including through time.
It includes the ability to capture, store,
and cycle resources (and therefore
incorporates productivity), and resilience
to disturbance.
Innovative design: uses approaches
that aim to disrupt common patterns of
thinking to produce innovative, previously unknown solutions.
Intensive pastures: are sown grasslands that are highly productive and
grazed > four times per year to produce
protein (and/or ﬁbre) used by humans.
We focus on designing perennial pasture
as this is where ecological interactions
are likely to have the greatest impact, but
much of what we discuss is also relevant
to frequently mown grasslands.
Outcomes: are the desired effects of a
system, and in this context could include
economic, social, and environmental
outcomes.
Rule-based design: sets speciﬁc
objectives and then identiﬁes the best
solution to achieve those objectives from
a set of already known solutions.
Species–outcome framework: refers
to a common rule-based design
approach to developing diverse pasture
mixtures and is based on deterministic
links between species, mechanisms,
and outcomes.
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Transdisciplinary research: this
research integrates knowledge from
both scientiﬁc and nonscientiﬁc actors,
as well as across disciplines.
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Figure 1. Combining rule-based and innovative design principles to accelerate intensive pasture mixture
design. Rule-based design aims to quickly narrow options down to an optimal solution and is an efﬁcient way to solve
problems within known parameters (A) [42]. By contrast, innovative design aims to challenge default approaches to
problems and to generate multiple novel solutions by exploring a broad range of concepts and knowledge (A,C) [41]. It is
particularly useful when major shifts in design criteria have occurred and/or transformative change is desired [40], as is the
case with intensive pasture systems and agriculture in general. However, because innovative design calls for new
(Figure legend continued at the bottom of the next page.)
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partnerships, new skills, and a broad exploration, it is difﬁcult and expensive to implement in the longer term. It is therefore
typically used intermittently, with the new conceptual solutions it generates explored in more depth using techniques
based on rule-based design principles (e.g., modelling, controlled experiments) (B). Concept-Knowledge innovative design
theory [41] was used here to begin exploring conceptual approaches to diverse pasture design that are complementary to
the classic approach currently suggested (C) and to identify where knowledge could be deepened to support these
approaches [revised research foci in (C); File S1 in the supplemental information online]. These complementary
approaches encourage the use of co-innovation, the development of a wide range of context-speciﬁc mixtures and
continual adaptation, and could therefore contribute to accelerating the effective design of pasture mixtures that are more
environmentally sustainable and resilient.

process as ‘to support pasture mixtures that have as high an ecological integrity as possible’. This
reframing has several important consequences. Although this goal includes pasture capacity to
produce biomass, it shifts attention away from short-term productivity. This makes it easier to
challenge the cognitive biases that have arisen from the previous focus on this outcome. For
example, with this goal, any trade-offs between integrity and productivity, pasture quality, or economic gain are more likely to be robustly discussed and alternative solutions explored before a
decision is implemented. Alternative solutions could occur at farm (e.g., additional income
streams) society (e.g., food prices, subsidies), or industry levels (e.g., certiﬁcation, food system
design). This goal could therefore facilitate the development of species mixtures and systems
that operate within ecological limits [1], which could in turn help maintain market access and social licences to operate [46]. The use of ‘as possible’ to create an open-ended goal recognises
that there may be limits to how much integrity can be achieved with plant species suitable for intensive grazing but also presents a challenge to continually improve and adapt as contexts
change. In using the word ‘support’, it broadens the design process to include management,
which will be a critical driver of mixture performance. This word also acknowledges that, as
high integrity mixtures are self-regulating, management will need to focus on facilitating mixture
performance via a co-adaptation [47] process (e.g., by adapting grazing regimes in response
to species’ reproductive strategies and changes in dominance over time), rather than controlling
it via optimising external inputs. Finally, the concept of ecological integrity has strong synergies
with indigenous worldviews [48,49], which could further expand the solutions considered [50].
This reframing therefore retains a focus on the critical elements needed for long-term food security [1] while changing perspectives.
At a ﬁner level, combining the reframed goal of supporting ecological integrity with innovative
design theory leads to the development of design approaches that focus strongly on species
interactions, multiple solutions, and a reprioritisation of areas where rule-based design principles
could be used to deepen knowledge (Figure 1C). One such approach is to develop generic principles that guide the types of species that are useful to combine (Box 1). This allows contextspeciﬁc mixtures to be readily developed and trialled. Initial principles can already be generated
based on knowledge of the mechanisms underpinning positive biodiversity–ecosystem functioning
relationships, although their validity in intensive pastures needs to be tested (Box 1) [28,51]. A
second approach is to change how plant communities are characterised to facilitate mixture
design. Past approaches have largely used broad functional groups or traits associated with the
leaf economic spectrum to classify species, with the latter probably being too broad and the former
sometimes having low predictive power [24,28,52]. An alternative approach may be to redeﬁne
functional roles to reﬂect species interactions more closely (Box 2). This would require the focus
of research to broaden from species that persist and attain a sufﬁciently high dominance to produce desired outcomes to include those that are ephemeral but have important legacy effects
[35,36] and lower abundance species that can nevertheless play important roles in ecosystems
[53,54]. This approach would also require consideration of idiosyncratic species effects (e.g., biological nitriﬁcation inhibition by Plantago lanceolata [55,56]), and traits beyond those associated
with the leaf economic spectrum (e.g., phenolics, which inﬂuence soil and grazing animal
4
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Box 1. Developing generic principles to support pasture mixture design
Generic design principles could guide the development of context-speciﬁc mixtures that contain species that work well
together, while allowing space for species mixtures to be readily adapted over time as contexts change. Several studies
suggest considering the mechanisms that underpin positive biodiversity–ecosystem function relationships in agricultural
species mixture design [9,13]. These mechanisms include resource complementarity, where niche differences among
species in space and time allow for greater resource use [65]; pathogen dilution effects, where higher diversity reduces
the build-up of species-speciﬁc pathogens and enhances functioning [66]; the insurance effect, where some species compensate for others if environmental conditions change [61,67]; self-selection of genotypes that work well together [57,58];
facilitation, where one species helps the functioning of others [68]; and the selection effect, where individual species have
large impacts on a speciﬁc function. These mechanisms, and particularly those that relate to species interactions, form an
ideal basis for developing an initial set of hypotheses that, if validated in intensive pasture systems, could be used to develop generic principles to guide the development of species mixtures that support ecological integrity:
(i)

(ii)

(iii)

(iv)
(v)

Maximising variability in spatial and temporal resource use within species mixtures reduces the intensity of competition,
increases the potential for seasonal and interannual resource complementarity [65], and increases the ability of individual
species to express their traits [27,28].
Sowing species mixtures with high functional redundancy reduces the risk of losing single essential species (due to, e.g.,
pest or pathogen irruptions, disturbance events, or poor germination) that perform vital or rare functions [67]. Ensuring
key functions are supplied by species that do well in optimal conditions and those that can increase from a low frequency
and do well in suboptimal conditions results in more consistent functioning over time [69].
Sowing species mixtures with both intra- and interspeciﬁc variability [31] and allowing species to seed increases
the pasture’s ability to adapt to its abiotic and biotic environment through time, via ecological and evolutionary
processes [57,58].
A number of functionally diverse species are needed to increase ecological integrity via reducing density-dependent
pathogen impacts [66].
Sowing a diverse range of species that cover as many functional roles (Box 2) as possible increases facilitation
within mixtures and subsequently the ecological integrity of the pasture.

processes [13]). A third design approach is to rely more heavily on community assembly processes
to drive mixture composition. For example, by sowing a very high diversity mixture of palatable species, farmers could allow environmental ﬁltering, niche construction, and short-term evolutionary
processes to self-select species and genotypes best suited to a particular abiotic and biotic context [57–59]. This approach in particular may beneﬁt from understanding how landscapes can
be designed [7,18,60] to support pasture development and functioning. These design approaches
provide ways of coping with the complexity of species mixture design while retaining adaptability,
and therefore could contribute to the effective use of diversity in pasture.

Reframing pasture design to embrace uncertainty
Current intensive pasture systems are designed to minimise uncertainty in productivity by
optimising the environment (via, e.g., fertiliser inputs, irrigation, grazing regimes) for a speciﬁc
set of species that are understood in detail [18]. It is unlikely that similarly detailed knowledge
could be developed rapidly to support the same approach when multiple outcomes are required
and a wide range of potential species mixtures exist. Combined with high variability in context, it is
therefore inevitable that there will be some level of uncertainty in how a mixture will perform. Using
design principles based on ecological knowledge (Box 1) may go some way towards reducing
risks associated with this uncertainty, as does the ability of farmers to replace underperforming
mixtures. However, we suggest that reframing uncertainty as an integral part of the system, rather
than viewing it as an impediment that needs to be minimised, could simultaneously increase the
successful implementation of diverse species mixtures and build capacity to adapt to climate
change. From a design perspective, this second conceptual shift leads to a focus on developing
approaches that increase the probability of beneﬁting from diversifying pasture ‘despite’ uncertainty. In the following paragraphs, we suggest two potential approaches that could contribute
to achieving this.
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Box 2. Functional roles in pasture species mixtures
A focus on maximising ecological integrity means that pasture species mixtures are viewed as an assemblage of interacting species that together create emergent, systemlevel properties. Designing such species mixtures could beneﬁt from a broad consideration of the functional roles that combine to enhance ecological integrity (Figure I). This
may provide a way of developing mixtures that incorporate both direct effects of species on speciﬁc functions (e.g., high resource users) and indirect effects via facilitation,
complementarity, and functional redundancy. Although facilitatory effects via N2 ﬁxation are well recognised in a pasture context, facilitation can also occur through a wide
range of other mechanisms that are less commonly considered. This includes the mobilisation of trace elements [70], biological nitriﬁcation inhibition [71] which can reduce
nitrogen loss from the system [55], phytoremediation of detrimental chemicals [72], signalling between plants that modify responses to invertebrate herbivores [73], and
modiﬁcation of the physical habitat to improve water and oxygen availability [14]. Functional roles can also include interactions with other trophic levels, such as effects
caused by disrupting pathogen signalling [74], generating positive plant-induced soil biotic feedbacks and legacies [35], and changing the chemistry of animal returns
[20]. Some functional roles are dependent on the relatively unique traits of individual species (e.g., N2 ﬁxation, biological nitriﬁcation inhibition), whereas others are catalysed
by the presence of multiple species (e.g., microclimate amelioration and insurance effects). Species that are rare, subordinate, or dominant can all contribute to functional
roles [25,53,54]. Perceiving pasture species mixtures this way allows the exploration of a greater range of solutions since functional roles can be supplied through different
combinations of interacting species, and a wider range of species might be more easily considered (e.g., shrubs and trees, native species that provide non-forage functions).
Functional redundancy and higher levels of resilience could also be achieved by incorporating multiple processes that contribute to the same functional role, rather than
relying on including species that have similar roles.

Trends in Ecology & Evolution

Figure I. The network of interactions and functional roles that could contribute to high ecological integrity in diverse pasture.

Pasture species mixtures can be placed along a gradient from mixtures that rely on the lowest
possible number of generalist species that can cope with a wide range of environments, to
those that rely more heavily on high numbers of species, complementarity, and functional
6
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redundancy. The ﬁrst approach to increase the chances of beneﬁting from diversifying pastures
could therefore be to develop and validate a set of principles (Box 3) that allow a farmer to decide
where on this gradient suits their speciﬁc context (e.g., based on their goals, timeframes, knowledge, resources, risk appetite, and climate). Management principles tailored to this gradient
could also be developed, as the processes that need to be supported and the risks that need
to be avoided may vary in predictable ways across it. For example, management practices for
species mixtures based on minimal diversity might focus on ensuring all species are maintained
at a sufﬁciently high abundance at all times (e.g., by re-sowing species that are lost), whereas
management of higher diversity mixtures might focus on ensuring grazing regimes allow species
abundances to ﬂuctuate through time so that complementarity, compensatory, and insurance
effects can operate [61]. This approach would allow science to inform farmer decisions while
still supporting exploration of a wide range of context-speciﬁc solutions.
The second approach aims to increase the chances of identifying successful species mixtures
over time. Farmers are currently faced with many options but inadequate knowledge of which
would be most useful in their speciﬁc context. In the investment world, a useful strategy in an analogous scenario is to take small bets on many high-risk options with high reward potential, while
investing the bulk of resources in low-risk options that ensure ongoing ﬁnancial viability (termed
optionality; [62]). Many farmers already use this approach by experimenting at small scales before
deciding whether to implement a particular option more widely. Collating and analysing information from these on-farm trials could provide valuable information on a much larger range of species mixtures and contexts than can be assessed by traditional ﬁeld-based scientiﬁc methods,
particularly if this approach is implemented using robust protocols codesigned with farmers
[51]. By broadening the knowledge base used in the design process, the chances of ﬁnding serendipitous high-performance species mixtures are increased, and overall risk to individual farmers
is reduced because knowledge increases collectively. Hypotheses and principles generated from
this transdisciplinary approach can be veriﬁed using standard scientiﬁc methods. Such an
approach has high potential to increase the speed with which scientiﬁc and farmer knowledge
is gained [63], while still fostering continual adaptation and the exploration of a wide range of
mixture compositions [40].

Box 3. Potential generic principles that could inform the type of mixture best suited to a particular context
One way of maximising the chances of success despite high uncertainty is to develop principles to help farmers decide
which type of species mixture is most likely to be beneﬁcial in their particular context (Figure I). Species mixtures could
be placed on a gradient from minimal diversity mixtures that provide adequate performance over a wide range of
conditions to maximal diversity mixtures that rely more strongly on complementarity and functional redundancy. Based
on biodiversity–ecosystem function relationships, the following hypotheses, if validated in intensive pastures, could form
the basis of such principles:
(i) Higher diversity mixtures have a lower risk of degradation over time than minimal diversity mixtures, as their performance
is likely to be less sensitive to negative density-dependent effects [66], shifts in species’ relative abundance [75], or
species loss over time.
(ii) Higher diversity mixtures have a higher potential to improve as they age, as complementarity effects tend to strengthen
over time [76].
(iii) Higher diversity mixtures have relatively high adaptability because a higher level of functional redundancy means it is easier for
the pasture to compensate for species loss and to adapt to changes in environmental contexts [61,77].
(iv) The performance of higher diversity mixtures is less certain than minimal diversity mixtures, as they are likely to be less well
understood.
(v) Higher diversity mixtures have a comparatively low initial ecological integrity, due to the dominance of the selection effect
in the short term [76].
(vi) Higher diversity mixtures may be more likely to be inﬂuenced by negative selection effects [78,79], although we note that
more recent biodiversity–ecosystem function research suggests the overall risk of negative selection effects occurring may
be low when multifunctionality or the larger spatial and temporal scales relevant to farmers are considered [15,76,77,80,81].
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Outstanding questions
To what extent do pasture species
mixtures with high ecological integrity
also deliver the outcomes desired by
humans?
Which functional roles, interactions, or
emergent properties underpin ecological
integrity in intensive pasture mixtures?
How important are idiosyncratic species
effects in driving mixture performance?
How do drivers of positive and negative
diversity effects inﬂuence mixture
performance over spatial and temporal
scales that are relevant to intensively
managed pastures?
How could a collaborative design
process, involving farmers, scientists,
and other stakeholders, be initiated and
supported to quickly develop diverse
pastures that have high ecological
integrity and adaptability through time?

Trends in Ecology & Evolution

Figure I. The ecological knowledge that could be used to underpin an initial set of principles to help farmers
choose which level of diversity best suits their context.

Concluding remarks
Because of the high uncertainty and complexity associated with designing diverse pastures for
multiple outcomes, research aiming to inform species mixture design could beneﬁt from including
alternative approaches that are complementary to those typically used in conventional ecological
and agronomic research. Here, we used innovative design theory to develop two conceptual
shifts that generate additional design approaches and modify research foci (Figure 1) (see
Outstanding questions). These shifts are to change the goal of species mixture design from
8
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delivering multiple outcomes to supporting ecological integrity, and to view uncertainty as an
integral part of the system rather than as an impediment. The subsequently generated approaches
combine elements of innovative design and ecological theory to support a broad exploration of
multiple, context-speciﬁc species mixtures, facilitate fast knowledge gain, and enable continual
adaptation to changing climate and socioeconomic contexts (Figure S2 in the supplemental information online), while increasing the chance of developing species mixtures that operate within
ecological limits. These features, along with the use of transdisciplinary, co-innovation approaches,
are likely to be critical for rapid and effective responses to the changing demands placed on
pastoral systems [3,4,18,40,64]. Our suggested approaches are well aligned with higher-level
discussions currently taking place internationally (e.g., [1,6], UN Food Systems Summit) and
demonstrate the potential value of integrating design and ecological theory to achieve rapid and
positive transformation of pasture-based, and indeed other, agroecosystems.
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