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Agricultural systems are increasingly challenged by climatic instability, pest outbreaks, and pressure to reduce
dependence on external inputs. However, agricultural evaluation systems remain strongly focused on produc-
tivity under optimal conditions, with less emphasis on resilience and adaptive capacity. One driver of this bias is
the longstanding assumption that plant growth and defense are inherently antagonistic. Although plant biology
now shows that growth and defense are dynamically coordinated rather than strictly competitive, this vision
remains poorly integrated into agronomic evaluation and policy. In this Perspective we argue that persistent
zero-sum interpretations of growth-defense relationships may constrain how resilience, stress tolerance, and
sustainability are integrated into agricultural evaluation systems. Reframing growth-defense antagonism as a
systems and policy problem may help align agricultural evaluation frameworks with the multifunctional de-

mands imposed by climate change and sustainable food production.

1. The growth-defense antagonism: from biological insight to
dominant narrative

The idea that plants face a trade-off between growth and defense is
one of the most enduring concepts in plant biology (Herms and Mattson,
1992; He et al., 2022). For decades, growth-defense antagonism was
framed as a resource constraint, in which carbon, nitrogen, and energy
invested in defense were assumed to constrain vegetative growth and
potentially reduce reproductive performance and yield (Huot et al.,
2014). In this see-saw model, growth and defense are antagonistically
linked by the assumption that any nutrient flux directed toward defense
removes resources that could otherwise be allocated to growth or
biomass production, and vice-versa.

Accumulating evidence now suggests that growth-defense relation-
ships are more flexible and context dependent than predicted by
simplistic resource-allocation or zero-sum models (Kliebenstein, 2016;
Ballaré and Austin, 2019; Campos, 2025; Hurtado et al., 2025). Studies
on light signaling and jasmonate-mediated defense pathways have
demonstrated that growth and defense responses can be genetically and

physiologically uncoupled under certain conditions, allowing plants to
maintain competitive growth while preserving inducible defenses
(Campos et al., 2016; Cerrudo et al., 2017; Fernandez-Milmanda et al.,
2020). More recent ecological evidence further indicates that some
species can simultaneously sustain competition-related growth and
herbivore resistance depending on life-history strategy and environ-
mental context (Mueller et al., 2026). Together, these findings support a
framework in which growth and defense function as integrated devel-
opmental programs whose coordination can optimize performance
across environmental contexts (Kliebenstein, 2016).

Despite growing acceptance of this perspective within plant biology,
its implications have been slower to permeate agronomy and policy. As
conceptualized in Fig. 1, the persistence of a zero-sum interpretations of
growth and defense extends beyond biological oversimplification and
increasingly shapes how agricultural performance is evaluated and
translated into policy priorities. In this Perspective, we argue that the
problem is not the recognition that trade-offs can occur, but the
continued treatment of growth-defense antagonism as an inevitable and
universally limiting constraint in crop production systems. This
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assumption contributes to evaluation and policy frameworks that pri-
oritize maximum yield under optimal conditions while undervaluing
resilience-related traits, stress tolerance, yield stability, and reduced
dependence on external inputs (e.g. pesticide and fertilize applications).
Because food security increasingly depends on crops capable of main-
taining performance under environmental and economic volatility, how
growth and defense are conceptualized has direct implications for food
production systems.

2. When biological trade-offs become evaluation frameworks

Agricultural systems are major sources of environmental pressure
worldwide, and agricultural policy has long been shaped by the
assumption that improving resistance to pests or abiotic stress neces-
sarily comes at the expense of growth and productivity (Derbyshire
et al., 2024). This assumption has become embedded in evaluation
frameworks that prioritize peak yield under standardized trials, often
discounting yield stability, input-use efficiency, and risk buffering as
secondary outcomes.

International assessments indicate that agricultural support remains
largely oriented toward production-linked objectives and aggregate
output indicators, with comparatively limited investment in innovation
and agricultural knowledge systems needed to sustain long-term pro-
ductivity and resilience within food production systems (OECD, 2025).
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Reductions in pesticide or fertilizer dependence are frequently under-
valued in cost-benefit analyses, while sustainability and resilience ob-
jectives are often addressed through parallel or compensatory policy
instruments rather than integrated into core productivity metrics (Pappo
et al., 2023; Sgarbi and Nadeu, 2023; Granda and Muniz, 2025). Re-
views of agricultural policy frameworks consistently highlight a persis-
tent reliance on productivity and economic performance indicators and
call for stronger integration of resilience, sustainability, and adaptive
capacity metrics into policy evaluation (DeBoe, 2020; Grigorieva et al.,
2023; Pawtowska, 2025; Prigoreanu et al., 2025).

In the European context, reforms to the Common Agricultural Policy
(CAP) have introduced environmental measures, yet incentives still
struggle to align productivity targets with environmental and climate
objectives, reflecting persistent gaps in how success is defined and
measured. As a result, inputs and practices that enhance resistance are
often evaluated through a narrow lens: do they reduce yield penalties
under stress, and if so, at what cost to growth under “normal” condi-
tions? This zero-sum evaluation framework fails to capture performance
in managed fields, where the timing, inducibility, and reversibility of
defense responses allow growth and defense to be coordinated rather
than traded permanently (Gao et al., 2024).

Reframing growth-defense antagonism: biological
coordination and policy consequences
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Fig. 1. Reframing plant growth-defense antagonism as a food-system evaluation problem. The traditional view treats defense investment as a constraint on
vegetative growth and yield potential, reinforcing a zero-sum framework in which crop performance is often assessed primarily under optimal or low-stress con-
ditions. This binary framing can shape both biological interpretation and agricultural evaluation metrics by prioritizing maximum yield over context-dependent
performance. An integrated perspective recognizes that growth, defense, and resilience can be dynamically coordinated across time and environments, gener-
ating multifunctional outcomes such as yield stability, stress tolerance, sustainability, and food-system resilience. When translated into agricultural evaluation,
decision-making, policy, and practice, this reframing shifts the emphasis from maximum yield toward performance across variable conditions, supporting production
systems that better align productivity with resilience and sustainability. The feedback loop indicates that system outcomes should inform future evaluation criteria

across environments and over time.
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3. What current metrics fail to capture in real agricultural
systems

The relationship between growth and defense is highly context
dependent. Rather than operating as a fixed resource-based trade-off,
growth and defense are dynamically coordinated across physiological,
ecological, and management conditions. Nutrient availability, microbial
interactions, environmental variability, and temporal regulation all in-
fluence how plants allocate resources and maintain performance across
environments (Campos, 2025). As a result, resistance, vegetative
growth, and yield outcomes are not necessarily linked through fixed
antagonistic relationships, particularly under field conditions where
stress responses are often inducible, reversible, and strongly shaped by
environmental context. Field-based strategies increasingly demonstrate
that resilience-enhancing interventions can stabilize productivity
without imposing persistent growth penalties. Approaches involving
microbiome management, silicon fertilization, targeted nutrient re-
gimes, and coordinated genetic regulation illustrate how stress toler-
ance, resource-use efficiency, and crop performance may be
simultaneously improved under variable environments (Campos et al.,
2016; Bastias et al., 2021; Rajput et al., 2021; Houmani et al., 2024;
Panigrahi and Rout, 2025). What many current evaluation systems fail
to capture is that these interventions may enhance performance stability
and reduce dependence on external inputs even when they do not
maximize yield under optimal conditions. Long-term agricultural resil-
ience depends less on maximizing short-term yield and more on main-
taining stable performance across fluctuating conditions.

This disconnect becomes increasingly consequential as agriculture
faces overlapping climatic, environmental, and economic pressures.
Productivity is still commonly assessed through average yield under
standardized conditions rather than through metrics that capture resil-
ience, risk buffering, or long-term stability (Martin-Garcia et al., 2025).
Under highly variable environments, however, resilience-related traits
increasingly contribute to realized productivity and production security.
Treating defense investment as an unavoidable drag on growth therefore
oversimplifies how crops perform in real agricultural systems and may
constrain the adoption of strategies better aligned with climate-resilient
food production. In practice, farmers operating under climatic and
economic uncertainty frequently prioritize yield reliability and risk
reduction over maximum productivity under ideal conditions.

4. When defensive traits are misclassified as productivity costs

This misalignment becomes particularly evident when examining
how specific classes of defensive traits are evaluated and categorized in
practice. Structural investments, in particular, reveal how the persis-
tence of growth-defense framing continues to distort breeding priorities
and policy assessments. Traits such as thicker leaves, increased silicifi-
cation, enhanced cuticular waxes, or denser trichomes are frequently
classified as “defensive”, even though many of these features also
improve water-use efficiency, mechanical stability, and photosynthetic
longevity (Konrad et al., 2014; Blumenthal et al., 2020; Tunstad et al.,
2024; Kumar et al., 2025).

In practice, cultivar registration protocols, breeding pipelines, and
cost-benefit assessments increasingly recognize the importance of
resilience-related traits, but these traits are often still evaluated pri-
marily in relation to their effects on yield performance under relatively
optimized conditions. In many breeding and official evaluation systems,
varieties are primarily assessed under relatively optimized management
conditions, which may unintentionally favor genotypes expressing high
productivity under favorable environments while underestimating traits
whose agronomic value emerges predominantly under climatic vari-
ability, biotic stress, or resource limitation. Consequently, resilience-
associated defensive or structural traits may remain comparatively
undervalued when their benefits are context dependent and insuffi-
ciently captured by conventional performance metrics. As a result,
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breeding programs and performance tests may still disproportionately
favor conventional productivity indicators, even as resilience-oriented
traits receive growing attention within crop improvement frameworks
(Lopes, 2023; Mastretta-Yanes et al., 2024). Policy and breeding
frameworks have repeatedly been criticized for emphasizing
yield-centric objectives while insufficiently integrating resilience and
adaptive traits into breeding goals and regulatory criteria (Lopes, 2023;
Climent et al., 2024; Mastretta-Yanes et al., 2024). Consequently,
structural defense traits are often deprioritized not because they reduce
agronomic performance, but because they fall outside conventional
growth-defense and yield-centric evaluation frameworks.

5. Why the growth-defense binary persists

One reason the binary growth or defense narrative persists is its
strong grounding in controlled experimental systems. Under such con-
ditions, sustained activation of defense pathways predictably suppresses
growth, reflecting real regulatory tensions between partially incom-
patible developmental programs. Plants therefore possess mechanisms
that gate immune activation in time and space, precisely to limit the
growth costs of defense (Guo et al., 2018; Zhou et al., 2025). What
controlled experiments often fail to capture is not the existence of
antagonism, but the field-relevant factors that modulate how it is
expressed in managed systems, including soil heterogeneity, micro-
biomes, structural investments, and temporal separation between
growth and defense phases (Gao et al., 2024). Defense signaling path-
ways are often associated with growth suppression, yet their effects
depend strongly on timing, intensity, and interaction with other
signaling pathways (Chan, 2022; Li et al., 2022). In practice, plants often
activate defenses transiently and reversibly, minimizing long-term
growth costs once the threat subsides.

Consistent with this view, plants possess multiple endogenous safe-
guards that evolved to prevent chronic overinvestment in defense,
which would otherwise lead to severe developmental penalties
(Rodriguez et al. 2018, 2023; Wang et al., 2025; Zhou et al., 2025). In
these cases, the apparent “trade-off” reflects dynamic regulation rather
than a permanent reallocation of resources. Policies and evaluation
frameworks that assume static, cumulative costs therefore miss this
temporal dimension entirely.

6. From biological simplification to policy misalignment

These biological nuances have direct and measurable consequences
for agricultural policy. Pest management strategies that rely primarily
on chemical suppression of herbivores externalize the cost of defense,
often at the expense of environmental health and long-term resistance
management (Brzozowski and Mazourek, 2018). By contrast, ap-
proaches that enhance plant-intrinsic defenses, when appropriately
matched to crop genotype, environment, and management, can reduce
pest pressure without imposing chronic growth penalties. Yet because
many policy frameworks continue to equate defense investment with
yield loss, such strategies struggle to achieve broad adoption.

The same logic applies to climate adaptation. As heat waves,
droughts, and pest outbreaks become more frequent and overlapping,
crops are increasingly exposed to compound stresses rather than isolated
challenges (Pascual et al., 2022). Under these conditions, maximizing
productivity under ideal environments becomes less relevant than
maintaining function under suboptimal ones. Yield stability, not peak
yield, emerges as the critical performance metric, particularly in regions
where farmers face high climatic variability, limited access to inputs,
and increasing exposure to market and environmental shocks. Under
increasing climatic variability, the ability of crops to maintain stable
production across environments becomes directly linked to food-system
resilience and long-term food security. However, many agricultural
policies still reward inputs and practices that optimize short-term pro-
ductivity, while overlooking resilience traits that safeguard production
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over time. This mismatch leaves food production systems poorly
equipped to cope with the very stresses that policy instruments
increasingly seek to address.

7. Reframing growth-defense antagonism as a systems problem

The growth-defense trade-off also intersects with how success is
measured in agriculture. Yield remains the dominant evaluation
benchmark in many agricultural systems, while reduced losses, lower
input requirements, and improved stress tolerance are often treated as
secondary benefits (Breure et al., 2024). This bias may reinforce the
perception that defense-related traits are secondary to productivity
gains, even though preventing losses can be as valuable as increasing
potential yield, particularly under increasing climatic uncertainty.
Reframing growth-defense antagonism as a policy issue does not mean
abandoning biological principles. It means recognizing that biological
trade-offs operate within systems shaped by management practices,
incentive structures, and governance. Plants evolved under constraints
very different from those imposed by modern agriculture (Qaim and
Parlasca, 2025). When policy ignores this mismatch, it locks farming
systems into rigid strategies that perform well only under narrow and
increasingly unrealistic conditions.

What would change if policy treated growth-defense antagonism as a
systems problem? First, evaluation criteria would shift from average
yield under optimal conditions to performance across stress gradients.
Inputs and practices would be assessed by their capacity to maintain
function and reduce risk, not solely by their ability to maximize output.
Second, regulatory frameworks would better accommodate multifunc-
tional traits and inputs that contribute simultaneously to growth, de-
fense, and resource-use efficiency. Third, funding priorities would favor
integrative research spanning physiology, agronomy, and socio-
economic outcomes, rather than isolating defense biology from pro-
ductivity goals.

A transition toward resilience-oriented agricultural systems would
also require new performance indicators capable of integrating pro-
ductivity with resilience outcomes. Metrics such as yield stability across
climatic variability, input-use efficiency, resistance durability, and
reduced dependence on pesticides or fertilizers could complement
traditional yield-based assessments. Incorporating these dimensions into
breeding programs, subsidy structures, crop insurance models, and
sustainability certification systems would allow agricultural policies to
better reflect the multifunctional nature of crop performance under
climate uncertainty.

Greater realism in how agricultural solutions are framed is equally
important. Rather than promising universal gains or technological silver
bullets, policies could prioritize strategies that maintain performance
across variable environments and uncertain conditions. The growth-
defense trade-off will remain a central concept in plant biology. How-
ever, when treated as an immutable rule rather than a conditional and
context-dependent outcome, it becomes a barrier to innovation in
agricultural systems. In a world where agri-food systems must simulta-
neously deliver food security, climate resilience, and environmental
sustainability, continued reliance on simplified trade-offs risks rein-
forcing structural vulnerabilities within food production systems.
Recognizing growth-defense antagonism as a systems and policy prob-
lem is therefore a necessary step toward building agricultural systems
that are productive, resilient, and capable of sustaining food security
under increasing environmental uncertainty.
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