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Abstract. Rapid anthropogenic climate change is reshaping environmental conditions at an 
unprecedented pace, challenging the capacity of plant populations to persist and adapt. Two fundamental 
and interconnected processes underpin plant responses to these changes: phenotypic plasticity and 
genetic adaptation. While phenotypic plasticity enables immediate, within-generation adjustments to 
environmental variability, genetic adaptation involves heritable changes that determine long-term 
population persistence. This mini-review synthesizes current theoretical and empirical advances to clarify 
the dynamic interplay between these processes under rapid and often unpredictable climate change. We 
examine the conditions under which plasticity is adaptive, maladaptive, or neutral, emphasizing the 
critical role of environmental predictability, cue reliability, and the temporal scale of stress. Particular 
attention is given to the mechanisms underlying plastic responses, including emerging evidence on 
epigenetic regulation, stress priming, and ecological memory, which may extend the influence of 
plasticity across generations. We further evaluate the costs and limits of plasticity, highlighting context-
dependent trade-offs and constraints that can restrict its effectiveness, especially under extreme or 
fluctuating environments. Building on these insights, we discuss conceptual and methodological advances 
that distinguish adaptive plasticity from phenotypic noise and genetic change, including reaction norm 
approaches and selection-based frameworks. Finally, we address a key frontier in plant ecology: the 
integration of plasticity into predictive models of species responses to climate change. Incorporating 
reaction norms, trait variability, and eco-evolutionary dynamics into species distribution and vegetation 
models is essential for improving forecasts of plant persistence, maladaptation, and evolutionary 
trajectories. Overall, this review emphasizes that phenotypic plasticity and genetic adaptation are not 
alternative strategies but interacting processes whose balance determines plant responses to rapid 
environmental change. Understanding when plasticity facilitates persistence, delays adaptation, or 
contributes to population decline remains central to predicting the future of plant populations in a 
changing climate. 
Keywords: phenotypic plasticity, genetic adaptation, climate change, reaction norms, maladaptation, 
epigenetics, stress priming, ecological memory, adaptive evolution, plant ecology, species distribution 
models, eco-evolutionary dynamics. 
 
 

Introduction. Rapid anthropogenic climate change is imposing unprecedented selective 
pressures on plant populations by altering temperature regimes, precipitation patterns, 
and the frequency of extreme events (Oroian et al., 2023; Bordea & Popescu, 2023; 
Petrescu-Mag et al., 2026). In this context, understanding the mechanisms by which 
plants respond to environmental change has become a central problem in evolutionary 
ecology and plant biology (Petrescu-Mag, 2026ab; Bora et al., 2025ab; Oroian et al., 
2025). Two primary, yet tightly interconnected, processes underpin these responses: 
phenotypic plasticity and genetic adaptation (Petrescu-Mag, 2026ab).  

Phenotypic plasticity refers to the capacity of a single genotype to produce different 
phenotypes across varying environmental conditions within an individual’s lifetime (Li et 
al., 2025; Petrescu-Mag & Proorocu, 2022; Popescu & Papuc, 2025; Gavriloaie, 2023). 
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This flexibility enables plants to respond immediately to environmental fluctuations 
through adjustments in morphology, physiology, phenology, and resource allocation 
(Ashra & Nair, 2022; Laitinen & Nikoloski, 2018; Quevedo-Caraballo & Álvarez‐Pérez, 
2025). In contrast, genetic adaptation operates across generations, involving heritable 
changes in allele frequencies that shift population-level trait distributions toward new 
fitness optima. While plasticity provides a rapid, short-term buffer against environmental 
variability, genetic adaptation determines long-term population persistence under 
sustained directional change (Kristensen et al., 2020). 

A central challenge in contemporary research is to disentangle when plastic 
responses are adaptive, effectively tracking shifting environmental optima, and when 
they are non-adaptive, potentially constraining or misdirecting evolutionary trajectories. 
Importantly, plasticity and genetic evolution do not represent distinct or sequential 
processes; rather, they interact dynamically. Plastic responses can modify the strength 
and direction of natural selection, either facilitating adaptation by maintaining population 
viability or hindering it by masking genetic variation or producing maladaptive 
phenotypes (Farooq et al., 2015; Riaz et al 2017).  

Under rapid climate change, environmental conditions may exceed the historical 
range experienced by populations, disrupting the reliability of environmental cues and the 
correspondence between phenotype and fitness (Parakkasi et al., 2020). Consequently, 
the effectiveness of plasticity becomes context-dependent, varying with the predictability, 
magnitude, and temporal structure of environmental change. This raises critical questions 
regarding the limits of plasticity, its potential costs, and its role in shaping evolutionary 
responses in increasingly novel and fluctuating environments. 

In this mini-review, we synthesize current theoretical and empirical advances to 
clarify the conditions under which phenotypic plasticity promotes, constrains, or fails to 
influence adaptive evolution in plants. We further examine the emerging role of 
epigenetic mechanisms in mediating plastic responses and discuss integrative 
frameworks that aim to distinguish adaptive plasticity from phenotypic noise and genetic 
change. 
 
Conceptual Boundary: Where Plasticity Ends and Selection Begins. Plasticity and 
selection interact rather than forming a sharp boundary. Climate change imposes novel 
regimes that immediately elicit plastic shifts in phenology, physiology and reproduction, 
but longer-term persistence depends on evolution of both trait means and plasticity itself 
(Franks et al., 2013; Nicotra et al., 2010; Matesanz et al., 2010; Scheiner et al., 2019; 
Schneider et al., 2026). 

Adaptive plasticity is defined operationally by within-environment selection 
analyses: if the plastic trait value is positively associated with fitness under the new 
condition, plasticity is adaptive; negative associations indicate maladaptive plasticity and 
non-significant associations point to neutral plasticity (Minden et al., 2023; Steinger et 
al., 2003; Bonser, 2021; Matesanz et al., 2010). Many empirical studies show that plastic 
responses to global change drivers are common, but clear demonstrations of adaptive 
plasticity, especially in complex, novel climates, remain relatively scarce (Matesanz et al., 
2010; Franks et al., 2013; Nicotra et al., 2010; Bibi et al., 2024) (Table 1, Figure 1). 

 

Table 1 
Examples of adaptive, neutral and maladaptive plasticity 

 

Context / trait Outcome of plasticity References 

Specific leaf area under 
shade in Sinapis arvensis 

Increase was favoured; adaptive, yet costly 
Steinger et al., 
2003 

Multiple resource-use 
traits across N:P gradients 

Mostly fitness-neutral; a few traits 
(chlorophyll content, leaf area, root surface 
area) consistently adaptive 

Minden et al., 
2023 

Eight traits across 
environments in 
Arabidopsis thaliana 

Trait plasticity largely fitness-neutral; no 
detectable costs 

Shamsid‐Deen & 
Whitney, 2026. 
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Figure 1. Phenotypic plasticity vs genetic adaptation in plants under rapid climate change. 

 
When Does Plasticity Become Maladaptive? Maladaptation emerges when 
environmental cues cease to predict the selective environment, when response times 
mismatch stress duration, or when extreme or novel conditions fall outside evolved 
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reaction norms (Nicotra et al., 2010; Matesanz et al., 2010; Chevin & Hoffmann, 2017). 
Under low light, S. arvensis expressed strong plastic changes in multiple traits, but only 
increased specific leaf area matched the direction of selection; plasticity in other traits 
was maladaptive because it shifted phenotypes away from optimal values in that 
environment (Steinger et al., 2003). 

Theoretical and empirical syntheses emphasize that plasticity will not be adaptive 
when cues are unreliable or when developmental plasticity is too slow or irreversible 
relative to fluctuating stress, a situation expected under increasingly erratic climates 
(Matesanz et al., 2010; Chevin & Hoffmann, 2017; Franks et al., 2013). In extreme 
environments that are rare or confined to marginal habitats, selection on reaction norms 
is weak; unless genetic correlations link moderate and extreme conditions, plasticity 
under extremes can be maladaptive or effectively absent (Chevin & Hoffmann, 2017). 

Misinterpretation of plasticity is common when plasticity is inferred from fitness or 
biomass itself: because adaptive plasticity in fitness would require low fitness in some 
environments, plastic changes in performance traits are rarely adaptive by definition, and 
their plasticity generally reflects environmental limitation rather than an evolved 
buffering mechanism (Bonser, 2021). 
 
Epigenetics, Stress Priming, and Ecological Memory. Epigenetic mechanisms 
provide a key interface between short-term plastic responses and longer-term 
adaptation. Climate-relevant phenotypes such as flowering time, stress tolerance and 
resource use show both genetic control and plasticity, with emerging evidence that 
epigenome-wide changes (e.g. environmentally triggered epialleles) contribute to plastic 
responses that can arise much faster than DNA sequence evolution (Nicotra et al., 2010; 
Pozzi et al., 2025; Bibi et al., 2024). 

Reviews on stress priming and ecological memory argue that recurrent abiotic 
stresses induce specific DNA methylation and histone modifications, modulated by 
hormone signalling and small RNAs, which “record” past stress and alter future 
responsiveness (Aswathi et al., 2025; Harris et al., 2023; Zhang et al., 2026). These 
epigenetic marks can underpin somatic memory within a plant, intergenerational carry-
over, and, in some cases, transgenerational inheritance, thereby potentially accelerating 
population-level adaptive trajectories under pulsed or rapidly shifting climates (Aswathi 
et al., 2025; Harris et al., 2023; Zhang et al., 2026). 

Nonetheless, causal links between specific epigenetic modifications, altered gene 
expression and fitness under recurrent stress remain only partly demonstrated; new 
“reverse epigenetics” tools are being promoted to test whether particular priming-
induced marks truly enhance performance under realistic climate scenarios (Harris et al., 
2023; Nicotra et al., 2010; Pozzi et al., 2025). 
 
Hidden Costs and Limits of Plasticity in Fluctuating Environments. Adaptive 
plasticity is predicted to evolve only when benefits across environments exceed its costs 
and limits. Costs include energetic or developmental investments in sensory and 
regulatory machinery, or pleiotropic trade-offs that reduce fitness when plasticity is 
expressed, even if trait values are held constant statistically (Schneider, 2022; Steinger 
et al., 2003; Auld et al., 2010; Scheiner et al., 2019; Matesanz et al., 2010). Limits 
reflect imperfect matching between phenotype and environment due to genetic, 
developmental or information constraints (Schneider, 2022; Matesanz et al., 2010; Auld 
et al., 2010). 

Empirical evidence for direct fitness costs is mixed. In S. arvensis, families with 
higher plasticity in specific leaf area had lower fitness than less plastic families under low 
light after controlling for trait values, indicating a real cost of plasticity that was 
environment-dependent (Steinger et al., 2003). In contrast, a multi-environment 
Arabidopsis study detected no costs and no strong link between trait plasticity and seed 
output, suggesting widespread fitness-neutral plasticity in that setting (Shamsid‐Deen & 
Whitney, 2026). A multi-species nutrient experiment found that plasticity costs appeared 
mainly under phosphorus variation, again highlighting that costs are context-specific and 
more likely where stress strongly reduces fitness (Minden et al., 2023). 
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At a broader scale, meta-analytic work shows that plasticity increases with climatic 
variability only for some trait classes (e.g. allocation), and that physiological plasticity 
can be limited under cold stress, suggesting that stressful conditions may constrain 
rather than promote plasticity (Stotz et al., 2021; Matesanz et al., 2010; Chevin & 
Hoffmann, 2017). Reviews of costs and limits warn that statistical collinearity between 
trait means and plasticities often obscures cost estimates, and that many putative “costs” 
may instead reflect underlying limits in the ability to track rapid or irregular fluctuations 
(Auld et al., 2010; Schneider, 2022; Chevin & Hoffmann, 2017). 
 
Towards a Conceptual Framework: Separating Adaptive Plasticity from 
Phenotypic Noise. Several conceptual and methodological advances help distinguish 
adaptive plasticity from non-adaptive “noise” and from genetic adaptation. Random 
regression mixed models allow reaction norms to be estimated across continuous climatic 
gradients, separating population-level responses from among-genotype variation in 
slopes and curvatures, thus exposing heritable variation in plasticity itself (Arnold et al., 
2019; Schneider et al., 2026; Franks et al., 2013). Selection analyses within each 
environment then reveal whether observed plastic shifts align with local fitness optima 
(adaptive), oppose them (maladaptive), or have no detectable fitness consequences 
(neutral) (Minden et al., 2023; Steinger et al., 2003; Bonser, 2021; Matesanz et al., 
2010). 

Theoretical work on the genetics of plasticity under climate change shows that 
evolving plasticity can enhance persistence when not too costly, but that its benefit 
depends on the magnitude of plastic responses relative to environmental change and on 
the rate at which new genetic variation for plasticity arises (Scheiner et al., 2019; 
Schneider, 2022; Chevin & Hoffmann, 2017). Global-change focused reviews emphasize 
that adaptive plasticity has been best documented in simple, single-factor manipulations, 
whereas under realistic, multifactorial and fluctuating climates much plasticity remains 
untested for adaptive value and may be neutral or even maladaptive (Matesanz et al., 
2010; Nicotra et al., 2010; Franks et al., 2013; Fox et al., 2019; Bibi et al., 2024). 

In this integrated view, plasticity “ends” and selection “begins” where reaction 
norms systematically fail to keep phenotypes close to the moving optimum, either 
because cues are unreliable, environments lie outside historical variation, or costs and 
limits restrict further plastic evolution. Under such conditions, climate-driven selection 
increasingly acts on standing and newly generated genetic (and possibly epigenetic) 
variation for both trait means and plasticities, shaping the longer-term adaptive 
landscape of plant populations (Nicotra et al., 2010; Franks et al., 2013; Scheiner et al., 
2019; Pozzi et al., 2025; Zhang et al., 2026). 

While these frameworks improve our ability to classify plastic responses, a critical 
next step is to integrate such insights into predictive models capable of forecasting plant 
responses under ongoing climate change.  
 
Predicting Plant Responses: Integrating Plasticity into Climate Change Models. A 
major frontier in plant evolutionary ecology is not only to describe phenotypic plasticity 
and genetic adaptation, but to incorporate these processes into predictive frameworks 
capable of forecasting plant responses to ongoing climate change. Despite substantial 
advances in documenting plastic responses across traits and environments, most large-
scale ecological and distribution models still rely on static trait values or assume fixed 
species niches, thereby underestimating the dynamic nature of plant responses. 

Species distribution models (SDMs) and dynamic global vegetation models (DGVMs) 
traditionally treat species as ecologically invariant entities, implicitly assuming that 
observed trait–environment relationships remain constant under future climates. 
However, phenotypic plasticity can decouple instantaneous phenotype–environment 
relationships from long-term genetic adaptation, allowing individuals to persist 
temporarily in conditions that would otherwise be outside their realized niche. As a result, 
models that ignore plasticity may overestimate extinction risk in the short term, while 
simultaneously underestimating the potential for maladaptive persistence or delayed 
evolutionary responses. 
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Recent efforts aim to integrate plasticity explicitly into predictive models by 
incorporating reaction norms, trait variability, and environment-dependent performance 
functions. Reaction norm approaches allow trait values to vary continuously along 
environmental gradients, providing a more realistic representation of how plants respond 
to fluctuating and novel conditions. When combined with fitness landscapes, these 
models can distinguish whether plastic responses track shifting optima or generate 
mismatches that reduce population viability. 

A key challenge lies in scaling from individual-level plastic responses to population 
and community-level dynamics. Plasticity can buffer populations against environmental 
change, effectively “buying time” for genetic adaptation, but this buffering capacity 
depends on the magnitude, reversibility, and costs of plastic responses. In highly variable 
or unpredictable climates, plasticity may instead increase demographic instability, 
particularly when environmental cues are unreliable or when response lags exceed the 
temporal scale of stress events. 

Another emerging direction involves coupling eco-evolutionary models with 
epigenetic dynamics. Incorporating mechanisms such as stress-induced epigenetic 
memory or transgenerational effects may improve predictions of short-term population 
resilience under pulsed environmental stress. However, empirical parameterization 
remains limited, and the persistence and reversibility of epigenetic marks under natural 
conditions are still insufficiently quantified for robust model integration. 

Ultimately, improving predictive accuracy requires integrative frameworks that 
combine plasticity, genetic variation, demographic processes, and environmental 
heterogeneity. Such models must account not only for mean trait values, but also for 
variance, covariance, and the capacity for plastic and evolutionary change. Bridging 
empirical studies with modeling approaches will be essential for identifying when 
plasticity enhances persistence, when it delays adaptation, and when it contributes to 
population decline under rapid climate change. 
 
Conclusions. This mini-review consolidates current knowledge on the diversity, adaptive 
strategies, and functional significance of extremophilic organisms, highlighting their 
relevance as model systems for understanding the limits of life. By integrating 
physiological, molecular, and ecological perspectives, it becomes evident that 
extremophiles are not merely biological curiosities, but key contributors to fundamental 
and applied scientific domains. 

One of the central insights emerging from this work is the remarkable convergence 
of adaptive mechanisms across phylogenetically distant taxa. Whether through 
membrane restructuring, protein stabilization, osmolyte accumulation, or highly 
specialized metabolic pathways, extremophiles demonstrate that evolutionary innovation 
is both constrained by physicochemical limits and remarkably flexible in its execution. 
These adaptations underline the importance of studying life under extreme conditions as 
a means to refine our understanding of evolutionary processes and biochemical 
resilience. 

Furthermore, the ecological roles of extremophiles extend beyond survival in 
isolated niches. Many of these organisms actively shape their environments, participating 
in biogeochemical cycles under conditions previously thought to be incompatible with 
sustained biological activity. This has significant implications for ecosystem functioning, 
particularly in extreme or rapidly changing habitats, and suggests that their contribution 
to global processes may be underestimated. 

From an applied perspective, extremophiles represent a valuable reservoir of 
biomolecules with exceptional stability and efficiency. Enzymes derived from these 
organisms continue to drive innovation in biotechnology, industrial processes, and 
environmental remediation. In addition, their study provides critical insights for 
astrobiology, expanding the framework for identifying potentially habitable environments 
beyond Earth. 

Finally, despite substantial progress, several gaps remain. Future research should 
prioritize integrative omics approaches, in situ studies, and the exploration of under-
investigated extremophilic systems. Particular attention should be given to the interplay 
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between genetic isolation, environmental pressures, and microevolutionary dynamics, 
especially in spatially fragmented habitats such as cave systems or hypersaline basins. 

As a final remark, extremophiles challenge traditional paradigms of habitability and 
biological function. Their study not only broadens the conceptual boundaries of life but 
also offers tangible benefits across multiple scientific and technological disciplines. 
Continued interdisciplinary research will be essential for fully unlocking their potential and 
for advancing our understanding of life in its most resilient forms. 
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