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Conclusions

Roots respond to soil conditions altered by climate change through coordinated changes in development, anatomy, chemistry, and biotic interactions. The strongest evidence shows that roots can spatially redirect growth towards favourable water domains, suppress branching when local water availability declines, avoid saline gradients, and undergo genetically regulated changes in exploration towards deeper soil layers. Endodermal and exodermal barriers are dynamic control systems rather than passive walls: their lignification and suberisation regulate selective transport, limit harmful fluxes, and change with environmental conditions. Root exudates and microbial partners extend this plasticity beyond plant tissues by modifying nutrient chemistry and rhizosphere community function. These processes converge on the same objective—acquiring water and nutrients while controlling carbon expenditure and preventing resource loss—but they do not always act synergistically.

Trade-offs are therefore central. Deep roots can improve access to water and mobile nitrogen but reduce investment in topsoil foraging; reduced cortical tissue can lower the cost of exploration while reducing radial transport capacity; stronger apoplastic barriers can protect against dehydration or salinity while limiting uptake; and microbial partnerships can expand the effective foraging domain while imposing carbon costs and context dependence. Climate resilience cannot be predicted from a single root trait or from total root biomass. It emerges from the timing, spatial deployment, and coordination of multiple root functions in relation to the actual distribution of resources and stresses in soil.

The most defensible path forward is to replace universal root ideotypes with context-responsive trait combinations tested across sequences of stress and recovery. Mechanistic insights from model systems remain indispensable, but they require crop-specific anatomical validation and field-scale validation of their links to resource capture. Rhizosphere studies similarly need causal evidence connecting plant signals to microbial function and benefits to the host plant. Integrating architecture, barrier state, exudation, microbial activity, and nutrient flux in the same experimental systems will allow root biology to move from compelling isolated mechanisms towards predictive models of climate adaptation.
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