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Abstract

Perennial fruit crops are exposed to climate change for decades after planting decisions are made, and their capacity for rapid adjustment is constrained by long juvenile periods, high establishment costs and clonal propagation. Declining winter chill, earlier flowering followed by spring frost, more frequent heat episodes, fruit sunburn, drought and the growing use of saline or reclaimed water now act simultaneously on many production regions. Adaptation research has expanded quickly, but it remains fragmented across breeding, rootstock physiology, canopy and microclimate engineering, and irrigation science. This critical narrative review examines how these four groups of levers can be combined to sustain yield stability, marketable fruit quality and water productivity in temperate deciduous fruit trees, grapevine, citrus and selected subtropical species. Peer-reviewed literature published from 2000 onwards was identified through multidisciplinary and life-science indexes, a regional scholarly platform, institutional sources and citation chaining, and was appraised qualitatively for design strength, scale, replication, measurement validity and transferability. The synthesis indicates that evidence is strongest for the physiological basis of chill and frost risk, for rootstock control of vigour, hydraulic supply and ion exclusion, for the sunburn-reducing effect of netting and evaporative cooling, and for water savings under regulated deficit irrigation during drought-tolerant phenological stages. Evidence is weaker, and frequently contradictory, for field-scale drought tolerance conferred by polyploid rootstocks, for the transferability of genomic prediction across environments, for agrivoltaic shading in orchards and for the long-term sustainability of irrigation with marginal water. Interactions among levers are rarely tested directly, although several trade-offs are consistently reported, including reduced red colour under protective nets, greater frost exposure of low-chill or early-flowering genotypes and increased sunburn risk when water deficit coincides with heat. Most field evidence is short in duration, concentrated in Mediterranean-type and temperate regions of the Northern Hemisphere and focused on a narrow set of cultivars. Multi-site, multi-season factorial trials, standardised plant-based stress indicators, phenology models calibrated for cultivars and rootstocks, and economic evaluation of combined adaptation packages are required before integrated recommendations can be made with confidence.
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1. Introduction

Fruit orchards and vineyards differ from annual cropping systems in one decisive respect: the genotype, rootstock, planting density and irrigation infrastructure selected at establishment remain in place for fifteen to forty years, so adaptation must anticipate climatic conditions that will prevail well beyond the planning horizon of most farm decisions. Model-based assessments for California concluded that perennial cropping systems are less adaptable than annual systems and therefore potentially more susceptible to climate damage, while also noting that yield projections carry wide uncertainties derived from both climate and crop models (Lobell & Field, 2011; Lobell et al., 2006). Statistical analyses of the same production region subsequently showed that ozone exposure and climate variables jointly shape perennial crop yields, which illustrates that climatic stress rarely acts in isolation (Hong et al., 2020). Fruit quality is equally sensitive. A longitudinal analysis of Swiss orchards demonstrated that weather extremes can affect farm revenue more strongly through quality-related price penalties than through yield losses, so that impact assessments focused only on tonnage substantially misrepresent the economic exposure of growers (Dalhaus et al., 2020). A recent assessment of major apple-producing regions in the United States identified concurrent changes in climate indicators relevant to dormancy, flowering and fruit development, while not directly quantifying their effects on production (Preston et al., 2024).

Evidence that climate change is already altering fruit production is now available from several regions. Institutional surveys in Japan reported warming effects on fruit tree cultivation in every prefecture, including phenological shifts and more frequent fruit colouring disorders (Sugiura et al., 2012). Records covering three to four decades revealed declining acidity, firmness and watercore development in Japanese apples, changes attributed to earlier blooming and higher temperatures during fruit maturation (Sugiura et al., 2013). In the Indian Himalaya, apple orchards in Himachal Pradesh have moved progressively to higher elevations as optimum growing conditions have shifted upslope (Sahu et al., 2020). Warmer winters have also been linked to erratic flowering and bud break in Japanese pear (Pyrus pyrifolia (Burm.f.) Nakai), a disorder that occurs more often in warm years and at lower latitudes (Tominaga et al., 2022). These observations confirm that climatic exposure is not only a projection but an ongoing production problem. An analysis of historical apple production in France likewise found that responses to warming differed among regions and that heat-stress mitigation was particularly important in hotter Mediterranean areas (Giguère et al., 2026).

In this review, climate resilience refers to the capacity of an orchard system to maintain yield, marketable quality and resource-use efficiency under climatic variability and extremes, to recover after damaging events and, where necessary, to be reconfigured for a different climate. The definition draws on the distinction between resilience, adaptability and transformability in social–ecological systems (Walker et al., 2004) and on the climate-smart agriculture framework, which links productivity, adaptation and mitigation objectives (Lipper et al., 2014). Water-smart horticulture is used here to describe the deliberate management of orchard water supply, crop water demand and water productivity through deficit irrigation, plant-based monitoring, alternative water sources and soil-water conservation, an agenda that has been central to irrigation science since deficit irrigation was reframed as a tool for maximising production per unit of water consumed (Fereres & Soriano, 2007; J. E. Fernández, 2017).

The adaptation literature has grown rapidly. A systematic review of climate change effects on temperate fruit and nut crops analysed 403 articles published between 2000 and 2023 and documented a 44-fold increase in the number of publications over the preceding two decades (Osorio-Marín et al., 2024). Much of this literature, however, is organised around impacts rather than solutions, or around single adaptation levers. Reviews of Mediterranean woody crops, olive orchards and viticulture have catalogued climatic impacts and listed adaptation options without examining how those options interact (Fraga et al., 2021; Medda et al., 2022; Santos et al., 2020; van Leeuwen et al., 2024). Lever-specific reviews have examined protective netting (Manja & Aoun, 2019; Mupambi et al., 2018), rootstock–scion interactions (Albacete et al., 2015; Warschefsky et al., 2016), deficit irrigation (Fereres & Soriano, 2007; Ruiz-Sánchez et al., 2010) and genomics-assisted fruit breeding (Iwata et al., 2016), while a recent perspective has proposed genomic offset analysis as a forecasting tool for fruit tree maladaptation (Criado et al., 2026). A detailed account of meteorological responses of fruit trees has also been published for Japanese conditions (Sugiura, 2025). A multi-season field study of deficit-irrigated grapevines also showed that rootstock selection can influence vine hydraulic behaviour, water use and yield sensitivity under restricted irrigation (Romero et al., 2025).
Three features of this literature justify a further, critical synthesis. First, several central findings are contested. Winter chill models are not interchangeable, so estimates of chill loss depend on the model chosen (Luedeling & Brown, 2011). Spring frost risk is projected to increase in some regions and to remain broadly persistent in others, depending on cultivar phenology and local climate (Caspersen et al., 2025; Pfleiderer et al., 2019; Zohner et al., 2020). Drought tolerance attributed to tetraploid citrus rootstocks in early experiments has not been reproduced consistently when plants compete for soil water (Allario et al., 2013; da Silva Costa et al., 2025), and projections of large losses in viticultural suitability have been challenged for neglecting adaptive capacity (Hannah et al., 2013; van Leeuwen et al., 2013). Second, the four groups of levers act on the same physiological pathways, namely tree water status, canopy and fruit energy balance, and phenological timing, so their effects are unlikely to be additive. Measures that mitigate one hazard can intensify another, as illustrated by the trade-off between sunburn protection and red colour development in apple (Willsea et al., 2023). Third, most evidence derives from short experiments on a small number of cultivars, which limits confidence in recommendations intended to guide decades-long investments. A comparison of cooling and netting strategies in a commercial apple orchard further identified differences in fruit surface temperature and fruit-quality responses among heat-mitigation treatments (Amogi et al., 2025).

1.1 Scope, Research Gap and Objectives

This review addresses woody perennial fruit crops, with emphasis on temperate deciduous species such as apple, pear and stone fruits, on grapevine and citrus, and with selected evidence from olive, almond and avocado where it clarifies general mechanisms. The climatic hazards considered are declining winter chill, spring frost following advanced phenology, heat and fruit sunburn, drought and rising evaporative demand, and salinity associated with marginal irrigation water, together with combinations of these hazards. Four groups of adaptation levers are examined: genetic improvement and cultivar choice, rootstock selection and breeding, canopy and microclimate management, and water-smart irrigation and soil-water management. The specific gap addressed is the absence of a critical, interaction-centred appraisal that evaluates these levers together, distinguishes well-supported conclusions from preliminary or context-specific findings, and identifies where the combination of levers is likely to be synergistic, neutral or counterproductive. Pest and disease dynamics, postharvest physiology, greenhouse-grown soft fruit, socioeconomic adoption studies and orchard greenhouse-gas mitigation are outside the scope, except where they directly condition the interpretation of the four levers. The objectives are to define the physiological basis through which each hazard affects fruit production, to appraise the strength and limitations of the evidence supporting each lever, to examine documented and plausible interactions among levers, and to identify research priorities capable of supporting integrated adaptation decisions.

2. Methods for Literature Selection

2.1 Review Design and Rationale

A critical narrative review design was adopted because the question concerns heterogeneous evidence that spans molecular genetics, whole-plant physiology, agronomic field trials, climate projections and economic assessments. These study types do not share common effect metrics or comparators, which precludes meaningful statistical pooling and would make a single systematic-review protocol either too narrow to address interactions among levers or too broad to be applied consistently. Narrative reviews are well suited to interpreting such heterogeneous literature, to examining contradictions and to building conceptual frameworks, provided that the search and appraisal processes are transparent (Greenhalgh et al., 2018; Sukhera, 2022). The design and reporting of this review were guided by the quality criteria of the Scale for the Assessment of Narrative Review Articles, which emphasises explicit statement of aims, description of the literature search, appropriate referencing, scientific reasoning and relevant presentation of data (Baethge et al., 2019). The narrative design does not remove the need for transparency or critical appraisal, and both are documented in the following subsections.

2.2 Information Sources

Literature was identified through OpenAlex, Crossref, Europe PMC, PubMed, OpenAIRE, the Directory of Open Access Journals (DOAJ), Google Scholar and Semantic Scholar. J-STAGE was searched as a topic-specific regional platform because Japanese horticultural and agricultural meteorology journals contain long-term observational and adaptation studies on fruit trees that are less visible in international indexes. Institutional publications of the Food and Agriculture Organization of the United Nations were consulted for irrigation guidance. Database searching was supplemented by backward citation searching of recent reviews and key primary studies, forward citation searching of seminal papers on winter chill, rootstock hydraulics and deficit irrigation, related-article searching, and screening of reference lists in high-quality reviews. Bibliographic metadata, digital object identifiers and post-publication notices such as corrections and retractions were checked against Crossref records and publisher landing pages.

2.3 Search Strategy and Search Period

The search architecture combined a crop and production-system block, a climatic-hazard block, four lever-specific blocks and an outcome block (Table 1). The core syntax, expressed in the Europe PMC query language, was ("fruit tree*" OR orchard* OR apple OR Malus OR pear OR Prunus OR peach OR cherry OR apricot OR almond OR citrus OR grapevine OR "Vitis vinifera" OR olive OR avocado) AND ("climate change" OR warming OR "winter chill" OR "chilling requirement" OR dormancy OR "spring frost" OR "heat stress" OR sunburn OR drought OR "water deficit" OR salinity) AND (breeding OR "genomic selection" OR "genomic prediction" OR QTL OR "genome editing" OR rootstock* OR grafting OR "training system" OR netting OR "evaporative cooling" OR kaolin OR agrivoltaic* OR "deficit irrigation" OR "partial root-zone drying" OR "stem water potential" OR "reclaimed water" OR mulch*) AND (yield OR "fruit quality" OR "water productivity" OR "water use efficiency" OR phenology OR "bloom date") AND FIRST_PDATE:[2000-01-01 TO 2026-08-18]. Equivalent field adaptations were applied in the other platforms: title and abstract fields with publication-date limits in PubMed, full-text relevance searching with publication-date filters in OpenAlex, keyword searching with date limits in OpenAIRE, and shorter keyword combinations drawn from the same blocks in DOAJ, J-STAGE, Google Scholar and Semantic Scholar, where long Boolean strings are not processed reliably. Each lever-specific block was also run separately with the crop and hazard blocks to retrieve evidence that would be diluted in a single combined query. Literature eligibility was determined by the first public journal publication date, using the online-first or version-of-record date where available, rather than a later issue-assignment date.

The search covered publications from 1 January 2000 to 18 August 2026. The search end date and the last search date were the same, 18 August 2026, and minor literature refinements were made during the review and revision stage. The starting year was chosen because the period since 2000 spans the field validation of partial root-zone drying and regulated deficit irrigation in fruit crops, the first spatially explicit projections of winter chill, the release of reference genomes for major fruit species and the development of genomic selection in fruit breeding. Foundational studies published earlier were included when they defined methods or concepts that remain in use, such as regulated deficit irrigation and stem water potential as an indicator of tree water stress.

Retrieved records were appraised with a qualitative rubric of six criteria: direct relevance to a climatic hazard and at least one adaptation lever; strength of design, ranked from multi-season field experiments and long-term observational records through single-season field trials to controlled-environment or pot studies; scale and replication across sites, seasons, cultivars or rootstocks; validity of the measured outcome, with direct measurements of plant water status, fruit temperature, phenology or marketable yield preferred to indirect proxies; transparency of methods and statistical analysis; and consistency with independent evidence. On this basis, conclusions were classed as well supported when they were replicated across independent field studies or long-term records, as moderately supported when they rested on consistent but limited field evidence, and as preliminary when they relied mainly on controlled-environment studies, single sites, single seasons or modelling without field validation.

The query blocks used for evidence discovery and the principal evidence domains they were intended to interrogate are recorded in Table 1. The table documents the search architecture rather than database-specific hit counts, because such counts are not required for a critical narrative review and would imply a systematic selection process that was not undertaken. Study selection remained bounded by the eligibility and appraisal criteria described in this section.

Table 1. Query blocks used for evidence discovery and the principal evidence domains they were designed to interrogate

	Query block
	Concept domain
	Representative search terms
	Principal evidence domains interrogated

	A
	Crop and production system
	fruit tree*; orchard*; apple; Malus; pear; Prunus; peach; cherry; apricot; almond; citrus; grapevine; Vitis vinifera; olive; avocado
	Woody perennial fruit systems in temperate, Mediterranean-type and subtropical climates

	B
	Climatic hazard
	climate change; warming; winter chill; chilling requirement; dormancy; spring frost; heat stress; heatwave; sunburn; drought; water deficit; salinity
	Exposure and physiological sensitivity; observed trends and projections; compound events

	C1
	Genetic lever
	breeding; cultivar*; genomic selection; genomic prediction; GWAS; QTL; marker-assisted; genome editing; CRISPR; genetic diversity
	Phenology and chilling genetics; heat and drought tolerance; breeding technologies; varietal diversity

	C2
	Rootstock lever
	rootstock*; grafting; rootstock–scion; vigour; hydraulic conductance; chloride exclusion; polyploid
	Vigour control, water uptake and transpiration, salinity tolerance, long-distance signalling

	C3
	Canopy and microclimate lever
	training system; canopy architecture; netting; shade net; hail net; photoselective; evaporative cooling; kaolin; agrivoltaic*; rain cover; frost protection
	Light and energy balance, fruit temperature, sunburn, colour, orchard evapotranspiration, frost mitigation

	C4
	Water-smart lever
	deficit irrigation; regulated deficit irrigation; partial root-zone drying; stem water potential; trunk diameter; sap flow; thermal imagery; reclaimed water; desalinated water; mulch*; cover crop*
	Water productivity, irrigation scheduling, plant-based and remote sensing, marginal water, soil-water conservation

	D
	Outcomes
	yield; fruit quality; water productivity; water use efficiency; phenology; bloom date; profitability
	Agronomic, quality, physiological and economic endpoints used to judge resilience


Note. Blocks were combined as A AND B AND (C1 OR C2 OR C3 OR C4) AND D, and each lever block was also run separately with blocks A and B. GWAS, genome-wide association study; QTL, quantitative trait locus; CRISPR, clustered regularly interspaced short palindromic repeats. An asterisk denotes truncation

2.4 Eligibility Criteria

Eligible publications were peer-reviewed original studies, reviews and modelling studies that addressed at least one climatic hazard and at least one of the four adaptation levers in woody perennial fruit crops, or that clarified a physiological mechanism essential to interpreting those levers. Field experiments, long-term observational datasets, controlled-environment studies, genetic mapping and genomic prediction studies, crop and phenology modelling studies, and economic evaluations were all eligible, but their contribution to conclusions was weighted according to the appraisal rubric. Publications had to be in English with full bibliographic details verifiable through an authoritative registry. Institutional guidance from recognised intergovernmental bodies was eligible when it provided technical frameworks not available in journal articles. Conference abstracts, trade and extension magazines, non-peer-reviewed preprints, commercial material, patents and records whose bibliographic identity could not be confirmed were excluded. Studies of annual vegetable crops, forest trees and ornamental species were excluded unless they provided methodological evidence that was directly transferable and unavailable for fruit crops. No geographical restriction was applied, but the geographical origin of evidence was recorded to assess transferability.

2.5 Screening, Duplicate Handling and Study Selection

Titles and abstracts were screened for relevance to the hazard and lever blocks, and potentially relevant records were assessed in full text where accessible, or through the abstract, methods description and publisher metadata where full text was not openly available. Duplicate records arising from overlapping indexes were identified by digital object identifier and, where identifiers were absent, by matching title, first author and year; the version of record was retained. Records that could not be verified bibliographically, or whose full methods could not be ascertained sufficiently to judge the claim for which they would be cited, were not used. As a critical narrative review, the study did not aim to identify every eligible record, and it does not report screening counts, deduplication counts, a flow diagram or independent dual-reviewer appraisal, which are requirements of systematic reviews rather than of narrative syntheses. Selection was purposive and bounded by the eligibility criteria and the appraisal rubric, with deliberate inclusion of studies reporting null, negative or conflicting findings.

2.6 Critical Appraisal and Evidence Synthesis

Evidence was synthesised thematically. Themes were derived from the hazard–mechanism–lever structure of the search and refined iteratively as recurrent controversies became apparent, such as the choice of chill model, the field relevance of rootstock drought tolerance measured in pots and the trade-off between sunburn protection and fruit colour. For each theme, the strongest supporting evidence was identified first, conflicting findings were then examined, and likely reasons for disagreement were considered, including differences in experimental scale, duration, cultivar and rootstock combinations, climatic context, measurement methods and the intensity and timing of stress. Methodological influence was judged by design strength and replication rather than by citation counts. Where evidence from different disciplines was combined, care was taken to distinguish demonstrated field effects from mechanistic plausibility and from model projections. The resulting conclusions were assigned qualitative confidence levels using the rubric described in Section 2.3, and these levels are reported in the summary tables that close each analytical section.

3. Climatic Hazards and the Physiological Vulnerability of Perennial Fruit Systems

The adaptation levers examined in later sections are only meaningful in relation to the physiological processes through which climate change damages fruit production. This section appraises the evidence for five groups of hazards, assesses the confidence that can be placed in their projected trajectories and identifies the mechanisms that adaptation must target.

3.1 Declining Winter Chill and Disrupted Dormancy

Temperate fruit trees must accumulate a cultivar-specific amount of chilling during endodormancy, followed by sufficient heat during ecodormancy, to flower and set fruit normally (Campoy et al., 2011; Fadón et al., 2020). When chill is inadequate, bud break becomes delayed and irregular, flowering is prolonged and poorly synchronised, and fruit set declines, symptoms that have been documented for pome and stone fruit in warm-winter regions (Atkinson et al., 2013; Salama et al., 2021). At the molecular level, dormancy progression involves dormancy-associated MADS-box (DAM) and related transcription factors together with hormonal, carbohydrate and oxidative signalling, and the accumulation of reactive oxygen species has been proposed as a central integrating cue (Beauvieux et al., 2018; Falavigna et al., 2019).

Projections of winter chill are among the most consistent findings in the field. A global analysis based on more than four thousand weather stations concluded that warm growing regions are likely to experience severe reductions in safe winter chill, defined as the chill exceeded in 90% of years (Luedeling et al., 2011). For California, projections indicated that the area with sufficient safe winter chill for many tree species or cultivars could decrease by 50–75% by the middle of the century and by 90–100% by its end, with the Chilling Hours model projecting larger changes than the Dynamic Model (Luedeling et al., 2009). Regional studies for Chile, Spain and European vineyards and olive orchards point in the same direction, with the largest losses in the warmest current production areas (E. Fernandez et al., 2020; Fraga et al., 2019; Rodríguez et al., 2019; Rodríguez et al., 2021). An assessment of the Mediterranean basin found that northern African growing regions had already experienced major chill losses, a probable cause of the irregular and delayed bloom reported by experts, and that these regions and southern Europe could lose up to 30 Chill Portions by 2050 under a moderate warming scenario (E. Fernandez et al., 2023). That study is notable for combining weather-generator simulations with the observations of growers and researchers, which partly addresses the criticism that chill projections are rarely compared with production experience. In the Indian Himalaya, declining chill has been discussed alongside the upslope movement of apple cultivation (Sahu et al., 2020).

Confidence in the direction of change is high, but confidence in its agronomic consequences is lower. The commonly used chill metrics are not proportional to each other, and the ratios between Chilling Hours, Utah units and Chill Portions vary substantially across the world, so that requirements estimated in one region cannot be transferred safely to another (Luedeling & Brown, 2011). Published chilling and heat requirements for Prunus cultivars were obtained with diverse methods for determining dormancy release and quantifying temperature, and data are missing for many cultivars (Fadón et al., 2020). Widely used phenology models also rely on simplified assumptions, are seldom validated for the cultivars in question and rarely report uncertainty, a limitation that motivated the development of more flexible frameworks such as PhenoFlex (Luedeling et al., 2021). Impact assessments that combine one chill model with a single requirement value per crop therefore indicate the direction of risk rather than precise thresholds. Chemical dormancy-breaking agents are widely used to compensate partially for insufficient chill in warm-winter regions (Salama et al., 2021), but they do not remove the dependence of production on adequate winter temperatures, which is why cultivar and rootstock choices are central to long-term adaptation.

3.2 Advancing Phenology and the Spring Frost Paradox

Long-term phenological records show that flowering of fruit trees has advanced with warming. Trends in German fruit tree and field crop phenology between 1961 and 2000 were attributed to rising temperatures (Chmielewski et al., 2004). In Western Europe, advances in apple blooming have been explained mainly by faster satisfaction of the heat requirement after dormancy release (Legave et al., 2013). Across contrasting climates, however, flowering advanced in most European regions and in Morocco but remained stationary in southern Brazil and in the French Mediterranean region, leading to the suggestion that temperate Mediterranean regions may increasingly respond to chill decline and experience late and extended flowering (Legave et al., 2015). Earlier flowering does not necessarily reduce frost exposure, because the last spring frost may not advance as rapidly as bud development. For south-eastern Styria, a phenological model coupled with high-resolution projections estimated a mean advance in apple bloom of 1.6 ± 0.9 days per decade, and the authors argued that stable high-pressure blocking events occurring after earlier bloom could increase economic damage (Unterberger et al., 2018). In Germany, compound-event analysis indicated that the risk of frost damage to apple could rise by up to 10% relative to the present in a world 2 °C warmer, even though the absolute number of frost days declines (Pfleiderer et al., 2019).

The evidence is, however, regionally heterogeneous. Late-spring frost risk between 1959 and 2017 decreased across much of North America but increased in Europe and Asia (Zohner et al., 2020). Projections for three apple cultivars in southern Germany, produced with an updated PhenoFlex model and a frost threshold of −1 °C, indicated persistent rather than sharply increasing frost risk (Caspersen et al., 2025). The April 2017 frost in Switzerland and Germany, which followed an exceptionally warm March and early leaf-out, shows that a single event can cause damage that is unprecedented in the regional record (Vitasse & Rebetez, 2018). A Swiss analysis also found that the risk of exposure of fruit and forest trees to spring frost has increased at higher elevations (Vitasse et al., 2018), which is directly relevant to the upslope relocation of orchards observed in mountain regions (Sahu et al., 2020). The apparent disagreement among studies is largely explained by differences in cultivar phenology, the frost thresholds assumed and the treatment of dehardening, since freezing tolerance declines progressively as buds develop and is coupled to both temperature and photoperiod (Vitasse et al., 2014). A further limitation is that most risk models use screen-level air temperature, whereas measurements in an orchard under wind-machine operation showed that plant tissue temperature depends on air mixing and boundary-layer processes that air temperature alone does not capture (Boekee et al., 2023). Frost risk should therefore be treated as a site-, cultivar- and stage-specific hazard rather than as a general consequence of warming.

3.3 Heat, Fruit Surface Temperature and the Decoupling of Fruit Quality

High temperatures affect fruit trees through disruption of cellular homeostasis, impaired photosynthesis and altered metabolism, and they compromise both yield and quality (Li et al., 2023). Sexual reproduction is particularly sensitive to high temperature, with effects documented on pollen development, pollen tube growth and fertilisation (Hedhly et al., 2009). For fruit exposed to direct sunlight, the relevant temperature is that of the fruit surface rather than the surrounding air. Observations on clear summer days showed that the maximum surface temperature of apple and satsuma mandarin (Citrus unshiu Marc.) fruit exceeded the daily maximum air temperature by at least 15 °C, with the highest values on the surface facing south-west to west (Konno & Sugiura, 2024). Sunburn necrosis, sunburn browning and photo-oxidative sunburn in apple are induced by excess radiant heating and excess light, with humidity, wind, fruit acclimation and cultural practices acting as modifiers (Racsko & Schrader, 2012). In grapevine, sunburn results from the combination of photosynthetically active radiation, ultraviolet radiation and temperature and is aggravated by water deficit (J. M. Gambetta et al., 2021).

Heat also alters the composition of fruit that escapes visible damage. Elevated temperature decoupled anthocyanin accumulation from the accumulation of soluble solids in Shiraz and Cabernet Franc berries (Sadras & Moran, 2012), and grapevine heat stress has been associated with changes in phenology, berry composition and varietal suitability (Venios et al., 2020). For the table grape cultivar Kyoho in Japan, simulations projected that the skin colour rating in open fields would decline from 9.4 in 1981–2000 to 7.9 in 2031–2050 and 7.0 in 2081–2100 under a moderate emissions pathway (Sugiura et al., 2019). Declining acidity and firmness of Japanese apples over three to four decades provides observational evidence that such shifts are already occurring (Sugiura et al., 2013).

At the scale of production regions, projections are more contested. A global assessment estimated that the area suitable for viticulture in major wine-producing regions could fall by 25% to 73% by 2050 under the high-emission representative concentration pathway (RCP) 8.5 (Hannah et al., 2013), a conclusion criticised for underestimating the capacity of growers to adapt through cultivar, rootstock and management changes (van Leeuwen et al., 2013). Subsequent European analyses that explicitly modelled grapevine phenology projected a non-linear loss of suitable area with increasing global warming (Sgubin et al., 2023), and a recent synthesis concluded that about 90% of traditional wine regions in coastal and lowland areas of Spain, Italy, Greece and southern California could be at risk of disappearing by the end of the century because of excessive drought and more frequent heatwaves, while noting that the extent of change depends strongly on the level of warming (van Leeuwen et al., 2024). A vulnerability assessment of 1085 European wine geographical indications found that sensitivity is increased by regulatory rigidity that restricts varietal diversity (Tscholl et al., 2024). The disagreement among these studies arises less from the physiology than from assumptions about adaptive capacity, which is precisely the domain addressed by the levers reviewed here.
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Table 2. Principal climatic hazards for perennial fruit production, their physiological mechanisms, the confidence attached to current evidence and the adaptation levers that address them

	Hazard
	Principal mechanism
	State of evidence and confidence
	Main sources of uncertainty
	Levers addressing the hazard
	Supporting references

	Declining winter chill
	Incomplete endodormancy release; erratic bud break, extended flowering and reduced fruit set
	High confidence in declining chill in warm regions from global and regional projections and grower observations
	Non-proportional chill models; cultivar requirements estimated with diverse methods; few validated phenology models
	Low-chill cultivars; phenology-informed site selection; dormancy-breaking agents as partial compensation
	Atkinson et al. (2013); Fadón et al. (2020); E. Fernandez et al. (2023); Luedeling et al. (2011); Luedeling & Brown (2011); Luedeling et al. (2021); Salama et al. (2021)

	Spring frost after advanced phenology
	Earlier dehardening and bloom increase exposure of sensitive organs to late cold spells
	Moderate confidence; risk increases in some regions and stays persistent or decreases in others
	Cultivar phenology; frost thresholds; dehardening dynamics; air versus tissue temperature
	Late-flowering genotypes; site selection; active frost protection
	Boekee et al. (2023); Caspersen et al. (2025); Pfleiderer et al. (2019); Unterberger et al. (2018); Vitasse et al. (2014); Zohner et al. (2020)

	Heat and fruit sunburn
	Radiant heating raises fruit surface temperature well above air temperature; photo-oxidative and thermal tissue damage
	High confidence in mechanism; moderate confidence in regional loss estimates
	Interaction with humidity, wind, fruit acclimation and water status
	Netting, evaporative cooling, particle films, canopy design, irrigation timing
	J. M. Gambetta et al. (2021); Konno & Sugiura (2024); Racsko & Schrader (2012)

	Heat-driven quality change
	Decoupling of colour and sugar accumulation; reduced acidity and firmness
	High confidence from controlled experiments and long-term records
	Separation of temperature effects from changes in harvest timing and cultivar mix
	Cultivar choice; canopy shading; phenological shift through management
	Sadras & Moran (2012); Sugiura et al. (2013); Sugiura et al. (2019); Venios et al. (2020)

	Drought and evaporative demand
	Reduced water status, stomatal limitation of photosynthesis, reduced growth and yield; hydraulic failure under extreme stress
	High confidence in physiology; moderate confidence in field-level yield projections
	Soil water storage; rooting depth; cultivar and rootstock behaviour; recovery after stress
	Drought-adapted rootstocks; deficit irrigation; plant-based scheduling; soil-water conservation
	Charrier et al. (2018); Dayer et al. (2020); Fraga et al. (2020); G. A. Gambetta et al. (2020)

	Salinity from marginal water
	Osmotic stress and toxic accumulation of chloride, sodium and boron
	Moderate confidence; strong genotype dependence
	Long-term soil accumulation; interaction with heat and deficit irrigation
	Ion-excluding rootstocks; leaching and water blending; monitoring
	Acosta-Rangel et al. (2019); Erel et al. (2019); Navarro et al. (2022); Zhou-Tsang et al. (2021)

	Compound events
	Non-additive physiological responses to simultaneous heat, drought and frost-related hazards
	Limited; mainly controlled experiments and compound-event modelling
	Scarcity of factorial field studies; carbon dioxide interactions
	Combined rootstock, canopy and irrigation strategies
	García-Sánchez & Syvertsen (2006); Pfleiderer et al. (2019); Zandalinas et al. (2016)


Note. Confidence levels follow the qualitative appraisal rubric described in Section 2.3. Levers listed are those discussed in Sections 4 to 7 and do not imply demonstrated effectiveness in every context



3.4 Drought, Evaporative Demand and Salinity

Drought affects fruit trees through soil water depletion and through increasing atmospheric evaporative demand. Projections for olive orchards in Alentejo, Portugal, indicated warming of up to 2 °C by 2080, an increase in potential evapotranspiration of 40–50 mm and a decline in precipitation of 80–90 mm, conditions under which irrigation was assessed as an adaptation measure (Fraga et al., 2020). In grapevine, which has become a model perennial crop for drought research, tolerance has been redefined as an integrated set of traits encompassing water use, stomatal regulation, hydraulic vulnerability and recovery (G. A. Gambetta et al., 2020). Varietal differences arise from the sequence and water-potential thresholds of leaf turgor loss, stomatal closure and embolism (Dayer et al., 2020). Long-term observations in Napa and Bordeaux showed that grapevines did not reach lethal water-potential thresholds under seasonal droughts (Charrier et al., 2018), which suggests that yield and quality losses, rather than hydraulic mortality, are the principal drought risk for established vineyards under current regimes. Whether this conclusion holds for other species, for young plantings or for more extreme droughts has not been demonstrated.

Salinity is closely linked to drought because scarcity of fresh water increases reliance on saline groundwater, reclaimed wastewater and desalinated seawater. Grapevine salt tolerance depends largely on the exclusion of chloride from shoots and berries, and the effect of salinity on the grape and wine industries is expected to increase with climate change (Zhou-Tsang et al., 2021). Avocado (Persea americana Mill.) is considered extremely salt-sensitive, and its tolerance under saline irrigation depends on the rootstock (Acosta-Rangel et al., 2019). Reclaimed wastewater supplies valuable nutrients but also salts that can impair yields and soil quality (Erel et al., 2019), and desalinated seawater carries phytotoxic sodium, chloride and boron for sensitive crops such as citrus (Navarro et al., 2022). In this way, salinity links the water-smart lever directly to the rootstock lever.

3.5 Compound Hazards and the Limits of Single-Hazard Assessment

Hazards seldom occur in isolation. In citrus, heat applied alone increased stomatal conductance and transpiration, whereas the combination of heat and water deprivation partially reversed this response and generated a distinct hormonal and physiological profile, with the Carrizo citrange (Citrus sinensis (L.) Osbeck × Poncirus trifoliata (L.) Raf.) genotype more tolerant than Cleopatra mandarin (Citrus reshni Hort. ex Tanaka) (Zandalinas et al., 2016). In apple, frost risk depends jointly on winter warmth, spring phenology and late cold spells (Pfleiderer et al., 2019). Rising atmospheric carbon dioxide adds a further interacting factor: in citrus rootstock seedlings, elevated carbon dioxide increased growth and water-use efficiency, reduced transpiration and modified responses to sodium chloride (García-Sánchez & Syvertsen, 2006), although this short pot experiment cannot be extrapolated to mature orchards. Most impact studies continue to model one hazard at a time, and the systematic review of temperate fruit and nut crops classified the literature into distinct research areas, including responses to environmental conditions, water management, breeding and genetics, and prediction models, which illustrates how compartmentalised the field remains (Osorio-Marín et al., 2024). The consequence for adaptation is that a lever selected to mitigate one hazard must be evaluated against the others it may influence.

The principal hazards, their mechanisms, the state of evidence and the levers that address them are summarised in Table 2. The table shows that evidence is most mature for winter chill decline and for the physiology of heat and drought, whereas frost risk, salinity from marginal water and compound events remain context-dependent. It also shows that every hazard is addressed by more than one lever, which provides the rationale for the integrated appraisal in the following sections.

4. Genetic Adaptation: Phenology, Stress Tolerance and Breeding Technologies

Genetic adaptation offers the most durable route to resilience, because a cultivar matched to the future climate of a site carries its adaptive traits into every tree planted. It is also the slowest lever. Fruit tree breeding is constrained by long generation times, large plant size, extended juvenile phases and the need to wait for fruiting before the marketable product can be evaluated (Iwata et al., 2016). This section appraises the genetic basis of climate-relevant traits, the technologies proposed to accelerate their deployment and the extent to which varietal diversity already available to growers can serve as an adaptation resource.

4.1 Genetic Architecture of Chilling Requirement, Heat Requirement and Bloom Date

Knowledge of the genetic control of dormancy is most advanced in peach (Prunus persica (L.) Batsch). Sequencing of the evergrowing locus, whose mutant fails to form terminal buds in response to dormancy-inducing conditions, revealed a cluster of six MADS-box transcription factor genes, later termed DAM genes, as candidates for the control of terminal bud formation (Bielenberg et al., 2008). Expression of PpDAM5 and PpDAM6 increases during endodormancy and declines with its release in both high-chill and low-chill peaches (Yamane et al., 2011), and chilling down-regulates several members of the cluster through distinct epigenetic mechanisms, including trimethylation of histone H3 lysine 27 (Zhu et al., 2020). A genome-wide association study (GWAS) based on structural variation in 345 peach accessions identified PpDAM6 as a key gene for chilling requirement, and its function was supported by transient silencing in peach buds and overexpression in transgenic apple (Zhao et al., 2023). Quantitative trait locus (QTL) mapping in a peach F2 population of 378 genotypes established the genetic interrelationships among chilling requirement, heat requirement and bloom date (Fan et al., 2010).

In apple (Malus × domestica Borkh.), QTL analysis across five related full-sib families, three years and two sites identified four major regions controlling budbreak and flowering time, which together explained 5.6% to 21.3% of trait variance, with the region on linkage group 9 the most stable across families, sites and years (Allard et al., 2016). An earlier study found that both the chilling and the heat requirement periods influenced flowering dates, but that their relative importance depended on the genetic background, and the major QTLs detected were population-specific (Celton et al., 2011). A European GWAS of 1168 apple genotypes grown at six locations retained two markers on chromosome 9 that together accounted for 8.9% of the phenotypic variance in flowering period, and found that allele frequencies varied with the geographical origin of cultivars, consistent with differential selection in contrasting growing environments (Urrestarazu et al., 2017).

These studies establish that chilling and heat requirements are heritable and partly controlled by conserved loci, but they also reveal why translation into breeding has been slow. Individual loci explain modest fractions of variance, effects are population-specific and environment-dependent, and phenotyping of chilling requirement is laborious and method-sensitive (Celton et al., 2011; Fadón et al., 2020). Marker-assisted seedling selection in Rosaceae tree fruit has been limited by the scarcity of DNA tests tailored to individual breeding programmes (Ru et al., 2015). The development of a low-cost diagnostic test for peach chilling requirement, which predicted the correct genotype and phenotype in 96% and 74% of validated cultivars and accessions, respectively, illustrates that such barriers can be overcome for traits with a major locus (Demirel et al., 2023). The test discriminates broad classes of requirement rather than precise values, which is appropriate for parent and seedling selection but not for predicting cultivar behaviour at a specific site.

Low-chill breeding demonstrates both the potential and the cost of genetic adaptation. Adapting peach and highbush blueberry to subtropical Florida required recurrent selection over many cycles because a large number of characteristics, most of them polygenic, had to be changed simultaneously (Lyrene, 2005). Reducing chilling requirement also carries an inherent risk. Genotypes that complete dormancy early can respond to warm spells in late winter, and experts in Mediterranean fruit regions anticipate increasing spring frost damage in early-blooming cultivars (E. Fernandez et al., 2023). Because freezing tolerance declines as buds develop (Vitasse et al., 2014), the breeding objective in many regions is not simply a lower chilling requirement but a combination of moderate chilling requirement with a higher heat requirement, which delays bloom after dormancy release. The co-localisation of QTLs for chilling and heat requirements in apple suggests that such combinations may be partly constrained by shared genetic control (Allard et al., 2016), a hypothesis that has not been tested systematically in breeding populations.

4.2 Genetic Variation for Heat, Drought and Quality Stability

Genetic variation for drought response is best characterised in grapevine (Vitis vinifera L.). Cultivars differ in maximum transpiration, in the sensitivity of canopy conductance to vapour pressure deficit and in the sequence of water-potential thresholds for turgor loss, stomatal closure and leaf embolism (Dayer et al., 2020). Such traits form the basis of an integrative definition of drought tolerance that distinguishes water-use strategies from survival thresholds (G. A. Gambetta et al., 2020). Comparable trait-based screens are rare for apple, stone fruit and citrus scions, and evidence on heat tolerance remains largely mechanistic, centred on heat-shock proteins, antioxidant systems and hormonal regulation, with few breeding applications (Li et al., 2023).

Wild relatives represent an underused reservoir. The reference genome of domesticated apple identified Malus sieversii (Ledeb.) M.Roem. as the progenitor of the cultivated species (Velasco et al., 2010), and a recent appraisal argued that the narrow genetic base of a few dominant cultivars, propagated clonally as monocultures, renders the apple industry vulnerable to weather extremes, pests and pathogens, while noting that the small fruit and other biological barriers of wild apples greatly limit their direct use in breeding (Tegtmeier et al., 2025). Exploitation of such germplasm for climate traits is likely to depend on rootstock breeding, marker-assisted introgression or accelerated breeding systems rather than on conventional crossing alone.

4.3 Genomics-Assisted Breeding and Prediction Across Environments

Genomic selection (GS) was proposed for fruit trees because it can shorten breeding cycles and increase selection intensity. In an apple population of 1120 seedlings genotyped with 8000 single-nucleotide polymorphisms (SNPs), cross-validated accuracies for fruit quality traits ranged from 0.70 to 0.90 (Kumar et al., 2012). When predictions from a training population were applied to new families in commercial breeding programmes, however, accuracy across ten traits reached a maximum of 0.5 with a median of 0.19, and it depended strongly on heritability and phenotypic distribution (Muranty et al., 2015). The difference between these results reflects the general tendency of within-population cross-validation to overestimate the accuracy achievable in new families.

The apple reference population (REFPOP), comprising 534 genotypes planted in six European countries, was designed explicitly to support genomic prediction under contrasting climates (Jung et al., 2020). For 30 quantitative traits, GWAS identified 59 stable and 277 location-specific associations, average predictive abilities ranged from 0.18 to 0.88 depending on trait and model, and genotype-by-environment interaction accounted for up to 24% of phenotypic variability (Jung et al., 2022). A subsequent evaluation of 137 prediction scenarios showed that leave-one-family-out validation, which reflects application to new breeding material, reduced average predictive ability by up to 0.24 compared with tenfold cross-validation, and that extending the training set with related germplasm improved it by up to 0.08 (Jung et al., 2025). The European FruitBreedomics initiative, launched explicitly to bridge the gap between genomic resources and practical breeding in apple and peach, delivered dense SNP arrays, ready-to-use DNA diagnostic tests and new phenotyping methods (Laurens et al., 2018).

Two conclusions follow. Genomic prediction is technically mature for traits of moderate to high heritability measured in current environments, but its value for climate adaptation depends on whether models trained across today's sites can predict performance under climates not represented in the training data. The large share of location-specific associations in REFPOP suggests that this transfer cannot be assumed. Genomic offset analysis, which estimates the mismatch between current genomic variation and that predicted to be optimal under future climates, has been proposed as a complementary forecasting tool for fruit trees, but its interpretation and predictive value remain debated and require empirical validation through common-garden networks (Criado et al., 2026). Neither approach has yet been evaluated against realised performance under climate extremes.

4.4 Accelerated Breeding Cycles and Precision Genetic Modification

Shortening the juvenile phase is the most direct way to reduce generation time. Transgenic early-flowering apple lines overexpressing the BpMADS4 gene from silver birch (Betula pendula Roth) were used to establish a breeding programme that combined rapid crossing cycles with marker-assisted selection, introgressing disease-resistance loci from the wild species Malus fusca (Raf.) C.K.Schneid. and from an advanced cultivar into backcross progeny within a few years (Flachowsky et al., 2011). The same platform could, in principle, accelerate introgression of climate-related alleles from wild germplasm, although this has not yet been reported. New biotechnological tools, including RNA interference, cisgenesis, intragenesis and genome editing, allow targeted modification of specific traits while preserving the overall character of an established cultivar, and some can generate transgene-free plants (Limera et al., 2017). DNA-free editing has been demonstrated by delivering purified clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated protein 9 ribonucleoproteins into grapevine and apple protoplasts, an approach intended to avoid random integration of plasmid DNA and to ease regulatory constraints (Malnoy et al., 2016). Reviews of CRISPR applications in fruit trees list targets related to development, yield, fruit quality and stress tolerance (Martín-Valmaseda et al., 2023).

The appraisal of this evidence must distinguish technical feasibility from adaptive value. Protoplast editing, early-flowering systems and proof-of-concept edits establish that the tools work, but they have not yet produced field-validated cultivars with improved tolerance to heat, drought or altered chill regimes. Breeders of disease-resistant grapevine cultivars in Germany have shown that even conventionally bred, field-proven cultivars face prolonged market resistance, and they estimated that competitive cultivars developed with new breeding technologies remain decades from commercial introduction (Töpfer & Trapp, 2022). The rate-limiting step for genetic adaptation is therefore as much the evaluation, regulation and market acceptance of new cultivars as their creation.

4.5 Varietal Diversity as an Adaptation Portfolio

Because new cultivars arrive slowly, the diversity already present within crops is an immediate adaptive resource. For winegrape, a global analysis of eleven cultivars with contrasting phenology found that shifting to more suitable cultivars as the climate warms more than halved the projected loss of current winegrowing area under 2 °C warming, from 56% to 24%, although the benefit declined at 4 °C, reducing losses only from 85% to 58% (Morales-Castilla et al., 2020). The authors of a related analysis argued that the diversity of existing winegrape varieties is substantial but poorly characterised and underused (Wolkovich et al., 2018). In Japan, simulations showed that a cultivar with superior skin colouring, combined with protected cultivation, could maintain acceptable table grape colour even under late-century warming (Sugiura et al., 2019).

The principal constraints on this lever are institutional and economic rather than biological. Vulnerability of European wine regions is increased where geographical indication rules restrict varietal choice (Tscholl et al., 2024), and growers of clonally propagated fruit crops are bound by market demand for a few established cultivars (Tegtmeier et al., 2025). The diversity lever also has diminishing returns at higher levels of warming, as the winegrape analysis showed (Morales-Castilla et al., 2020). Evidence outside grapevine is sparse, and comparable analyses for apple, stone fruit and citrus would require multi-site phenology and yield data that are only beginning to be assembled through networks such as REFPOP (Jung et al., 2020).

The genetic approaches discussed in this section are compared in Table 3 according to their target traits, their current maturity and their main limitations. The comparison shows that tools for phenological adaptation are the most advanced, that prediction across future environments remains unvalidated, and that varietal diversity is the lever most readily available to growers, although its benefits weaken as warming increases.

Table 3. Genetic approaches to climate adaptation in perennial fruit crops: target traits, maturity of evidence and principal limitations

	Approach
	Main Climate-Relevant Targets
	Maturity of Evidence
	Principal Limitations
	Supporting References

	Recurrent selection for low chilling requirement
	Adaptation to warm winters; timely bloom
	Established in breeding programmes for subtropical peach and blueberry
	Polygenic control; long cycles; increased frost exposure of early-blooming genotypes
	E. Fernandez et al. (2023); Lyrene (2005)

	QTL mapping and diagnostic DNA tests for phenology
	Chilling requirement, heat requirement, bloom and budbreak date
	Well supported for peach and apple; one validated low-cost test for peach chilling requirement
	Population-specific and environment-dependent effects; method-sensitive phenotyping; tests resolve classes rather than precise values
	Allard et al. (2016); Celton et al. (2011); Demirel et al. (2023); Fan et al. (2010); Ru et al. (2015)

	Functional genomics of dormancy
	DAM gene cluster and its epigenetic regulation
	Well supported mechanistically in peach; functional validation in transgenic systems
	Limited translation into selection tools; regulation differs among species
	Bielenberg et al. (2008); Yamane et al. (2011); Zhao et al. (2023); Zhu et al. (2020)

	Genomic selection and multi-environment prediction
	Phenology, productivity and fruit quality
	Moderately supported; high within-population accuracy, lower accuracy in new families
	Location-specific associations; untested transfer to novel climates; dependence on training-set relatedness
	Jung et al. (2022); Jung et al. (2025); Kumar et al. (2012); Muranty et al. (2015)

	Genomic offset forecasting
	Anticipation of maladaptation of genotypes to future climates
	Preliminary; conceptual roadmap for fruit trees
	Contested interpretation; lack of validation against realised performance
	Criado et al. (2026)

	Accelerated breeding and genome editing
	Shortened generation time; targeted modification of stress-related genes
	Technically demonstrated (early-flowering apple breeding platform, DNA-free editing in protoplasts)
	No field-validated climate-adapted cultivars; regulatory and market barriers
	Flachowsky et al. (2011); Limera et al. (2017); Malnoy et al. (2016); Martín-Valmaseda et al. (2023); Töpfer & Trapp (2022)

	Use of existing varietal diversity
	Phenological matching to future climates; colour and quality stability
	Moderately supported for grapevine through modelling and long-term records
	Diminishing benefit at high warming; institutional and market rigidity; sparse data outside grapevine
	Morales-Castilla et al. (2020); Sugiura et al. (2019); Tscholl et al. (2024); Wolkovich et al. (2018)

	Wild relatives as donors
	Stress-tolerance alleles absent from elite cultivars
	Preliminary for climate traits
	Small fruit and long juvenile phase hinder introgression
	Tegtmeier et al. (2025); Velasco et al. (2010)


Note. DAM, dormancy-associated MADS-box; QTL, quantitative trait locus. Maturity categories follow the appraisal rubric described in Section 2.3

5. Rootstocks as an Adaptive Interface Between Tree and Soil

Rootstocks allow the root system to be selected independently of the fruiting scion, which makes them the most flexible genetic lever available to growers of grafted crops. Grafting has been used for centuries to control vigour, precocity and soil-borne problems, but the physiological and molecular basis of rootstock effects on shoot phenotypes has been investigated systematically only in the last two decades (Albacete et al., 2015; Warschefsky et al., 2016). In grapevine, nearly 80% of commercial vines are grafted (Harris et al., 2023). Because the rootstock governs water uptake, ion selectivity and part of the hormonal signalling that reaches the scion, it is directly involved in the response to drought, salinity and heat. This section appraises the evidence for these functions and identifies where claims of rootstock-conferred tolerance outrun the experimental evidence.

5.1 Vigour Control, Hydraulic Architecture and Tree Water Use

Size-controlling rootstocks underpin modern high-density orchards, and their mode of action is closely linked to water transport. In peach, trees on low- and intermediate-vigour rootstocks had leaf-specific hydraulic conductances 27% to 52% lower than those on the vigorous 'Nemaguard' rootstock, together with lower relative growth rates and altered biomass partitioning (Solari et al., 2006). Anatomical analyses showed that the most dwarfing peach rootstock had smaller and more numerous xylem vessels, which reduced calculated axial conductance, leading to the conclusion that xylem anatomy may be the main determinant of dwarfing in these genotypes (Tombesi et al., 2010). The evidence for apple is less consistent. Mature trees on the dwarfing M.9 rootstock had higher leaf-specific hydraulic resistance than trees on more vigorous rootstocks in Israel, with the graft union implicated as the site of additional resistance, but in Vermont the resistance of trees on six rootstocks was not consistently related to vigour (Cohen et al., 2007). Dwarfing appears to involve hydraulic restriction in several species, but the location and magnitude of that restriction vary among rootstock genotypes and environments.

The implications for climate resilience are ambivalent. Lower hydraulic supply reduces vigour and canopy leaf area, which lowers whole-tree water demand, but it is also associated with reduced midday water potential in the scion (Solari et al., 2006; Tombesi et al., 2010), which could increase sensitivity to high evaporative demand. Whether dwarfing rootstocks increase or decrease vulnerability to heatwaves and drought has not been tested directly under field conditions. Rootstock effects on water use also interact with irrigation method. In a multi-year apple trial, the volume of water applied under full sprinkler irrigation was considerably larger than under drip irrigation, while the rootstocks differed markedly in trunk size, yield efficiency, fruit size and maturity (Fallahi et al., 2013). The design did not isolate rootstock effects on transpiration, which illustrates a common difficulty: rootstock comparisons in orchards are usually confounded with differences in canopy size.

5.2 Rootstock Control of Transpiration and Drought Strategy

The clearest evidence that rootstocks regulate scion water use comes from grapevine. Using a full-sib rootstock population derived from Vitis vinifera × Vitis riparia Michx. with a single scion genotype, Marguerit et al. (2012) detected QTLs for scion transpiration, transpiration efficiency and water extraction capacity that were independent of year and water status, and a distinct genomic region controlling the acclimation of scion transpiration to water deficit. These loci co-localised with genes involved in abscisic acid (ABA) signalling and hydraulic regulation. Reviews of grapevine rootstock–cultivar interactions agree that drought-tolerant rootstocks reduce leaf stomatal conductance and canopy transpiration of the scion, but they also note that there is no standardised method for ranking rootstock drought tolerance and that the signalling mechanisms require further study (Serra et al., 2014; Zhang et al., 2016). Widely used rootstocks such as 110 Richter, 1103 Paulsen and 140 Ruggeri differ in isohydric or anisohydric behaviour, and new rootstock series have been released with the aim of combining drought and heat tolerance with agronomic suitability (Deis et al., 2026). Rhizotron studies showed deeper rooting in drought-tolerant rootstocks such as 110 Richter and Ramsey than in more drought-sensitive genotypes (Fort et al., 2017), yet the spatial and temporal development of rootstock root systems in vineyards remains poorly characterised, and growers exploit only a small part of available rootstock diversity (Fichtl et al., 2023).
In citrus, rootstocks express contrasting drought strategies. Rangpur lime (Citrus × limonia Osbeck) adopted a dehydration-avoidance strategy that maintained growth under severe drought, whereas Sunki Maravilha mandarin adopted a dehydration-tolerance strategy oriented to survival, with higher concentrations of ABA and salicylic acid in leaves and roots (Santana-Vieira et al., 2016). In Prunus, an interspecific hybrid rootstock classified as drought-tolerant delayed the decline in transpiration and increased whole-plant water-use efficiency under a 35-day deficit, while the sensitive rootstock showed early transpiration decline and reduced aquaporin expression, yet the sensitive rootstock produced more biomass during the 44-day recovery period (Opazo et al., 2020). This last result is important because it shows that rankings of rootstock tolerance can reverse between stress and recovery phases, so that a rootstock that conserves water during drought may not be the one that performs best across a season with intermittent stress.

The debate over polyploid rootstocks illustrates how experimental design can determine conclusions. Tetraploid Rangpur lime grafted with sweet orange was much more tolerant of water deficit than its diploid counterpart, an effect attributed to enhanced constitutive production of ABA in roots (Allario et al., 2013). When diploid and tetraploid Sunki rootstocks were compared both in isolation and in competition for the same soil water, the tetraploid took longer to show symptoms in isolation, but this advantage disappeared under competition, and tetraploids showed higher hydrogen peroxide production in the isolated experiments (da Silva Costa et al., 2025). The authors concluded that diploid and tetraploid rootstocks must be evaluated under the same soil moisture conditions to approximate field conditions. The likely explanation for the discrepancy is that a smaller transpiring canopy or slower water use delays the onset of stress in an individual pot without conferring tolerance per se. Confidence in polyploidy as a route to drought resilience is therefore low until field evidence becomes available.

5.3 Ion Exclusion and Tolerance of Marginal Irrigation Water

Salinity tolerance conferred by rootstocks is among the best-established rootstock functions. In grapevine, tolerance is associated with exclusion of chloride from the shoot, the rate-limiting step being the transfer of chloride from the root symplast to the xylem. Transcriptomic comparison of the chloride-excluding rootstock 140 Ruggeri, the chloride-including genotype K51-40 and Cabernet Sauvignon suggested that the exclusion mechanism is constitutive rather than stress-induced and identified candidate anion channels and transporters, although no single chloride transporter was confirmed (Henderson et al., 2014). Rootstocks that exclude chloride can protect scions from accumulating harmful concentrations in shoots and berries (Zhou-Tsang et al., 2021). In citrus seedlings, Cleopatra mandarin behaved as a chloride excluder and Carrizo citrange as a chloride accumulator, although Carrizo accumulated less sodium in leaves (García-Sánchez & Syvertsen, 2006), indicating that exclusion of one ion does not guarantee exclusion of another.

Rootstock effects become critical when growers turn to marginal water. In 'Hass' avocado, irrigation with water of electrical conductivity 1.5 dS m⁻¹, compared with 0.65 dS m⁻¹, increased canopy damage by 44%, halved survival and reduced yield by more than 63%, with damage attributed to chloride accumulation rather than to water stress, and several rootstocks performed better than others (Acosta-Rangel et al., 2019). For lemon (Citrus × limon (L.) Osbeck) trees irrigated with desalinated seawater at high temperature, the response to chloride, sodium and boron depended on the rootstock: trees on sour orange maintained growth and did not reach chloride phytotoxicity thresholds but accumulated more boron, whereas growth on Citrus macrophylla Wester declined in association with chloride accumulation (Navarro et al., 2022). These studies show that tolerance of marginal water is ion-specific and rootstock-specific, and that a rootstock chosen for chloride exclusion may expose the scion to another toxicity.

5.4 Rootstock Effects Under Combined Heat and Drought

Combined stresses can reorder rootstock rankings. Carrizo citrange is more tolerant than Cleopatra mandarin of combined heat and drought, partly because of stronger activation of antioxidant defences, and reciprocal grafting showed that this antioxidant response is transmissible from rootstock to scion (Balfagón et al., 2022; Zandalinas et al., 2016). Cleopatra mandarin, however, is the better chloride excluder of the two genotypes (García-Sánchez & Syvertsen, 2006). No single citrus rootstock emerges as tolerant of every climate hazard, and rootstock choice must reflect the hazard profile of each site. The citrus studies were conducted on young potted plants under controlled conditions, so the persistence of these effects in mature orchards remains to be confirmed.

5.5 Rootstock Effects on Phenology, Quality and Gene Expression

Rootstocks also influence traits that are not directly related to water and ions. In a grapevine experiment combining three rootstocks and three irrigation treatments over two years, the largest source of variation in scion leaf shape was the interaction between rootstock and irrigation, and rootstock-specific gene expression patterns were detected in scion leaves (Migicovsky et al., 2019). A three-year field study found that rootstock influence on scion gene expression was tissue- and time-dependent, appeared mainly in leaves during a single year and was driven by interaction with the local environment (Harris et al., 2023). More than 3000 genes were found to exchange messenger RNA across graft junctions in grapevine, but field-grown mature grafts transmitted far fewer mobile transcripts than young grafts grown in vitro, and most transmission rates were low (Yang et al., 2015). A recent perspective proposed that rootstocks may modulate alternate bearing through long-distance hormonal and epigenetic signalling (Carraro et al., 2026). In apple, Geneva rootstocks grown under severe replant conditions in southern Brazil maintained their relative differences in vigour and fruit quality, and the less vigorous 'G.213' advanced maturity and achieved higher yield efficiency (Rufato et al., 2021).

Taken together, these findings indicate that rootstock effects on scion physiology are real but often conditional on environment and developmental stage. Molecular signalling across the graft union is well documented in principle, but its contribution to climate-relevant field performance has not been quantified. The rootstock effect on phenology, which would be especially valuable for chill and frost adaptation, is the least well characterised of these functions in the literature reviewed.
5.6 Constraints on Rootstock Breeding and Deployment

A review of apple rootstock breeding identified parent selection, marker-assisted breeding, root-configuration-guided breeding, apomictic resources and genetic engineering as the main avenues for improvement, alongside the regional matching of rootstocks to production environments (Wang et al., 2019). Graft compatibility remains a prerequisite that limits the use of distantly related donors (Rasool et al., 2020). Evaluating rootstocks for drought or salinity tolerance requires multi-year field trials with several scions, because rootstock–scion and rootstock–environment interactions are pervasive (Harris et al., 2023; Opazo et al., 2020). Root architectural modelling combined with vineyard water-balance models has been proposed as a way to predict rootstock suitability for future climates and to transfer existing knowledge into practice (Fichtl et al., 2023), but such models have not yet been validated across environments.

The principal rootstock mechanisms relevant to climate adaptation are summarised in Table 4 together with the scale of the supporting evidence. The comparison shows that hydraulic vigour control and ion exclusion are supported by field-relevant evidence, whereas polyploid drought tolerance, transmissible stress signalling and rootstock regulation of phenology rest mainly on controlled-environment studies or conceptual proposals.

Table 4. Rootstock mechanisms relevant to climate adaptation in fruit crops, the scale of the supporting evidence and the confidence attached to field application

	Mechanism
	Representative evidence
	Crops
	Experimental scale
	Confidence and main limitations
	Supporting references

	Hydraulic restriction and vigour control
	Lower leaf-specific hydraulic conductance and smaller xylem vessels in dwarfing rootstocks; graft-union resistance in M.9
	Peach, apple
	Field trees and anatomical analyses
	Well supported for peach; inconsistent across sites for apple; effect on heat and drought vulnerability untested
	Cohen et al. (2007); Solari et al. (2006); Tombesi et al. (2010)

	Genetic control of scion transpiration
	Rootstock QTLs for transpiration, transpiration efficiency and acclimation to deficit
	Grapevine
	Potted plants over three years
	Well supported mechanistically; field translation and standardised ranking methods lacking
	Marguerit et al. (2012); Serra et al. (2014); Zhang et al. (2016)

	Contrasting drought strategies
	Avoidance versus tolerance; delayed transpiration decline; rank reversal during recovery
	Citrus, Prunus
	Potted and young grafted plants
	Moderate; short experiments; recovery responses rarely measured
	Opazo et al. (2020); Santana-Vieira et al. (2016)

	Polyploid rootstocks
	Tetraploid advantage in isolation that disappears under competition for soil water
	Citrus
	Pot experiments
	Low; conflicting results attributable to experimental design
	Allario et al. (2013); da Silva Costa et al. (2025)

	Root depth and architecture
	Deeper rooting in drought-tolerant grapevine rootstocks
	Grapevine
	Rhizotrons; modelling proposals
	Moderate; field root dynamics poorly characterised
	Fichtl et al. (2023); Fort et al. (2017)

	Ion exclusion
	Constitutive chloride exclusion; ion-specific and rootstock-specific responses to saline and desalinated water
	Grapevine, citrus, avocado
	Controlled studies and orchard trials
	Well supported for chloride; trade-offs with sodium and boron
	Acosta-Rangel et al. (2019); Henderson et al. (2014); Navarro et al. (2022); Zhou-Tsang et al. (2021)

	Transmissible antioxidant response under heat and drought
	Rootstock-dependent antioxidant activation in scion
	Citrus
	Reciprocal grafts of young plants
	Preliminary for field application
	Balfagón et al. (2022); Zandalinas et al. (2016)

	Mobile signals and scion gene expression
	Graft-transmissible mRNAs; environment-dependent rootstock effects on expression
	Grapevine
	In vitro and field grafts over several years
	Conditional and variable; functional consequences unquantified
	Harris et al. (2023); Migicovsky et al. (2019); Yang et al. (2015)


Note. QTL, quantitative trait locus; mRNA, messenger RNA. Confidence categories follow the appraisal rubric described in Section 2.3

6. Canopy Architecture and Microclimate Management

Canopy and microclimate management operates on the energy balance of leaves and fruit rather than on the genetic capacity of the tree. Its principal advantage is speed, because nets, cooling systems and training changes can be introduced within existing plantings. Its principal limitation is that most interventions alter several components of the microclimate at once, including radiation, temperature, humidity, wind and evaporative demand, and these changes propagate to photosynthesis, fruit colour, water use, pollination and orchard biodiversity. This section evaluates the evidence for each group of interventions with particular attention to these secondary effects.
6.1 Canopy Architecture, Light Distribution and Fruit Exposure

In peach, the transition from low-density to high-density plantings has depended on the availability of reliable size-controlling rootstocks, and training systems have been designed to increase light interception and labour and water-use efficiency and to facilitate mechanisation (Anthony & Minas, 2021). Increased planting density generally increases yields, but excessive density promotes shading and excessive crop load reduces fruit quality, so canopy design must balance yield potential against quality potential (Anthony & Minas, 2021). The same architecture that distributes light evenly throughout the canopy also exposes a larger proportion of fruit to full sunlight. In semi-arid apple regions, summer temperatures frequently exceed thresholds for sunburn, which can cause losses of more than 10% in some regions and years (Willsea et al., 2023). Fruit surface temperature is highest on the side facing south-west to west in the early afternoon (Konno & Sugiura, 2024), which implies that row orientation and the positioning of fruit within the canopy influence sunburn risk.

Light quality within the canopy also matters. A high ratio of far-red to red light promotes shoot elongation, blue light promotes compact growth, and red and ultraviolet light stimulate anthocyanin synthesis in fruit skin (Bastías & Corelli-Grappadelli, 2012). Canopy management can consequently influence fruit colour, which is a central quality concern under warming, as well as vegetative vigour. Crop load is a further canopy-level variable with direct consequences for water use. In olive trees grown in weighing lysimeters, fruit-loaded trees transpired roughly 30% more water than equivalent trees with low or no fruit load, and the difference was reflected in stem water potential but not in leaf-level stomatal conductance or photosynthesis (Bustan et al., 2016). Early work on ultra-dense peach orchards had already shown that tree density, summer pruning and regulated water supply could be combined to control vigour while maintaining or increasing fruit growth (Chalmers et al., 1981). Canopy architecture, crop load and irrigation are thus interdependent management decisions rather than separate ones.

6.2 Protective and Photoselective Netting

Protective netting was introduced mainly against hail but is increasingly used to prevent fruit sunburn and to protect against wind, birds and insects (Mupambi et al., 2018). Nets reduce light intensity by an approximately predetermined percentage, reduce wind speed and soil temperature, and have relatively small effects on canopy air temperature and relative humidity (Mupambi et al., 2018). In a young 'Honeycrisp' orchard in an irrigated desert climate, netting did not change air temperature or relative humidity but reduced wind speed by 40%, reduced photosynthetically active radiation by about 20%, improved soil moisture at 20 cm and 40 cm depth and lowered maximum fruit surface temperature by 2.6–4.3 °C under full sun, which reduced sunburn incidence and severity at harvest (Kalcsits et al., 2017). In north-eastern Portugal, grey and black anti-hail nets improved tree water status, stomatal conductance and net photosynthesis of 'Golden Delicious' apple and increased mean fruit weight, particularly when radiation exceeded the saturation point for photosynthesis (Brito et al., 2021). In southern Brazil, anti-hail cover caused only small changes in microclimate and did not impair apple production or quality (Bosco et al., 2015). For subtropical fruit, a review reported that shade nets reduced light intensity by 9–46% and canopy temperature by 1.3–7.6%, increased relative humidity by 3.2–12.9%, improved water-use efficiency and reduced sunburn and fruit splitting (Mditshwa et al., 2019).

The benefits of netting are well supported for sunburn reduction and are plausible for water conservation, but several limitations qualify them. Increased shading promotes leaf area, shoot length and shoot biomass, and it affects fruit set, return bloom and flower induction (Mupambi et al., 2018). Effects on fruit quality have been inconsistent across studies, and seasonal environmental conditions have often influenced quality more than the netting itself (Mupambi et al., 2018). The most consistent quality penalty is reduced red colour in bicoloured apple cultivars, a trade-off that has prompted the development of practices such as retracting nets before harvest (Willsea et al., 2023). Net type, colour, shading factor, mesh size and the timing of deployment all modify outcomes (Manja & Aoun, 2019), and photoselective nets that alter light quality add further variables to an already context-dependent intervention (Vuković et al., 2022).

Ecological side effects have received less attention. Low bee activity and reduced pollination under shade netting have been identified as a serious concern in subtropical orchards (Mditshwa et al., 2019). A systematic review of 48 studies on the effects of protection nets on biota found that nets were highly effective in deterring target pests, sometimes even when installed for weather protection, but that side effects on non-target taxa were frequently reported, and it proposed that netting may create species-poorer communities with simplified ecological networks and reduced biological control potential (Alessandrini et al., 2026). The same review noted that the available evidence is strongly biased towards apple orchards, Western countries and pest taxa. The long-term ecological costs of large-scale netting remain uncertain and should be weighed against its short-term agronomic benefits.

6.3 Evaporative Cooling and Reflective Particle Films

Evaporative cooling with overhead sprinklers and kaolin-based particle films reduce fruit temperature through different mechanisms. In a South African comparison on days with maximum air temperatures of 34–37 °C, fruit under a 20% shade net were 5.4–9.7 °C cooler than untreated fruit, fruit under evaporative cooling 3.1–5.8 °C cooler and fruit coated with kaolin 1.5–6.4 °C cooler (Gindaba & Wand, 2005). Shade netting, followed by kaolin, controlled sunburn most effectively, whereas evaporative cooling was less effective but increased fruit mass, and all treatments reduced blush colour, with the strongest reduction under the net (Gindaba & Wand, 2005). The authors concluded that, under high irradiance, technologies that reduce both radiation and temperature are more effective against sunburn than those that reduce temperature alone. Kaolin films reflect infrared, photosynthetically active and ultraviolet radiation, can reduce canopy temperature by as much as 5 °C and may increase whole-canopy photosynthesis by diffusing light into the canopy interior (Glenn, 2012). In walnut (Juglans regia L.) and almond (Prunus dulcis (Mill.) D.A.Webb), however, kaolin reduced leaf temperature by about 1–3 °C but also reduced light-saturated photosynthesis without affecting stem water potential or stomatal conductance, regardless of irrigation regime (Rosati et al., 2006). The net effect of particle films on carbon gain therefore depends on whether light or heat is the more limiting factor.

Table 5. Canopy and microclimate interventions for climate adaptation in fruit crops: hazards addressed, documented benefits, trade-offs and maturity of evidence

	Intervention
	Primary hazard addressed
	Documented benefits
	Trade-offs and risks
	Evidence maturity
	Supporting references

	High-density planar canopies
	Low light-use efficiency; labour constraints
	Higher light interception, yield efficiency and uniform fruit quality
	Greater fruit exposure to sunburn in hot regions; shading at excessive density
	Well established for productivity; climate interactions less studied
	Anthony & Minas (2021); Willsea et al. (2023)

	Crop load management
	Water stress; fruit quality decline
	Reduced whole-tree transpiration at low crop load; control of vigour with regulated water supply
	Yield loss if excessive; alternate bearing
	Moderate
	Bustan et al. (2016); Chalmers et al. (1981)

	Protective and photoselective netting
	Sunburn, hail, excess radiation
	Lower fruit surface temperature; reduced sunburn; improved soil moisture and tree water status in hot climates
	Reduced red colour; altered vigour, fruit set and return bloom; reduced pollinator activity; effects on non-target biota
	Well supported for sunburn; inconsistent for quality; limited for ecology
	Alessandrini et al. (2026); Brito et al. (2021); Kalcsits et al. (2017); Mditshwa et al. (2019); Mupambi et al. (2018)

	Evaporative cooling
	Heat and sunburn
	Reduced fruit temperature; increased fruit mass in some cultivars
	Less effective than shading under high irradiance; water consumption
	Moderate
	Gindaba & Wand (2005); Hannah et al. (2013)

	Kaolin particle films
	Heat, radiation and sunburn
	Reduced leaf and fruit temperature; sunburn reduction
	Reduced light-saturated photosynthesis in some species; variable yield effects
	Moderate, species-dependent
	Gindaba & Wand (2005); Glenn (2012); Rosati et al. (2006)

	Agrivoltaic shading
	Heat, radiation and water demand
	Altered water relations; dual land use
	Yield and quality decline above roughly 30% shading; heterogeneous microclimate
	Preliminary
	Juillion et al. (2022); Magarelli et al. (2024)

	Overhead shade films and rain covers
	Heatwaves, rain-induced damage
	Preserved anthocyanins under heat; protection from rain
	Reduced radiation; increased vegetative growth; cost
	Preliminary to moderate
	Marigliano et al. (2022); Pino et al. (2023)

	Covers combined with mulching
	Evaporative demand
	Lower orchard evapotranspiration and adjusted crop coefficients
	Requires integration with irrigation scheduling
	Preliminary
	Campi et al. (2020); Moratiel & Martínez-Cob (2012)

	Active frost protection
	Spring frost
	More consistent crops in frost years
	Capital cost; water use for frost irrigation; dependence on tissue rather than air temperature
	Moderate
	Boekee et al. (2023); Caspersen et al. (2025); Poling (2008)


Note. Evidence maturity categories follow the appraisal rubric described in Section 2.3. Percentage thresholds are reported as given in the cited studies and are not general recommendations


Evaporative cooling carries a further cost that is rarely quantified in trials, namely its water requirement. Analyses of viticultural adaptation have warned that maintaining fruit quality under warming through misting or sprinkling could increase freshwater use and create conflicts with conservation objectives (Hannah et al., 2013). In regions where water scarcity is the binding constraint, evaporative cooling may transfer climatic risk from the fruit to the water budget.

6.4 Agrivoltaic Systems, Overhead Covers and Shade Films

Overhead structures that combine shading with other functions are increasingly evaluated in fruit crops. Shading apple trees with an agrivoltaic system affected tree water relations, leaf morphophysiological characteristics and yield determinants (Juillion et al., 2022). A critical review of agrivoltaic systems in fruit crops found strong spatial heterogeneity in microclimate beneath panels and recommended a shading threshold of about 30% to prevent substantial declines in fruit yield and quality, with heavier shading affecting leaf morphophysiology, photosynthetic capacity and fruit dry matter accumulation (Magarelli et al., 2024). The same review called for standardised indicators to allow comparison across studies, which reflects the current dependence of the field on a small number of site-specific experiments.

Partial overhead shading can protect fruit composition during heatwaves. In a hot-climate Cabernet Sauvignon vineyard, photoselective shade films did not alter leaf gas exchange, midday stem water potential or yield, even though cluster-zone temperature reached 58 °C in the uncovered control, and they increased skin anthocyanin content by 27% in one of two years by reducing anthocyanin degradation (Marigliano et al., 2022). Rain covers in sweet cherry (Prunus avium L.) reduced total solar radiation by 50–60%, increased upper-canopy air temperature by 0.6 °C, reduced relative humidity and increased shoot length and leaf area (Pino et al., 2023), which illustrates that covers installed for one hazard alter vegetative growth and potentially water demand. Covering structures can also reduce orchard water use. In a two-year peach study in southern Italy, a shading hail net reduced air temperature by about 1 °C, wind speed by 57% and solar radiation by 32% while increasing relative humidity, and the study examined how such microclimate modulation combined with limited irrigation and soil mulching could improve irrigation water-use efficiency (Campi et al., 2020). In a table grape vineyard trained to a gable trellis under netting and black plastic mulch, experimentally derived crop coefficients reflected the reduction in evapotranspiration caused by the netting and mulch, and they agreed well with coefficients estimated by adjusting the standard procedure for these effects (Moratiel & Martínez-Cob, 2012). These findings point to a potentially important but under-researched synergy between canopy covers and water-smart irrigation.

6.5 Frost Protection in a Warming Climate

Where advancing phenology sustains or increases frost exposure, active frost protection becomes part of canopy and microclimate management. The choice of system depends on the type of frost, the cost of equipment and the reliability and simplicity of operation, and a correctly selected system can provide more consistent crops in years with damaging cold events (Poling, 2008). Wind machines protect crops by mixing warmer air from above the inversion into the canopy and by eroding the leaf boundary layer, so their effectiveness depends on plant tissue temperature rather than air temperature alone (Boekee et al., 2023). Frost irrigation is commonly triggered at fixed air temperature thresholds, such as −1 °C in a recent German apple study (Caspersen et al., 2025), which links frost protection directly to water availability in spring. Late-flowering cultivars and careful site selection remain the most robust passive options, which reinforces the connection between canopy-level and genetic adaptation.

6.6 Appraisal of the Canopy and Microclimate Lever

The canopy lever is supported by consistent short-term evidence for reduced fruit temperature and sunburn, and by more variable evidence for improved tree water status under nets and shade structures. Its weaknesses are the context-dependence of quality responses, the near-universal trade-off with red colour development, the water cost of evaporative cooling, the scarcity of multi-season agrivoltaic data and emerging evidence of ecological side effects. Few studies have measured the combined effect of netting with deficit irrigation, rootstock vigour or cultivar choice, although each of these interactions is mechanistically plausible.

The interventions considered in this section are compared in Table 5 according to the hazard addressed, the documented benefits, the principal trade-offs and the maturity of the evidence. The comparison indicates that netting and evaporative cooling are the most mature interventions, that particle films and shade films have narrower and more variable benefits, and that agrivoltaic systems remain at an early stage of evaluation.

7. Water-Smart Horticulture: Deficit Irrigation, Monitoring and Alternative Water

Irrigation is the most direct means of buffering orchards against drought, but it is also the lever most exposed to climate change, because declining precipitation and rising evaporative demand reduce the water available precisely when crop demand increases. Water-smart horticulture therefore aims to maximise production per unit of water consumed rather than per unit of land (Fereres & Soriano, 2007). This section appraises deficit irrigation strategies, the monitoring tools required to implement them, the use of marginal water sources and soil-water conservation practices.

7.1 Regulated and Sustained Deficit Irrigation

Deficit irrigation applies less water than full crop evapotranspiration, either uniformly through the season as sustained deficit irrigation or concentrated in phenological stages that are relatively insensitive to water stress as regulated deficit irrigation (RDI). The concept of RDI originated in ultra-dense peach orchards, where restricted water supply during periods of rapid shoot growth controlled vigour while subsequent fruit growth was maintained or stimulated (Chalmers et al., 1981). Woody perennial crops are particularly suited to RDI because yield in many species depends on fruit growth during specific stages, while vegetative growth or the postharvest period can tolerate deficit (Fereres & Soriano, 2007; Ruiz-Sánchez et al., 2010). A broad review of RDI identified partial root-zone irrigation as its most widely used form, with irrigation savings of 20–30% and little or no yield penalty in many field crops and some woody crops, attributed to optimised stomatal control, increased root-to-shoot ratio and reduced soil evaporation, while noting that the mechanisms through which RDI maintains production in practice remain incompletely understood (Chai et al., 2016).

Field evidence from fruit trees supports these principles but also defines their limits. In sweet cherry, a four-year experiment showed that RDI applied after harvest saved 39% of irrigation water relative to the control without reducing yield or the fruit quality parameters measured, whereas sustained deficit irrigation tended to produce smaller fruit (Blanco et al., 2019). In a mature almond orchard monitored for six years, two moderate deficit treatments receiving 65% of full irrigation did not differ significantly in yield, partly because stored soil water buffered the reductions, and water production functions did not change between the first and second three-year periods, which indicates no cumulative yield decline over that time; crop evapotranspiration rather than applied irrigation was often the main driver of productivity (Moldero et al., 2021). Almond yield has also been related quantitatively to transpiration deficits (López-López et al., 2018), and similar transpiration-based analyses have been reported for mandarin and late-maturing oranges (Gonzalez-Dugo et al., 2018). In a Moroccan apple orchard assessed explicitly as a climate adaptation strategy, irrigation at 75% of crop evapotranspiration increased yield, whereas 50% throughout the season failed to maintain acceptable fruit size in all three years, although it gave the firmest and sweetest fruit (El Jaouhari et al., 2018). For underused crops such as jujube (Ziziphus jujuba Mill.), loquat (Eriobotrya japonica (Thunb.) Lindl.), pistachio (Pistacia vera L.) and pomegranate (Punica granatum L.), tolerance of deficit irrigation has been proposed as a basis for diversifying production in Mediterranean semi-arid areas (Galindo et al., 2018).

Two features of this evidence deserve emphasis. First, the outcome of deficit irrigation depends on soil water storage, crop phenology and the severity of stress, so that the same nominal reduction in applied water can be benign in deep soils and damaging in shallow ones (Moldero et al., 2021). Second, most trials report yield, fruit size and soluble solids, but few report fruit temperature or sunburn, even though water deficit aggravates sunburn in grapevine (J. M. Gambetta et al., 2021). Deficit irrigation programmes designed for average seasons have rarely been tested during heatwaves, when the reduction in transpirational cooling may coincide with the highest radiant load on fruit.

7.2 Partial Root-Zone Drying

Partial root-zone drying (PRD) alternately irrigates one side of the root system while the other side dries, with the intention of generating root-sourced signals that reduce stomatal opening and vegetative growth without severe shoot water deficit (Kang & Zhang, 2004). In irrigated grapevine, PRD increased ABA concentration in drying roots about tenfold, reduced stomatal conductance and was reported to improve water-use efficiency by up to 50% without significant yield reduction (Stoll et al., 2000). Field trials in Portugal found that PRD vines receiving 50% of crop evapotranspiration controlled vegetative growth more strongly than vines under conventional deficit irrigation with the same water volume, improving light interception in the cluster zone and limiting the reduction in skin anthocyanins and phenols (dos Santos et al., 2003), and a three-year comparison reported that both PRD and deficit irrigation at half of full requirements maintained production, with some quality gains under PRD (Chaves et al., 2007).

The physiological premise of PRD has been questioned for sparse tree canopies. The original analysis of controlled alternate partial root-zone irrigation noted that stomatal control is only part of total transpirational resistance, that reductions in stomatal conductance may be partly offset by rising leaf temperature, and that it is uncertain how long partial stomatal closure persists under repeated drying cycles (Kang & Zhang, 2004). Reviews of grapevine deficit irrigation have also emphasised that varietal differences between more isohydric and more anisohydric behaviour modify responses to soil drying (Chaves et al., 2010). On balance, the evidence supports PRD as an effective form of deficit irrigation, but whether it offers consistent advantages over conventional deficit irrigation at equal water volumes in fruit trees has not been established across species and climates.

7.3 Plant-Based and Remote Sensing for Irrigation Scheduling

Deficit irrigation requires accurate knowledge of tree water status. Midday stem water potential (Ψstem) measured with a pressure chamber was shown to be less variable than leaf water potential and closely related to vapour pressure deficit, allowing it to detect moderate stress that leaf water potential missed (McCutchan & Shackel, 1992). Continuous indicators such as maximum daily trunk shrinkage (MDS) and sap flow have since been developed. In early-maturing peach, MDS was more sensitive than sap flow to changes in water status (Conejero et al., 2007), and reference values for Ψstem and MDS have been determined for young apple trees on the basis of plant responses to water deficit (De Swaef et al., 2009). Reviews of plant-based methods have concluded that they are well suited to woody crops but that their use in commercial orchards is limited by sensor maintenance, tree-to-tree variability and the need for site-specific reference values and thresholds (J. E. Fernández, 2014, 2017). Stem-embedded microtensiometers now provide continuous Ψstem readings that correlate well with pressure-chamber measurements, although maintaining contact with the xylem over long periods remains a challenge (Lakso et al., 2022). In a commercial 'Honeycrisp' orchard on M.9 rootstock, all indicators derived from microtensiometer trunk water potential detected changes after each irrigation, but their relationships with trunk shrinkage, canopy-to-air temperature difference and sap flow were only moderate, and suitable threshold values have yet to be established (Blanco & Kalcsits, 2024).

Table 6. Water-smart strategies for fruit production under climate change: mechanisms, evidence on yield and quality, and principal constraints

	Strategy
	Mechanism
	Evidence on yield, quality and water use
	Principal constraints
	Supporting references

	Regulated deficit irrigation
	Water restriction during stress-tolerant phenological stages
	Substantial water savings without yield loss in several species, including postharvest deficit in sweet cherry and moderate deficit in almond over six years
	Dependence on soil water storage and phenology; rarely tested during heatwaves
	Blanco et al. (2019); Chalmers et al. (1981); Chai et al. (2016); Fereres & Soriano (2007); Moldero et al. (2021); Ruiz-Sánchez et al. (2010)

	Sustained deficit irrigation
	Uniform reduction relative to crop evapotranspiration
	Moderate reductions tolerated; severe reductions reduce fruit size
	Smaller fruit; cultivar and climate dependence
	Blanco et al. (2019); El Jaouhari et al. (2018); López-López et al. (2018)

	Partial root-zone drying
	Root-sourced signals reduce stomatal opening and vigour
	Water savings with maintained yield and some quality gains in grapevine
	Advantage over conventional deficit irrigation at equal volume not established for fruit trees
	Chaves et al. (2007); Kang & Zhang (2004); dos Santos et al. (2003); Stoll et al. (2000)

	Plant-based scheduling
	Direct indicators of tree water status (stem water potential, trunk shrinkage, sap flow, microtensiometers)
	Sensitive detection of water stress; reference relationships available for some crops
	Sensor maintenance; tree-to-tree variability; site-specific thresholds; uncertain profitability
	Blanco & Kalcsits (2024); Conejero et al. (2007); De Swaef et al. (2009); Egea et al. (2017); J. E. Fernández (2014); Lakso et al. (2022); McCutchan & Shackel (1992)

	Remote and proximal sensing
	Thermal and spectral mapping of canopy water status
	Detection of within-orchard heterogeneity for precision irrigation
	Lower precision than point sensors; calibration requirements
	Carella et al. (2024); Gonzalez-Dugo et al. (2013)

	Reclaimed and desalinated water
	Substitution of fresh water by marginal sources
	Production maintained or increased in long-term olive trial; rootstock-dependent responses in citrus and avocado
	Soil sodification; chloride and boron toxicity; dependence on leaching rainfall
	Acosta-Rangel et al. (2019); Erel et al. (2019); Navarro et al. (2022); Nicolás et al. (2016)

	Mulching and ground covers
	Reduced soil evaporation and runoff
	Increased yield and water-use efficiency with mulches in semi-arid apple; reduced erosion with cover crops
	Water competition from living covers; yield penalties in dry seasons
	Liao et al. (2021); Novara et al. (2021); Tu et al. (2021)

	Supplementary irrigation as regional adaptation
	Compensation for declining rainfall and rising evaporative demand
	Modelled recovery of projected olive yield declines
	Water requirement may exceed available resources
	Fraga et al. (2020); Steduto et al. (2012)


Note. Evidence categories reflect the appraisal rubric described in Section 2.3. Reported water savings and yield effects are specific to the cited studies and are not transferable without local calibration


Remote sensing addresses the spatial limitation of point sensors. High-resolution thermal imagery from an unmanned aerial vehicle captured heterogeneity in water status within a commercial orchard of five fruit tree species, a prerequisite for precision irrigation (Gonzalez-Dugo et al., 2013). Proximal sensors are more precise for individual trees but limited in spatial coverage, whereas drone and satellite imagery cover large areas with lower precision, so integration of the two has been proposed (Carella et al., 2024). The economic case for sensor-based scheduling is not yet conclusive. In a super-high-density olive orchard, an RDI strategy supplying 45% of crop water needs was profitable whether scheduled by leaf turgor sensors or by the crop coefficient approach, and the sensor-based schedule showed higher, but not significantly different, financial indicators (Egea et al., 2017). Monitoring tools thus appear more valuable as safeguards against excessive stress in variable seasons than as a guaranteed source of extra profit.

7.4 Marginal Water Sources

As freshwater becomes scarcer, reclaimed wastewater and desalinated seawater are increasingly used for fruit production. In an eight-year olive experiment, reclaimed wastewater supplied substantial nitrogen, phosphorus and potassium and increased fruit yield relative to fresh water, and although soil salinity rose each autumn, leaf sodium and chloride did not increase, which the authors attributed to sufficient seasonal leaching by rainfall. The sodium adsorption ratio of the soil solution, however, increased steadily and exchangeable sodium reached nearly twice that of the freshwater treatment (Erel et al., 2019). Clementine mandarin irrigated with saline reclaimed water of about 3.5 dS m⁻¹ has been evaluated over six consecutive seasons to characterise its long-term physiological and agronomic responses (Nicolás et al., 2016). The rootstock-specific responses of avocado and lemon to saline and desalinated water described in Section 5.3 (Acosta-Rangel et al., 2019; Navarro et al., 2022) show that the safety of marginal water depends on the combination of scion, rootstock, soil and climate. The evidence indicates that marginal water can sustain production in the medium term where leaching is adequate, but the progressive sodification of soils implies that its long-term sustainability under declining rainfall is not assured.

7.5 Soil-Water Conservation and Integrated Water Management

Practices that reduce soil evaporation complement deficit irrigation. In a semi-arid apple orchard, horticultural fabric and straw mulches increased infiltration, reduced soil evaporation and increased apple yield and irrigation water-use efficiency in three consecutive years (Liao et al., 2021). Cover crops in vineyards and olive groves reduce runoff and can improve water-use efficiency by restraining excessive vigour on fertile soils, but they compete with trees for water, particularly in spring, and require careful management in dry, low-vigour systems (Novara et al., 2021). A fifteen-year study in a hilly citrus orchard in southern China showed that living grass mulch reduced runoff and erosion but lowered soil water content in the dry season and reduced average fruit yield by about 32% under strip mulching and 42% under full mulching (Tu et al., 2021). In Japan, combining drip fertigation with plastic sheet mulching has been used to manage tree moisture actively and raise the sugar content of satsuma mandarin fruit (Shimazaki & Nesumi, 2016), illustrating that controlled water deficit can also be a quality tool. At a regional scale, crop modelling for olive orchards in Alentejo indicated that irrigation could offset projected yield declines of 15–20%, but the water required corresponded to 0.6–1 times, and in one model chain up to twice, the projected decrease in precipitation, so the adaptation itself may be constrained by water scarcity (Fraga et al., 2020). Guidelines on the yield response of fruit trees and vines to water deficits are available to support such planning (Steduto et al., 2012).

The water-smart strategies reviewed here are compared in Table 6. The table shows that RDI during stress-tolerant stages is the best-supported strategy, that sensor-based scheduling is technically mature but economically unproven, and that marginal water and ground-cover management involve trade-offs that emerge only over several seasons.

8. Integrating the Levers: Interactions, Trade-Offs and Maladaptation Risk

The preceding sections show that each lever addresses more than one hazard and that each can create new exposures. This section draws these findings together to identify interactions that are supported by evidence, interactions that remain hypothetical and the conditions under which combined adaptation may become maladaptive.

8.1 Documented and Plausible Interactions Among Levers

The clearest documented interaction links rootstocks with canopy management. Size-controlling rootstocks made high-density planar canopies possible (Anthony & Minas, 2021), and these canopies expose more fruit to direct radiation, which in hot regions increases sunburn and the reliance on netting or evaporative cooling (Willsea et al., 2023). Rootstocks also interact with water management. Rankings of Prunus rootstocks changed between drought and recovery phases (Opazo et al., 2020), rootstock-by-irrigation interaction was the largest source of variation in grapevine scion leaf shape (Migicovsky et al., 2019), and responses of citrus and avocado to saline or desalinated water depended on the rootstock (Acosta-Rangel et al., 2019; Navarro et al., 2022). Deficit thresholds and marginal-water strategies must therefore be specified for scion–rootstock combinations rather than for species.

Interactions between canopy and water management are both synergistic and antagonistic. Netting improved soil moisture and tree water status in hot, dry environments (Brito et al., 2021; Kalcsits et al., 2017), and covers combined with mulching reduced orchard evapotranspiration (Campi et al., 2020; Moratiel & Martínez-Cob, 2012), which suggests that protected canopies may permit lower irrigation volumes. Evaporative cooling, by contrast, converts heat protection into additional water demand (Hannah et al., 2013), and water deficit aggravates fruit sunburn (J. M. Gambetta et al., 2021). Crop load links canopy and water decisions, because fruit-bearing trees transpire substantially more than unloaded trees (Bustan et al., 2016).
Interactions involving genetics are the least tested. Reducing chilling requirement can expose early-blooming cultivars to frost, which may require active frost protection and, where frost irrigation is used, additional water in spring (Caspersen et al., 2025; E. Fernandez et al., 2023). Cultivar differences in hydraulic thresholds imply that deficit irrigation schedules calibrated for one cultivar may not be safe for another (Dayer et al., 2020). One of the few studies to evaluate genetic and protective measures together showed that a superior-colour table grape cultivar and cultivation under cover could each maintain acceptable skin colour under projected warming (Sugiura et al., 2019).

8.2 A Conceptual Framework for Integrated Adaptation

The relationships identified in this review are summarised in Figure 1, which was developed from the present synthesis rather than adapted from earlier frameworks. Climatic hazards act on three physiological control points, namely phenological timing, tree water status and the energy balance of canopy and fruit. The four levers modify these control points, and their combined effect determines yield stability, marketable quality and water productivity. Solid arrows denote relationships supported by field experiments or long-term records, and dashed arrows denote interactions supported mainly by controlled-environment studies, modelling or mechanistic inference. The framework is intended as a structure for designing integrated experiments rather than as a validated causal model.
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Fig. 1. Conceptual framework of interactions among climatic hazards, physiological control points, adaptation levers and orchard outcomes in perennial fruit production, developed from the present synthesis. Solid arrows indicate relationships supported by field experiments or long-term observational records, whereas dashed arrows indicate relationships supported mainly by controlled-environment studies, modelling or mechanistic inference. The framework is not adapted from previously published figures

8.3 Maladaptation Risks and Decision-Making Under Uncertainty

Several adaptation pathways carry identifiable risks of maladaptation. Moving orchards upslope reduces heat exposure and may restore chill, but it can increase exposure to spring frost at higher elevations (Sahu et al., 2020; Vitasse et al., 2018). Netting reduces sunburn but may impair pollination and simplify orchard biological communities (Alessandrini et al., 2026; Mditshwa et al., 2019). Irrigation offsets drought-related yield losses in modelling studies, but the additional water required may exceed what declining precipitation can supply (Fraga et al., 2020), and marginal water can degrade soils over time (Erel et al., 2019). Institutional settings also shape adaptation: apple growers in Japan and South Africa who depended on cooperatives for marketing tended to adopt institution-led adaptation, whereas others relied on their own initiatives (Fujisawa et al., 2015), and restrictive varietal regulations increase the vulnerability of wine regions (Tscholl et al., 2024).

Because fruit trees lock in decisions for decades, adaptation choices should be evaluated against a range of climate scenarios rather than a single projection. The diminishing benefit of varietal diversity at higher warming (Morales-Castilla et al., 2020) and the dependence of projected suitability on assumptions about adaptive capacity (Hannah et al., 2013; van Leeuwen et al., 2013) show that the value of each lever is scenario-dependent. Combinations that retain flexibility, such as retractable nets, rootstocks with broad tolerance profiles and irrigation systems that can be scheduled from plant-based indicators, are therefore likely to be more robust than single measures optimised for one expected future, although this proposition has not been tested empirically.

9. Future Directions

The most immediate priority is to test combinations of levers directly. Current evidence is dominated by single-factor experiments, whereas the interactions summarised in Section 8 determine the outcome in commercial orchards. Factorial field trials that cross rootstocks of contrasting vigour and drought strategy with protective covers and with deficit irrigation regimes are needed across climatic gradients that include Mediterranean, semi-arid, temperate and subtropical sites. Such trials should run for at least five seasons so that heatwave, drought and frost years are captured, and they should report marketable yield, fruit surface temperature and sunburn, colour and acidity, water productivity, frost damage and tree survival. Without this evidence, recommendations for combined adaptation will continue to rest on extrapolation from single-lever studies.

A second immediate priority is methodological standardisation. Chilling and heat requirements need to be determined with harmonised protocols and expressed with more than one chill metric (Fadón et al., 2020; Luedeling & Brown, 2011). Rootstock drought tolerance should be ranked under shared soil volumes or in the field, with recovery after rewatering measured explicitly, because pot experiments with isolated plants can reverse conclusions (da Silva Costa et al., 2025; Opazo et al., 2020). Plant-based irrigation indicators require threshold values linked to yield and quality for each crop and growth stage before they can support commercial scheduling (Blanco & Kalcsits, 2024). Agrivoltaic and netting studies would benefit from the standardised indicators already called for in this field (Magarelli et al., 2024).

Phenology and frost-risk modelling constitute a third priority with direct implementation value. Models such as PhenoFlex should be parameterised for widely planted cultivars on their commercial rootstocks, validated against independent multi-year observations and coupled with plant tissue temperature rather than air temperature alone (Boekee et al., 2023; Luedeling et al., 2021). Outputs expressed as probabilities of insufficient chill, frost damage and heat injury for specific cultivar–rootstock combinations would support planting decisions and insurance design more directly than current regional chill maps.

Over the longer term, genomic prediction and genomic offset analysis require validation against realised performance in common gardens spanning future climate analogues. Multi-environment populations such as REFPOP provide a model, but they should be extended to rootstocks and to scion–rootstock combinations, and their predictions should be tested in years with climatic extremes (Criado et al., 2026; Jung et al., 2022). Traits for which genomic tools are currently scarce, including heat tolerance of fruit and flowers, hydraulic thresholds and phenological plasticity, should be prioritised. Parallel work is needed on the regulatory and market pathways through which climate-adapted cultivars, including those produced with new breeding technologies, can reach growers within a useful time frame.

Finally, adaptation measures must be evaluated for their ecological and economic consequences. The effects of extensive netting on pollinators, natural enemies and orchard biodiversity require landscape-scale studies outside the apple systems and Western countries that dominate current evidence (Alessandrini et al., 2026). Long-term monitoring of soils irrigated with reclaimed or desalinated water should quantify sodification, boron accumulation and leaching requirements under declining rainfall. Cost–benefit analyses of adaptation packages, rather than of isolated measures, are needed to identify which combinations are financially viable for growers of different scales and to inform public support for adaptation.

10. Conclusions

This review set out to evaluate how genetic improvement, rootstocks, canopy management and water-smart irrigation can be combined to make fruit production resilient to climate change. The evidence supports a consistent physiological picture. Declining winter chill threatens dormancy completion in the warmest production areas, advancing phenology keeps spring frost a regionally variable hazard, heat raises fruit surface temperatures well above air temperature and alters fruit composition, and drought and marginal water impose water and ion stresses that are increasingly linked. Each hazard can be addressed by more than one lever, and no single lever is sufficient.

The most defensible conclusions concern mechanisms that have been replicated across independent studies and seasons. Rootstocks control vigour partly through hydraulic restriction and protect scions from chloride through constitutive exclusion. Protective netting and shading reduce fruit temperature and sunburn. RDI during stress-tolerant stages can save substantial amounts of water without yield loss when soil water storage and phenology are taken into account. Plant water status can be measured reliably enough to guide irrigation. Phenological genetics is advanced enough to support marker-based selection for chilling requirement in some species.

Other conclusions remain tentative. Field-level drought tolerance from polyploid rootstocks, the transferability of genomic prediction to novel climates, the performance of agrivoltaic systems in orchards, the advantage of PRD over conventional deficit irrigation and the long-term sustainability of marginal water have not been established. Interactions among levers are the largest gap: they are mechanistically evident and sometimes documented, as in the link between dwarfing rootstocks, exposed canopies and sunburn, but they are rarely tested in combined experiments.

The broader significance of this synthesis is that climate resilience in perennial fruit production should be designed as a system property rather than pursued lever by lever. Choices about cultivar, rootstock, canopy and water interact through shared physiological control points, and the same measure can reduce one risk while increasing another. Integrated, long-term and multi-site evidence is the precondition for reliable adaptation advice.

11. Limitations

The first limitation is intrinsic to the critical narrative review design. Although the search, eligibility criteria and appraisal rubric were made explicit, the selection and interpretation of studies remain subject to the judgement of the reviewer, and selection or interpretive bias cannot be excluded. In keeping with narrative review methodology, the review did not report screening or deduplication counts, did not use a flow diagram and did not employ independent dual appraisal, which are requirements of systematic reviews rather than of critical narrative syntheses. Its conclusions should therefore be read as a reasoned appraisal of the evidence rather than as an exhaustive account.

Access to subscription bibliographic databases was not available, and the search relied on open multidisciplinary, life-science and regional platforms supplemented by citation chaining. Some relevant studies may consequently have been missed, particularly those indexed only in agricultural abstracting services. Where full texts were not openly accessible, appraisal relied on abstracts, methods descriptions and publisher metadata, which limited the depth with which some studies could be evaluated. The restriction to English-language publications may have excluded relevant evidence published in other languages, notably from Latin America, China and the Mediterranean region.

The evidence base itself imposes further limitations. Studies differed widely in crop, cultivar, rootstock, climate, design and outcome measures, which prevented quantitative synthesis and limits direct comparison. Field evidence is concentrated in Mediterranean-type and temperate regions of the Northern Hemisphere and in a small number of crops, especially apple and grapevine, so generalisation to tropical fruit crops and to smallholder systems is uncertain. Most experiments lasted only a few seasons, long-term evidence is scarce, and the literature on genomic tools, agrivoltaics and sensing technologies is developing rapidly, so some conclusions may be overtaken by new findings. Publication bias towards positive results is also likely, particularly for adaptation technologies.
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