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Abstract
Darwin’s early puzzlement about sterile castes helped catalyse inclusive-fitness theory and kin selection, providing a genetic framework for the evolution of helping behaviours. This review integrates theoretical models and empirical studies that apply inclusive-fitness logic to plant reproductive strategies, concentrating on sibling rivalry, maternal counter-strategies (polyembryony, endosperm function, locule architecture), and kin recognition mediated by root exudates and light-quality cues. Studies show how parent–offspring conflict predicts divergent optima for per-seed investment and brood size and how maternal mechanisms can compensate for or mitigate damaging within-fruit competition. We highlight methodological limitations of controlled studies, including Jensen’s inequality and the ecological differences between artificial substrates and natural soils, and recommend mechanism-focused approaches such as exudate exposure assays and molecular profiling. Finally, we explore agronomic implications, arguing that inclusive-fitness perspectives can inform breeding for cooperative ideotypes and the design of varietal mixtures, while emphasizing that field validation is essential. Overall, inclusive-fitness theory provides a powerful interpretive and predictive toolkit for plant evolutionary biology and sustainable agriculture.
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Introduction
Darwin regarded the emergence of eusociality especially the intricately organized societies of insects as a profound challenge to his theory of natural selection. He noted that in hymenopterans (ants, bees, wasps) worker castes are exclusively female, whereas in termites both sexes may perform worker roles, and in On the Origin of Species he compared sterile “neuters” to somatic tissues to downplay an apparent contradiction with selection and to reject inheritance of acquired traits (Darwin, 1859). Beyond sterility per se, Darwin was particularly troubled by the extensive morphological and behavioural differentiation among sterile individuals within colonies, for example, army ant societies that contain both large, heavily armed soldiers and much smaller brood-care workers and he proposed selection acting at the family level to account for such division of labour. The broad question this raised later became framed as the evolution of altruism: how traits that reduce an individual’s direct reproductive success can nonetheless spread because they benefit relatives. The resolution of blending inheritance by Mendelian particulate heredity paved the way for the neo-Darwinian synthesis and formal population-genetic treatment of selection; subsequent foundational theorists developed the mathematical framework that clarified many aspects of this problem, although the conceptual foundations for social evolution were most persuasively advanced later through kin selection theory and detailed study of insect societies (Fisher, 1958; Hamilton, 1964b; Le Masne and Wilson, 1971).
Hamilton’s two landmark papers in 1964 provided the first rigorous, gene-level account for how altruistic behaviours can spread by natural selection (Hamilton, 1964a, 1964b). His central insight was simple and powerful because relatives share alleles, an allele that lowers an individual’s direct reproduction can still increase in frequency if it sufficiently benefits related recipients. Hamilton formalized this idea with the now-famous inequality r×b>c where b is the benefit to the recipient, c the cost to the actor, and r their coefficient of relatedness and showed that this condition predicts when altruism will be favoured by selection (Hamilton, 1964a). The rule’s elegance and generality have led to many independent re-derivations and extensions in diverse biological contexts (see Trivers, 1971), and it provides a clear heuristic for understanding selection acting on the extended (inclusive) genotype via what became known as kin selection. In his second paper Hamilton applied the framework to social Hymenoptera, explaining how haplodiploid inheritance (females from fertilized eggs, males from unfertilized eggs) generates unusual relatedness asymmetries that can help account for the evolution of female-biased helping and worker sterility (Hamilton, 1964b; Le Masne and Wilson, 1971). The inclusive-fitness approach has been extremely influential, though it has also provoked vigorous debate and alternative modelling efforts in recent years (Nowak et al., 2010; Abbot et al., 2011).
The objective of this article is to review the theoretical framework and empirical evidence of inclusive fitness and kin selection in plants. It aims to explain how evolutionary principles originally developed for animal systems apply to plant traits and interactions, particularly in the contexts of sibling rivalry, maternal resource allocation, kin recognition, and cooperative behaviour. By integrating classical models such as Hamilton’s rule with contemporary studies on plant reproductive strategies, root and shoot interactions, and agricultural practices like varietal mixtures, the article seeks to highlight the mechanisms through which kin selection influences plant evolution.
What is inclusive fitness?
Inclusive fitness extends the classical notion of personal fitness, the number of offspring an individual produces and raises by adding the reproductive equivalents an individual promotes through its actions on relatives. In other words,
Inclusive fitness = Direct (individual) fitness + 
where each bi is the fitness benefit that the actor confers to relative i and ri is the coefficient of relatedness to that relative (Hamilton, 1964a, 1964b; Queller, 1992). This formulation makes explicit that helping relatives can increase the frequency of alleles that an actor carries indirectly, via shared descent.
Hamilton condensed the condition for an altruistic act to be favoured by selection into the simple inequality known as Hamilton’s rule. Writing B for the benefit to the recipient, C for the cost to the actor, and r for relatedness between actor and recipient, the rule is
r × B > C,
or equivalently, if one defines the benefit-cost ratio k=B/C, then altruism is favoured when k>1/r (Hamilton, 1964a). Because this inequality can be re-derived in multiple genetic and demographic frameworks, it is both robust and highly useful as a heuristic for predicting when altruistic behaviours can spread (Queller, 1992; West et al., 2007).
Operationally, inclusive fitness and kin selection predict that individuals should direct cooperation preferentially toward relatives, while competing more strongly with non-kin; mechanisms such as kin recognition or spatial/temporal clustering of relatives provide the proximate basis for such discrimination (West et al., 2007). Alternative or complementary processes (for example, reciprocal altruism) can also promote cooperation among nonrelatives, but inclusive fitness theory supplies the core genetic logic for why alleles for helping can persist when those actions disproportionately benefit related recipients (Trivers, 1971; Hamilton, 1964b).
Kin-selection theory
John Maynard Smith introduced the term kin selection in 1964 while Hamilton’s contemporaneous work was formalizing the genetic logic behind helping behaviour (Smith, 1964; Hamilton, 1964a; Hamilton, 1964b). Broadly defined, kin selection refers to any evolutionary process in which the fitness consequences of an action for relatives (those sharing alleles by descent) affect the allele-frequency change in a focal individual: whenever selection acts in a way that changes the representation of genes shared by relatives, we can interpret that process as kin selection (Hamilton, 1964a; Queller, 1992). Thus, an individual is expected to bias cooperation (and even apparently altruistic acts) toward kin in proportion to their relatedness.
Hamilton’s rule, r×B>C (or equivalently B/C>1/r), sets a clear quantitative boundary for when kin selection will favour helping: the indirect benefit (relatedness × recipient benefit) must exceed the direct cost to the actor (Hamilton, 1964a). This inequality also highlights important limits. Because r≤1, in strictly zero-sum competitive scenarios where one individual’s gain is exactly another’s loss (so B=C), kin selection is unlikely to promote restraint or help between non-identical neighbours (r<1) since r×B ≤ C. However, many ecological interactions are not strictly zero-sum. Nonlinear returns (for example, diminishing returns to investment in resource-harvesting structures) or interactions that increase total resource availability can make mutual restraint or cooperative behaviour selectively favourable among relatives when raising neighbours’ fitness produces more than a one-for-one loss to the actor, a sufficiently high r can make rB exceed C (Queller, 1992; West et al., 2007).
Putting these ideas together shows that kin selection is context dependent. Two classes of ecological conditions tend to favour kin-selected cooperation in plants and animals: (1) high relatedness among interactants, for instance when dispersal is limited, selfing rates are high, or clonal propagation groups relatives together and (2) interactions in which competition is not strictly zero-sum, so that cooperative acts change the absolute availability or partitioning of resources (West et al., 2007). From these principles it follows that cooperation is most likely to evolve when (i) costs to helpers are small, (ii) benefits to recipients include increases in absolute resource availability rather than mere redistribution, (iii) resources or benefits flow between groups (making group-level advantages possible), and (iv) populations are spatially viscous so that genetic relatedness declines with distance (thereby aligning neighbours’ interests) (Queller, 1992; West et al., 2007). In short, kin selection supplies the genetic calculus for when relatives should cooperate and non-kin should compete, but whether it actually promotes cooperation in any system depends critically on demography, dispersal, and the ecological form of costs and benefits.


Evolution of plant traits under an inclusive-fitness framework
Inclusive-fitness concept helps to explain two major family-level phenomena commonly observed in plants: intense sibling rivalry for maternal resources, and the suite of maternal strategies that have evolved to mitigate that conflict. Both arise because the fitness interests of an offspring (or of tissues within a seed) and those of the maternal parent need not coincide: offspring gain by extracting more resources for themselves, whereas the mother gains by allocating resources so as to maximise her total reproductive return across all progeny (Smith & Fretwell, 1974).
1. Sibling rivalry: Competition among siblings can occur wherever multiple offspring share a limited maternal resource (e.g., nutrient supply to seeds within a fruit). From an inclusive-fitness perspective, offspring are selected to demand more investment than the mother’s optimum because an individual offspring’s benefit from extra resources accrues primarily to itself, while the cost is borne across all of the mother’s other offspring (Smith & Fretwell, 1974; Trivers, 1974). In flowering plants this conflict is expressed in several ways. Genes expressed in filial tissues (embryo and endosperm) tend to favour larger, more resource-rich seeds, whereas maternal tissues tend to limit seed growth, a prediction supported by models and molecular evidence for parentally biased gene expression in the endosperm (Queller, 1984; Haig, 2013). Empirical work also documents paternity and sibling effects on seed provisioning and seed size, consistent with within-fruit competition and kin-dependent outcomes (File et al., 2012; Haig, 2013).
1.A. Conflict over per-seed resource allocation: Because offspring fitness typically increases with resource input but with diminishing returns, mothers are selected to allocate a compromise seed size that maximizes her total fitness; by contrast, each offspring is selected to extract the largest share that it can secure for itself (Smith & Fretwell, 1974). Queller’s and related models show how the tissue in which a gene is expressed (embryo, endosperm, maternal integuments) determines its “preference” for investment, producing predictable outcomes in seed size and in patterns of imprinting and endosperm development (Queller, 1984; Haig, 2013).
1.B. Conflict over brood (seed) number: Brood size sets another arena for parent–offspring conflict because adding seeds can reduce per-seed survival, dispersal efficiency or resistance to predation. If the marginal cost to the mother of packing an additional seed equals the marginal benefit to the sibling that gains that slot (a zero-sum case), kin selection will not favour restraint by offspring unless relatedness is effectively unity (Queller, 1984). However, many ecological realities break the strict zero-sum assumption (nonlinear maternal cost functions, density-dependent predation, or changes in dispersal quality), creating conditions under which mutual restraint or reduced sibling competition increases inclusive fitness and so can be favoured (Westoby and Rice, 1982; Queller, 1984).
Empirical studies from legumes illustrate how paternity and sibling relatedness modulate maternal resource allocation and sibling competition. In Phaseolus (reported by Vasudev et al., 1995), experimental mixtures of pollen from 5–20 sires produced pods with progressively lower mean relatedness among siblings; the extent and pattern of seed provisioning changed across these paternity treatments, consistent with within-fruit competition and kin-dependent allocation. Similarly, in cowpea (Vigna unguiculata) Radha et al. (1993) found that pods developed by a single pollen donor yielded a unimodal distribution of seed weights, whereas pods with mixed paternity showed two or more modes and different mean seed weights evidence that competing paternal genotypes can influence per-seed investment and produce within-brood heterogeneity. Together these findings evidence that (i) sibling relatedness affects resource partitioning among seeds, and (ii) mixed paternity can intensify within-fruit heterogeneity and competition (Vasudev et al., 1995; Radha et al., 1993).
2. Maternal counter-strategies: Inclusive-fitness models predict not only intense sibling rivalry among seeds but also a suite of maternal adaptations that mitigate that conflict by reducing the fitness losses the mother suffers when siblings compete. Three maternal counter-strategies commonly discussed in the literature are polyembryony, evolution of the endosperm as a moderating tissue, and structural isolation of ovules by locules; each can be viewed as a way for the maternal parent to recover fitness lost to intra-fruit competition or to reduce the scope for harmful sibling competition (Ganeshaiah et al., 1991; Bawa, 2016).
2.A. Polyembryony: Polyembryony the development of more than one embryo within a single seed, arising by cleavage of the zygotic embryo or by the differentiation of maternal tissues (nucellus or integuments) into additional embryos is widespread across angiosperms and common in several horticulturally important genera (for example, citrus, mango, apple, almond). In many documented cases the extra embryo originates from maternal sporophytic tissue (i.e., nucellus/integument), which makes polyembryony functionally distinct from purely zygotic cleavage. From an inclusive-fitness perspective, polyembryony can be interpreted as a maternal reproductive-compensation strategy: producing additional (often maternal-derived) embryos raises the mother’s expected reproductive return when sibling rivalry or brood reduction would otherwise cause a net loss of mature offspring (Batygina & Vinogradova, 2007). Comparative and modelling studies indicate patterns consistent with this idea, for example, the incidence and form of polyembryony covary with brood size and dispersal mode in ways that a maternal-compensation explanation predicts (Ganeshaiah et al., 1991).
2.B. Endosperm: The triploid endosperm, with a 2:1 maternal:paternal genomic contribution, has long been hypothesized to evolve in part as a compromise tissue between maternal and offspring interests over resource allocation (Haig & Westoby, 1989). If endosperm function tends to equalize or mediate resource flow to embryos, a well-developed, persistent endosperm should reduce the degree of destructive intra-fruit sibling rivalry and, as a corollary, be more frequent where the potential for intracarpal competition is high (multiovulate ovaries) or where brood reduction by abortion would otherwise be common. Comparative analyses of hundreds to over a thousand species support these predictions: persistent/functional endosperm is statistically more frequent among multiovulated species and is associated with reduced seed abortion and particular ovarian architectures patterns consistent with the endosperm functioning to dampen sibling competition.
2.C. Locules and placentation: Spatial isolation of ovules within separate locules or by septa can physically reduce competition among developing seeds in the same fruit. Thus, multilocular ovary structures and certain placentation types (e.g., axile or parietal arrangements that isolate ovules) can be interpreted as maternal traits that limit intra-fruit rivalry. Comparative phylogenetic work shows strong associations among placentation type, ovule number, and the operating scope for kin selection within ovaries: placentation types that isolate ovules or that tend toward uniovulate ovaries are associated with fewer seeds per fruit and with life-history strategies that limit sibling conflict, whereas multilocular or high-ovule arrangements are associated with other traits (e.g., specialized pollination or increased within-flower sibship) that alter the kin structure among developing seeds (Shivaprakash and Bawa, 2022; Uma Shaanker et al., 1996). These patterns suggest that locules and placentation have evolved, at least in part, as structural maternal strategies to reduce the fitness costs of sibling rivalry.
Kin recognition in plants
Plants can discriminate between genetically related neighbours and strangers, and this recognition can alter both below- and above-ground growth strategies in ways consistent with kin-selection. However, kin recognition is situation dependent and repeatable in some systems, however weak or absent in others. Its proximate cues include root exudates and light-quality signals (Anten and Chen, 2021; Lepik et al., 2012).
[image: ]1. Belowground: The first clear experimental evidence for root-mediated kin discrimination came from Dudley and File (2007), who showed that Cakile edentula seedlings grown with non-kin neighbours allocated more to fine roots than seedlings grown with siblings or grown alone; a pattern consistent with heightened below-ground competition among strangers and restrained investment among kin. Subsequent work has shown that kin versus non-kin root interactions can change not only total root biomass but fine-scale root architecture and function (e.g., lateral root density, branching intensity, specific root length), nutrient and water uptake rates, and even the composition of root-associated microbiomes (Bhatt et al., 2011; Fang et al., 2013; Biedrzycki et al., 2010). Mechanistic studies implicate chemically mediated cues (root exudates) as important signals for neighbour identity in many species (Biedrzycki et al., 2010; Semchenko et al., 2014).
Figure 1: Change in root competitive behaviour based on root exudate mediated recognition of kin compared with non-kin in plants (Created with biorender.com)


2. Aboveground: Kin recognition also operates via shoot-mediated cues. Crepy and Casal (2015) demonstrated that Arabidopsis thaliana plants detect kin through differences in the vertical light-quality (red:far-red) and blue light profiles produced by neighbours; plants grown with kin reorient leaves horizontally (reducing mutual shading), an adaptive change that increases inclusive fitness. Mutants defective in photoreceptors (phytochrome B, cryptochrome, phototropin) or in auxin biosynthesis failed to show this kin-directed reorientation, demonstrating a clear photoreceptor–hormone mechanism. In Impatiens (cf. pallida), Murphy and Dudley (2009) found that kin groups differed from stranger groups in allocation and architecture. Kin groups showed smaller shoots (hence a higher root:shoot ratio appeared) and greater branchiness, consistent with reduced above-ground interference and lower mutual shading among relatives. Similarly, experiments with Fagus crenata seedlings showed reduced leaf chlorophyll content and altered leaf mass per area when seedlings interacted with kin versus non-kin neighbours, and a field/lab survey reported specific-leaf-area differences in Lychnis flos-cuculi under kin versus non-kin conditions (Takigahira and Yamawo, 2019; Lepik et al., 2012).
Reproductive implications of kin recognition: Kin recognition in plants goes beyond just sharing or competing for resources and plays a role in how they reproduce as well as interact with one another. Recent research suggests that plants can adjust their reproductive traits depending on how closely related their neighbours. For example, in Moricandia moricandioides, individuals growing near relatives were found to invest more in the size and structure of their petals, which may help attract pollinators and encourage outcrossing. Such behaviour implies that plants might strategically alter their reproductive efforts to benefit related individuals (Torices et al., 2018). Kin recognition also appears to affect processes after pollination, such as pollen tube growth and seed formation. In species like Silene latifolia, studies have shown that pollen from less related plants is less successful at fertilizing ovules, helping to prevent inbreeding depression. Altogether, these findings highlight how recognizing relatives can influence plant reproduction at multiple stages, guiding both how they attract pollinators and how fertilization unfolds (Teixeira et al., 2008).
Kin selection and inclusive fitness in crop plants
In agriculture, it is well established that the phenotype of a plant influences the fitness of its neighbours. This understanding was pivotal during the Green Revolution, which led to the development of the “weak competitor” crop ideotype with traits such as short stems, few and erect leaves, and reduced leaf area, particularly in wheat (Donald, 1968). Such phenotypes minimized competition among individuals, enhancing collective yield at the population level.
Farmers, especially in seed crops, have historically applied both individual and group-level selection. While individual plants were chosen for desirable phenotypic traits, yield the collective seed production of the crop population has always been a central selection target. Consequently, the most productive fields contributed disproportionately to the next generation, reflecting a form of multilevel selection. Within this framework, kin recognition mechanisms that enable plants to preferentially direct cooperative behaviours toward relatives may have facilitated the evolution of helping traits in seed crops under yield-based selection (Anten and Chen, 2021).
Varietal mixtures often exhibit over-yielding, producing higher yields than the average of their component pure stands, largely due to complementarity and reduced competitive overlap (Wuest et al., 2021). For example, mixtures of wheat varieties differing in height or disease resistance have been shown to increase yield stability and resource-use efficiency (Kiær et al., 2009). However, decreased yields in mixtures have also been reported, suggesting that kin selection may partly explain these outcomes. When plants direct cooperative behaviours preferentially toward kin, they may compete more intensely with unrelated neighbours, potentially reducing the benefits of diversity in mixtures (Murphy et al., 2017).
Research has demonstrated that the ability of plants to recognize genetically related neighbours can influence how they compete for resources by exhibiting cooperative behaviour and enhancing overall performance within crop stands (Biernaskie, 2022). Alteration in root behaviour and biomass allocation based on kin and non-kin identification in cultivar dependent manner in rice (Yang et al., 2018), kin recognition with respect to different degree of genetic relatedness in soyabean (Murphy et al., 2017), differential shoot architecture changes with respect to distribution of neighbours in wheat (Mahal et al., 2023) is well established. Mathematical models further suggest that kin competition may influence key developmental processes, including the timing of reproductive transitions, to enhance fitness under varying kin structures (Chen et al., 2023; Dong and Gardner, 2025).
Considerations about Current Research
A critical methodological issue in studies of root-mediated kin recognition is that in most pot-based experiments, roots of individual plants cannot be disentangled, requiring root biomass to be quantified at the group rather than the individual level. This can bias results, as larger individuals may disproportionately influence estimates compared to smaller ones. In addition, Jensen’s inequality predicts that when plant size and reproductive output follow a saturating curve, increased asymmetry in competition often observed in non-kin groupings will inevitably produce lower aggregate seed yields even in the absence of kin recognition mechanisms (Weiner, 2004; Falster & Westoby, 2003). Thus, the interpretation of reduced group seed production in non-kin interactions must be treated cautiously.
To address this, some studies have employed transparent media, such as agar or hydroponic solutions, to directly visualize changes in root architecture and spatial placement under kin and non-kin contexts (Fang et al., 2013). However, these experimental substrates differ substantially from natural soils, which generally have lower oxygen availability, higher compaction, and more heterogeneous nutrient distributions (Mommer et al., 2016). Consequently, findings derived from artificial growth systems may not be readily transferable to real field environments.
Mechanism-oriented approaches offer promising alternatives. Instead of relying solely on neighbour presence, focal plants can be exposed to chemical cues such as root exudates collected from kin versus non-kin donors. This strategy has been applied in species like Arabidopsis thaliana and common bean (Phaseolus vulgaris), demonstrating that root exudate chemistry alone can elicit differential growth responses associated with kin recognition (Biedrzycki et al., 2010; Murphy et al., 2017).
Despite these advances, most available data are greenhouse-based, and extrapolating to natural or agronomic field conditions remains challenging, particularly because belowground interactions are more complex and less accessible. Field studies that integrate ecological realism with mechanistic insight are needed to establish whether kin recognition operates at scales relevant for crop performance and plant community dynamics (Dudley, 2015; Crepy & Casal, 2015).
Conclusion
Inclusive-fitness theory and kin selection offer a coherent framework linking genetic relatedness with developmental architecture and ecological interactions in plants. This review demonstrates that parent–offspring conflict and kin-selection models predict sibling rivalry over seed size and brood number, and explain the evolution of maternal counter-strategies that reduce intra-fruit competition or compensate for brood reduction. Manipulative experiments in legumes and model systems show that paternity and relatedness affect seed provisioning and brood heterogeneity, providing direct empirical support for theoretical expectations. Kin recognition mechanisms, mediated by root exudates and light-quality cues, enable some species to plastically modify root architecture and shoot orientation when interacting with kin versus non-kin, with potential implications for neighbourhood dynamics and crop performance.
However, the empirical literature is dominated by pot-based and laboratory studies that may produce artefacts: pot constraints, Jensen’s inequality, and artificial substrates can confound measurements of allocation and competition. These limitations hinder confident extrapolation to field conditions. To progress, we recommend three priorities. First, implement large-scale field experiments that manipulate relatedness and quantify population- and community-level fitness and yield stability. Second, pursue mechanism-focused assays (exudate treatments, transcriptomics and metabolomics) to identify proximate cues and pathways of recognition. Third, integrate these insights into multilevel breeding trials and varietal-mixture experiments to test whether cooperative ideotypes or kin-aligned management can deliver resilient yield benefits.
By uniting comparative, mechanistic and applied approaches, researchers can clarify when kin selection shapes plant evolution and determine the practical scope for applying these principles in sustainable agriculture. Such cross-disciplinary work will determine the scope and limits of practical applications in agriculture and conservation.
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