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The composition of a plant’s neighbourhood shapes its competitive
interactions. Neighbours may be related individuals due to limited seed
dispersal or clonal growth, so that the ability to recognize and respond to
the presence of kin is beneficial. Here, we ask whether plants plastically
adjust their floral and clonal allocation in response to their neighbour’s
identity. In a species that reproduces both sexually and clonally, we
test the following predictions in response to neighbouring kin: (i) a
reduction in floral display will occur to minimize costly floral structures
and pollinator competition, as well as to mitigate inbreeding; and (ii) a
decrease in clonality will occur to minimize resource competition and
overcrowding among kin. We grew focal individuals of Mimulus guttatus
(syn. Erythranthe guttata) surrounded by neighbours of varying relatedness
(non-kin, outcross siblings or self siblings) and measured a suite of
vegetative, floral and clonal traits. Consistent with our predictions, focal
plants reduced floral and clonal allocation in the presence of kin. Moreover,
focal plants increased their floral and clonal allocation when surrounded by
non-kin neighbours that were high-performing. Together, we demonstrate
a clear and predictable response to kin, which has general implications for
the structure and function of plant neighbourhoods.

1. Introduction

Many plants live in spatially structured populations where they interact
closely with their neighbours [1]. Because plants are sessile and cannot
directly control their dispersal, they have little power over the composi-
tion and features of their neighbourhoods. Thus, plasticity in both vegeta-
tive [2,3] and reproductive traits [4,5] can allow individuals to increase
fitness by adjusting their strategies to their neighbourhoods. A classic and
well-studied example of this is individuals growing in dense patches that
elongate their stems to access more light [6,7]. Yet, plants within a popula-
tion frequently grow near relatives due to limited pollen and seed dispersal
or clonal expansion [8]. In these cases, the fitness outcomes of neighbour
associations depend not only on the direct consequences of plasticity for the
focal individual but also on the indirect consequences for relatives through
inclusive fitness [9,10].

Altruistic behaviour directed towards relatives can increase an individu-
al’s fitness, provided that direct costs incurred by the focal individual are
counterbalanced by the benefits conferred to its relatives [10,11]. A costly
trait associated with helping can evolve in this context because it increases
indirect fitness—a process known as kin selection [11,12]. Kin recognition
can promote the evolution of kin selection because individuals are able
to discriminate between kin and non-kin and direct help towards relatives
[9]. Kin recognition was long thought not to occur in plants, yet research
has demonstrated that neighbour phenotypes can affect a focal individual’s
fitness [13], and plants have the ability to recognize neighbour relatedness
through both belowground (e.g. root exudates [14]) and aboveground signals
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(e.g. red : far red light ratios [15]). Similarly, a growing number of studies have documented plasticity in response to kin in a [ 2 |

range of traits from root allocation [16] and branching architecture [17] to floral display size [18,19].

One important interaction among plants within a patch is competition for limited resources [20]. Increased allocation to more
competitive traits can compromise investment in reproduction, but individuals cannot decrease competitive measures, lest they
cede resources to their neighbours [21]. However, if neighbours are genetically related, then the most favourable strategy may
be to reduce competition and share resources with neighbours [9,22,23]. The potential for cooperation between plants should be
especially high in species that bear clonal offspring through creeping stems or roots, where competition with related genotypes
occurs frequently. Indeed, when clonal plants of Potentilla anserina were grown in high density and competed directly with
daughter ramets, mother ramets decreased their allocation to clonal structures and instead invested in other aspects of growth
or reproduction [24]. However, the degree to which plasticity in clonal allocation in response to competition interacts with
neighbour relatedness is unknown.

The mating environment has a critical role in shaping opportunities and constraints for kin selection. Plants invest in showy
floral displays to encourage pollinator visitation [25], although large displays can reduce the resources available for seed set [26].
Individuals in densely flowering patches can gain pollinator visits through facilitative effects [27], setting the stage for dynamics at
the patch level [28]. On the one hand, if plants gain indirect fitness from greater pollinator visitation to kin neighbours, kin selection
may lead to increased floral displays [29]. Indeed, previous research has found that plants growing with kin increased floral display
effort relative to individuals in non-kin groups [18]. However, increasing floral display may intensify the occurrence of geitonogamy
(inter-floral selfing mediated by pollinators visiting flowers on the same genetic individual [30]); and pollen and ovule discounting
(where low-fitness self-fertilization reduces the number of gametes available for outcrossing [31]). Thus, when inbreeding reduces
fitness, increasing floral display when surrounded by kinneighbours may notbe beneficial as pollinators may transfer pollenbetween
genetically related flowers. Consequently, the direction of response to kin could depend on the degree of inbreeding depression, with
selection forincreased floral display among kin when selfing is absent or inbreeding depressionislow and selection for reduced floral
display when inbreeding depression is high. Furthermore, competition for pollinator attraction could also influence the direction of
floral responses to kin. Greater competition to attract pollinators among non-kin could select for increased floral display to increase a
plant’s share of visitation. Thus, it remains an open question how competition, cooperation and mating influence flowering responses
inthe presence ofkin.

Here, we determine whether kin recognition can cause plasticity in floral and clonal allocation in a herbaceous plant. In
particular, we used plants of perennial M. guttatus (syn: E. guttata, Phrymaceae) surrounded by neighbours of three types of
relatives (self siblings, outcross siblings or non-kin). In its perennial form, M. guttatus reproduces sexually with hermaphroditic
flowers and clonally with aboveground stolons. Mixed mating, limited seed dispersal and clonal reproduction mean that plants
interact closely with relatives in some populations [32,33]. To test the prediction that social interactions differ depending on the
relatedness of neighbours, we measured allocation to floral display and clonal stolons in experimental pots with neighbours
that differed in relatedness. In particular, we set out to establish (i) whether plants experience competition when grown with
neighbours and (ii) whether there is plasticity in allocation to floral display or clonal stolons when neighboured by kin versus
non-kin. Given our findings that plants reduce floral and clonal allocation in the presence of kin, we then test (iii) whether
ecological niche partitioning and/or inbreeding depression may explain our findings. Together, our results provide evidence of
kin recognition in M. guttatus by demonstrating that plants reduce their allocation to floral display and clonal stolons in the
presence of kin and support the roles of competition and inbreeding avoidance in shaping responses.

2. Methods
(a) Study species

Mimulus guttatus (syn: E. Quttata, Phrymaceae), the common yellow monkeyflower, is a herbaceous angiosperm native to
western North America. It has self-compatible hermaphroditic flowers that are pollinated mostly by bumblebees (Bombus
spp.), producing up to hundreds of small seeds with no specialized dispersal mechanisms [34]. The species comprises pop-
ulations that are either annual plants that reproduce exclusively through seeds or perennial plants capable of both sexual
and clonal reproduction. Perennials produce aboveground clonal runners (stolons) from the base of the primary shoot so
that patch relatedness is higher in perennial populations as neighbours can be ramets from the same clonal plant [33]. In
addition, extensive literature has documented inbreeding depression in almost every fitness-related trait (e.g. [35-38]), as well as
geitonogamous and biparental inbreeding in natural populations [32,39,40].

(b) Experimental design

To test the prediction that kin recognition leads to plasticity in floral and clonal allocation, we experimentally manipulated
patch relatedness for perennial M. guttatus plants in greenhouse conditions. The seed originated from 36 open-pollinated seed
families from a perennial population near Sequoia National Forest, California (N35°57'30.06", W118°36'47.46"), from which
approximately 500 plants were randomly outcrossed for three generations in the greenhouse. Thus, we are confident that there
are no lingering maternal effects. Moreover, research using the same seed families demonstrated no difference in a suite of
phenotypic traits after three generations in the greenhouse compared to ancestral plants [41].

We conducted controlled crosses to establish 25 focal families containing sets of outcrossed and selfed seeds. For each cross,
we removed the anthers from a fresh flower on the pollen donor (paternal plant) and tapped the pollen onto a glass slide before
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hand-brushing it onto the stigma of its assigned ovule recipient (maternal plant). To create each outcrossed family, we paired [ 3]

one pollen donor with one unrelated ovule recipient, for a total of 50 parents and 25 unique families. The pairing of paternal
and maternal plants was random, and each pollen-donor father was used for a single family. We pollinated an additional flower
on the 25 maternal plants with self-pollen, for a total of 25 selfed-sibling families. Thus, the 25 selfed-sibling families share the
same maternal genotype as the 25 outcrossed-sibling families. From a separate set of eight plants in the same population, we
randomly paired four pollen-donor plants with four ovule-recipient plants to create four outcrossed ‘non-kin’ families. These
four non-kin families were unrelated to each other and to all 25 sibling families and were used as neighbours in the non-kin
treatment.

We sowed seed from each of the 25 outcrossed and 25 selfed families and from the four extra families in individual wells
of trays filled with Sunshine Mix no. 1 (Sun Gro Horticulture). Germination in this species is very high (>95%) and highly
synchronous (within 1-2 days). As soon as seedlings had open cotyledons, we transplanted them over a two-day period into
three experimental neighbour treatments that manipulated patch relatedness. Seedlings were randomly selected for transplant
and showed little variation in size within or between families. In the first treatment (‘self sibs’), we surrounded a selfed focal
plant from each of the 25 selfed-sibling families with four neighbours from the same selfed-sibling set. In the second treatment
(‘outcross sibs’), we surrounded an outcrossed focal plant from each of the 25 outcrossed families with 4 neighbours from the
same full-sibling outcrossed set. In the third treatment (‘non-kin’), we surrounded an outcrossed focal plant from each of the 25
outcrossed families with 4 non-kin neighbours, 1 from each of the 4 unrelated families. Focal plants and their neighbours were
grown in 6" (1.6 1) round pots. All neighbour plants were placed in a square formation around the focal plant, approximately
3.7 cm from the focal plant and 5 cm from the nearest neighbour. We replicated each treatment three times for each of the 25
families. In total, we had n = 225 focal plants (25 families x 3 neighbour treatments x 3 replicates) and 900 neighbours.

To test for the effects of competition and inbreeding depression, we simultaneoulsy grew additional plants in solitary
treatments (i.e. without neighbours) in a 6" (1.6 I) round pot, replicated twice for outcrossed and selfed plants from each family
(n=50; 25 families x 2 mating systems).

We randomly distributed pots into five blocks, with each family represented at least twice per block. Following standard
conditions for growing M. guttatus in the greenhouse, we bottom-watered pots to saturation by flooding with RO water for 1
hour daily. We fertilized pots using water-soluble 20-20-20 fertilizer (Master Plant-Prod). The greenhouse was held on a 16:8
light cycle and at 21°C day/18°C night for the duration of the experiment. To account for minor greenhouse environmental
differences, we rotated blocks three times weekly, haphazardly redistributing the pots within each block during rotation.

(c) Phenotypic measures

We measured a suite of vegetative and floral traits in focal plants at early (4 weeks post-germination), reproductive (6 weeks
post-germination) and post-reproductive (9 weeks post-germination) stages. We quantified clonality by recording the number
of stolons and the length and thickness of the longest stolon. To quantify vegetative traits, we recorded the number of nodes
and branches, stem thickness (at the midpoint between the first and second nodes) and the length of the first true leaf. For
reproductive traits, we recorded the date and node of first flowering, measured the corolla length and width of the flower from
the third flowering node, and counted the cumulative number of open and spent flowers at week 6 and week 9. In addition, we
recorded the number of flowers on the four neighbours in each pot (week 6). This species sets very little autonomous seed in
greenhouse conditions, so we do not measure fruiting or seed set. Of the 225 focal plants, 22 plants never flowered and were
excluded from analyses of flowering (self-kin treatment: 8 plants; outcross-kin treatment: 5 plants; non-kin treatment: 9 plants).
These were excluded because we expect that failing to transition to flower is a different process to low flower investment.
Although plants are perennial, their growth slows, their leaves senesce and they stop producing new flowers after about 9
weeks in the greenhouse (in nature, their above-ground material senesces at the end of summer). Thus, after week 9, we
separated each focal plant into clonal stolons and rosette (all other vegetative and floral material) and placed them in paper
bags. We harvested the four neighbours from each pot in a single paper bag. Plants were dried at 65°C for 4 days. We weighed
all samples on an analytical balance (Mettler-Toledo).

(d) Data analysis

(i) Competitive tolerance and genetic variation

To determine whether plants experienced competition, we used a test of tolerance. Tolerance of competition is defined as the
ability to preserve fitness from non-competitive settings in competitive ones and is conventionally quantified as the fitness of
plants grown in competition relative to the fitness of the same genotype when grown alone [42]. To this end, we compared
the values of fitness components [43] for focal plants growing with non-kin neighbours to focal plants from the same family
growing alone. We evaluated the effects of competition on flower number and clonal biomass using a general linear mixed
model in the Ime4 package [44] in R [45] with neighbour presence/absence as a fixed effect and random slopes and intercepts for
the family to account for genetic variation in tolerance. To test the significance of random effects, we used log-likelihood ratio
tests between full models and reduced models [46].
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(ii) Allocation responses to kin versus non-kin neighbours

To determine whether focal plants adjusted their allocation in response to their neighbours, we tested whether flower number
and stolon biomass depended on neighbour identity, accounting for plant size in the model. We constructed linear mixed
models with either flower number or clonal biomass (both log-transformed) as the response variable, and neighbour type
(self-kin, outcross-kin or non-kin) as a fixed effect. We included the number of nodes of the focal plant (week 6) as a covariate
for plant size because we were interested in relative allocation to sexual and clonal reproduction. Node number was highly
associated with other measures of plant size (e.g. biomass; F1, 219,06 = 424.65; p < 0.001). We included family as a random effect.
We used linear mixed-effect models (Ime4) and the emmeans package [47] to compare among fixed effects and log-likelihood
ratio tests between full models and reduced models to test for significance.

We next tested whether the productivity of the neighbourhood affected focal plant responses differently depending on
the relatedness of their neighbour competitors. We tested for an interaction between the fixed effects of treatment (self sibs,
outcrossed sibs or non-kin neighbours) and either total neighbour flowering or total neighbour biomass. The models were
fit with a response variable of either the number of flowers or the biomass of stolons produced by the focal plant (both
log-transformed). We included focal plant size as a covariate and family as a random effect. We used log-likelihood ratio tests
between full models and reduced models to test for significance.

(iii) Potential contributors to allocation differences

We evaluated potential factors influencing the plasticity in allocation across treatments. We first tested whether the results
could be due to more efficient niche partitioning of soil resources between plants in the non-kin treatments compared
with plants growing with relatives. Under niche partitioning theory, unrelated plants share a lower overlap in resource
needs, which could effectively give the focal plant in non-kin treatments access to more resources and account for
differences in allocation between kin and non-kin groups. To test this, we compared the total above-ground biomass
of non-kin pots to kin pots. We used a linear mixed model with family as a random effect and treatment as a fixed
effect. Additionally, we tested whether the productivity of the neighbours differed between treatments (i.e. excluding
focal plants) for both the number of flowers and total above-ground biomass, using a linear model with treatment as
a main effect. Second, we tested whether inbreeding depression negatively affected the performance of selfed plants
compared with outcrossed plants. To do this, we used the solitary plants and compared the trait values between selfed
and outcrossed individuals (fixed effect of the mating system) with a random effect of family. Note that we could not do
this analysis using the plants in the neighbour treatments, as we did not have a treatment that varied the mating system
of the focal plant independent of the mating system of its neighbours.

3. Results

(a) Competitive tolerance and genetic variation

We compared the fitness components (flower number and stolon biomass) of a focal plant growing alone with those of a focal
plant surrounded by non-kin neighbours. Plants grown alone produced significantly more flowers and more stolons than those
in the non-kin competition treatment (flowers: Fy ¢7.05 = 52.13, p < 0.001; stolons: Fq 74 49 = 93.36, p < 0.001). All families had lower
trait values when grown in competition than when grown alone, and there was no significant interaction between treatment and
family (flowers: X?=23.18, p = 0.20; stolons: X*>=21.21, p = 0.55). There was significant genetic variation in fitness-related traits
(main effect of family, flowers: X*=211.12, p < 0.001; stolons: X*=215.73, p < 0.001).

(b) Response to non-kin versus kin neighbours

Plants that were surrounded by non-kin neighbours allocated more to flowering than plants that were surrounded by either
selfed-sibling or outcrossed-sibling neighbours (figure 1A; table 1A). On average, the flowering allocation for plants in non-kin
treatments was 20.1 (95% CI = 19.0-21.3), compared to 18.3 (95% CI = 17.3-19.4) for outcross or 17.6 (95% CI = 16.6-18.7) for
self-treatment. The onset of flowering did not differ significantly between treatments (table 2; F; 195 = 2.75, p = 0.06), although
selfed plants flowered slightly later than outcrossed ones (table 2). Across all recorded floral traits—corolla length, corolla
width, the number of flowers on the focal plant at peak flowering (week 6) and the number of flowers at end of life (week
9)—individuals surrounded by non-kin neighbours had the highest mean trait values (table 2).

We expected that focal plants would increase allocation to clonality in the presence of non-kin neighbours compared with
either selfed-sibling or outcrossed-sibling kin. As predicted, we found a significant effect of neighbour treatment (table 1B;
figure 1B) on stolon biomass, accounting for plant size in the model. Focal plants with non-kin neighbours allocated the most to
stolon biomass (mean = 3.44; 95% CI = 2.89-4.06), compared with focal plants surrounded by outcross-sibs (mean = 2.65; 95% CI
= 2.19-3.16) or those neighboured by self-sibs (mean = 2.52; 95% CI = 2.09-3.01). Focal plants with non-kin neighbours had the
greatest trait values across all measures of stolon traits (table 2).

We next tested whether the competitive environment, measured as the size of neighbours, affected the allocation of the
focal plants. The number of flowers produced by the focal plant was significantly affected by the interaction between treatment
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Figure 1. Response of M. guttatus plants to kin versus non-kin neighbours for (A) floral allocation (number of open and spent flowers on focal plants after nine weeks,
adjusted for plant size) and (B) stolon allocation (stolon biomass of the focal plant after nine weeks, adjusted for plant size). Panels show model-adjusted means and

standard errors; see table 1 for statistical details.
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Figure 2. Degree of increase in response to kin versus non-kin neighbours in M. guttatus for (A) focal plant floral allocation (number of open flowers on the focal plant
after six weeks, adjusted for plant size) in response to the number of flowers produced by plants in its pot, and (B) focal plant stolon allocation (stolon hiomass of the
focal plant after nine weeks, adjusted for plant size) in response to the total biomass of its neighbours. Panels show raw datapoints with model-adjusted slopes; see
table 1 for statistical details. Self siblings in green (solid line, circles); outcross siblings in blue (dotted line, triangles) and non-kin in orange (dashed line, squares).
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Figure 3. Total biomass of all the plants in a pot for the three treatments of M. guttatus to test for ecological niche partitioning. No differences were found between the

kin groups: F;,189.3=0.57, p = 0.56.

and the number of flowers produced by neighbours (figure 2A; table 1C). As the number of flowers in the neighbourhood
increased, focal plants surrounded by non-kin plants produced more flowers than focal plants neighboured by either self-sibs
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Table 1. Model of the effect of neighbour relatedness on (A) flowering allocation, (B) stolon allocation, (C) focal plant flower allocation in response to neighbour flower n

number and (D) stolon allocation in response to neighbour biomass. Models use maximum likelihood GLMMs, with a random effect for family. (A) and (B) show the
fixed effects of treatment and plant size (number of nodes at week 6), pairwise comparisons among treatments (p-values adjusted for multiple testing) and random
effects of family and its interaction with treatment. (C) and (D) show the fixed effects of treatment and neighbour flower or stolon production, their interaction and a
random effect of family. Bold p-values indicate significant effects.

condition F/X d.f. p-value

(A flowering allocation

or outcross-sibs (figure 2A). Similarly, when we compared the clonal biomass of the focal plant to the total biomass of their
neighbours, we found a significant interaction between treatment and neighbour biomass (table 1B). Focal plants responded to
the presence of high-biomass non-kin neighbours by increasing their own clonal biomass more relative to those surrounded by
either type of kin neighbours (figure 2B).

(c) Potential contributors shaping allocation
(i) Niche partitioning

It is possible that the increase in allocation to flowers and stolons of focal plants in the presence of non-kin neighbours is
due to lower niche overlap and, therefore, greater resource access for non-kin plants. We tested this by comparing the total
above-ground biomass of all plants in a pot between treatments. We found that pots in the three treatments had very similar
biomass (figure 3) and that there was no significant difference between treatments (treatment effect: Fy 1893 = 0.57, p = 0.56).
Similarly, there was no difference in the productivity of the neighbours (i.e. excluding focal plants) between treatments for
either the number of flowers on neighbours (self-sib mean = 2.59, 95% CI = 2.40-2.78; outcross-sib mean = 2.86, 95% CI =
2.67-3.05; non-kin mean = 2.80, 95% CI = 2.60-2.99; treatment effect: Fp 50o= 2.10, p = 0.13) or biomass of neighbours (self-sib
mean = 3.39, 95% CI = 3.21-3.57; outcross-sib mean = 3.44, 95% CI = 3.26-3.61; non-kin mean = 3.27, 95% CI = 3.10-3.45; treatment
effect: Fp 750= 0.89, p = 0.41). Thus, we find no support for niche partitioning as an explanation for our results.
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Table 2. Trait mean values (min, max) for floral, stolon and vegetative traits for focal plants of M. guttatus grown in neighbour treatments in the greenhouse.

trait neighbour treatment

self sibs outcross sibs non-kin

(ii) Inbreeding depression

In line with our predictions, we found substantial evidence for a decline in fitness components due to inbreeding. Using only
plants grown in the solitary treatment, we found that selfed plants were smaller than their outcrossed counterparts for almost
all phenotypic traits measured, and many of these differences were significant (electronic supplementary material, table S2).

4. Discussion

Competitive interactions among plants within a neighbourhood are a major feature of plant ecology, physiology and evolution.
Within-neighbourhood competition can reduce individual fitness because increased competitive allocation frequently comes
at the cost of reproductive output [48]. Yet, individuals who reduce their own competitive measures cede resources to their
neighbours, incurring even larger fitness costs (a ‘tragedy of the commons’ [21]). However, when neighbours are kin, reducing
competitive measures can increase indirect fitness, resulting in selection for cooperative strategies [17,49]. Consistent with this,
we found that individuals of M. guttatus reduced floral and clonal allocation in the presence of kin compared with when they
were surrounded by non-kin neighbours.

Flowers are expensive structures to produce and maintain [26,50], but their costs are typically balanced by increased fitness
through pollinator attraction and visitation [25]. In general, plants that invest in larger floral displays increase their share of
visits from pollinators and have greater seed set and pollen transfer success [51-53]. One of our main results was that focal
plants increased floral advertisement when surrounded by non-kin. We further found that the degree of increasing floral
display differed depending on the neighbourhood: focal flowers increased their own floral display in high-flowering, non-kin
pots, while those surrounded by kin showed a more muted response to the advertisement of their neighbours. This contrasts
with results in the self-incompatible annual Moricandia moricandioides, where focal individuals increased floral advertisement in
the presence of kin [18]. In their study, increased flowering suggested a cooperative “magnet effect’ to increase the attractiveness
of a patch with related individuals to pollinators. Although neither their study nor our present study examines the mechanism
behind the pattern of flowering, the contrasting results may be due to differences in pollinator behaviour, spatial genetic
structure, life history or mating systems.

Patches with a high incidence of relatives and local pollen dispersal experience biparental inbreeding (mating between
relatives). Both geitonogamy (selfing between flowers on the same plant) and biparental inbreeding increase with long visitation
sequences encouraged by large displays of attractive flowers [54,55], and floral display size and selfing correlate positively
[30,56-58]. Biparental inbreeding requires localized pollinator movements and spatial genetic structure [59]. The species we
have studied here (M. guttatus) is one of a handful of species where the incidence of biparental inbreeding has been investigated
in natural conditions. In two very large annual populations, no evidence of spatial genetic structure and biparental inbreeding
was found [60], while in perennial populations there was evidence for spatial genetic structure and biparental inbreeding
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[39,61]. The consequences of biparental inbreeding will depend on the expression of inbreeding depression, which is substantial n

in M. guttatus [36,62], and also documented here in differences between traits in selfed versus outcrossed plants. Together, this
lends support for the interpretation that plants growing in dense patches with kin experience less benefit from increasing their
floral display compared with plants growing with non-kin when inbreeding depression and competition are influential social
forces.

The study of spatial aggregation in populations goes back to the early days of plant ecology [63], and spatial aggregation of
ramets belonging to the same genet is ubiquitous in clonal plants [64]. Ramets of clonal plants are able to discriminate between
ramets that are physiologically connected to them and other ramets that are detached from them [65] and alter their growth
in response [66]. In a study on wild strawberries, the physical connection between clones induced them to segregate their
roots, significantly increasing performance [67]. Our results here provide evidence that plants may adjust their stolon growth
in response to whether their neighbours are kin or non-kin. In line with expectations from previous studies on ramet growth
(e.g. [68]), plants surrounded by non-kin had significantly greater stolon allocation. Furthermore, focal individuals surrounded
by non-kin increased the degree of their own stolon size as their neighbours did, but plants surrounded by kin showed no
such response. The ability to recognize and avoid competition between relatives may have consequences for the allocation of
resources within individuals and for the emerging spatial structure in populations.

Our main results provide evidence of kin recognition, but without measuring the fitness consequences of the change in
allocation, it does not necessarily imply cooperation. Because we examined focal plant responses under greenhouse conditions,
we could not track the resulting fruit and seed set. Our measurements of competitive outcomes were restricted to traits that are
components of fitness, whereas for kin selection the responses must ultimately increase a focal individual’s inclusive fitness [69].
Here, we used a perennial population because we expected spatial structuring in clonal populations to promote kin-discrimina-
tory behaviour, and we were interested in plasticity in clonality. The limitation of using a perennial is that there could be
trade-offs between allocation in one year and future survival and reproduction [70]. Although we found that the presence of
kin affected floral and clonal investment at multiple life stages (i.e. early life, peak flowering and post-reproduction), ultimately
we only looked at a single growing season. Greater floral and clonal allocation in non-kin treatments may be exacerbated by
a longer growing season or balanced by future reproductive costs; future work in perennial M. guttatus on demographics and
long-term survival would be necessary to establish the fitness consequences of adjusting allocation. It is also possible that kin
discrimination, resource competition and competitive asymmetry are co-occurring processes, the exact outcomes of which will
depend on an individual’s resulting inclusive fitness [9,69] and life-history strategy.

A pattern where competitive asymmetry between dissimilar genotypes leads to reduced productivity can occur through a
mathematical expectation known as Jensen’s inequality [71]. When there are saturating nonlinear relations between a trait and
fitness, greater trait variance will inevitably result in lower fitness. Previous studies are equivocal: in one case, this phenomenon
explained a pattern of lower fitness in non-kin groups [72]; in another, no difference between non-kin and kin may be due to a
lack of nonlinearity [73], or this phenomenon may not be involved [74]. Likewise, we do not believe this explanation accounts
for our findings here. For our two primary traits of interest—flowering and clonal investment—we find linear relations with
plant size (number of nodes measured at either four weeks or six weeks, or final biomass). For the latter measures of plant size,
focal plants growing with non-kin neighbours were slightly smaller than when growing with kin, and yet they invested more in
competitive traits of flower display and stolon colonization (table 2). Thus, it is unlikely that differences in allocation between
kin treatments are because non-kin groups included inferior or superior neighbour genotypes.

Ecological niche partitioning theory proposes that a reduction in the degree of niche overlap between unrelated individuals
reduces competition by maximizing resource use, leading to increased growth in patches with unrelated genotypes [22,75]. Our
results do not provide support for this phenomenon—the total biomass of non-kin pots did not differ from that of kin pots.
Because we wanted to replicate possible interactions in nature, our experiment used families of plants created from a single
source population and so even our ‘unrelated’ plants may not be too distantly related. It is possible that with more dissimilar
genotypes we may have found support for niche partitioning.

The effects of kin discrimination within related patches can have widespread implications for the genetic structuring of
populations, for instance leading to spatial structuring and reducing heterogeneity of patches within a population [9]. Even with
this, the resulting phenotypic outcomes of kin discrimination may change across species, environmental contexts [18] or levels
of resource availability [76-78]. Despite the complex consequences of neighbour associations on the fitness of individual plants,
few studies have investigated how within-patch interactions may be shaped by kin responses in nature. We look forward to
future work in the field that investigates these processes and measures the inclusive fitness of individuals in natural conditions.
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