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Abstract

Identifying how variations in functional traits arise is important to predicting the effects of
such variations within communities and ecosystems. Here, we evaluated the effects of kin-
discrimination on the uptake of soil resources and leaf traits in seedlings of Fagus crenata
(Fagaceae). We grew F. crenata seedlings either alone or paired with a sibling or non-
sibling, and examined the total biomass, shoot-to-root ratio, leaf traits (chlorophyll content,
leaf mass per area, and total contents of phenolic compounds and condensed tannins), and
uptake of soil nitrogen, phosphor, and water. In all neighbour treatments, seedlings grew
similarly and had similar shoot-to-root ratios. Chlorophyll content and leaf mass per area
were higher in plants grown with non-siblings than in those grown alone or with siblings.
The total content of phenolic compounds was highest in single seedlings and lowest in non-
siblings. Soil moisture was lowest and thus water uptake was highest in plants grown with
non-siblings. Our findings suggest that differences in the intensity of competition for soil
resources based on kin-discrimination result in differences in leaf traits.

Keywords Defence traits - Functional traits - Plant—plant interactions - Phenotypic
plasticity - Resource availability - Trade-off

Introduction

Plant functional traits affect ecosystem productivity (Weigelt et al. 2008), soil carbon stor-
age (De Deyn et al. 2008), trophic interactions (Walters 2011), and species coexistence
(Kraft et al. 2015). In addition to variations in functional traits among species, variations
within species are a key component of the diversity of functional traits within popula-
tion (Siefert et al. 2015), because they have large effects on ecological communities and
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ecosystem productivity (Des Roches et al. 2018; Koricheva and Hayes 2018). Therefore,
identifying how variations in functional traits arise is important in predicting the effects of
such variations in species within communities and ecosystems.

Genetic variation is one key factor underlying trait variations within species (Maddox
and Root 1990; Crutsinger et al. 2006; Lamit et al. 2015). For example, genetic variations
in the leaf defense traits (Whitham et al. 2006) and in the plant architecture (Crutsinger
et al. 2014) underlie the diversity of arthropod and soil microbe communities. Although
the effects of plant genetic diversity on biological communities have been examined in
many studies (Whitham et al. 2012; Koricheva and Hayes 2018), evidence comes primar-
ily from experiments without belowground interactions among plants. As the expression
of plant functional traits is influenced by neighbouring plants through competition (Barton
and Bowers 2006; Temperton et al. 2007; Broz et al. 2010; Yamawo 2015), such experi-
ments limit the effects of plant—plant interactions on trait expression, and thus the effects of
trait plasticity within communities.

Intraspecific competition is a primary mode of interaction in natural plant populations
and is a fundamental aspect of population dynamics, evolution of dispersal strategies, life
history, and the maintenance of genetic variation (Cheplick 1992; Rankin et al. 2007).
Some plant species alter their resource allocation patterns or above- and below-ground
architecture depending on whether encounter those of siblings or non-siblings (Chen et al.
2012; Crepy and Casal 2015; Yamawo et al. 2017). In the presence of conspecific non-
siblings, plants can increase resource allocation to fine roots, which enables them to better
compete for soil resources or inhibits growth of competitor plants (Dudley and File 2007;
Biernaskie 2011; File et al. 2012; Dudley et al. 2013; Yamawo et al. 2017). Some species
change their uptake of Nitrogen (N), Phosphor (P), Sulfur, Kalium, Calcium, and Magne-
sium (Mg) in response to their neighbour’s genotype, depending on whether it is kin or
non-kin (Zhang et al. 2016; Li et al. 2018). Changes in root growth or resource allocation
are the most common characteristic of kin-discrimination in plants (reviewed in Dudley
et al. 2013), allowing plants to potentially minimise competitive ability with kin (Dudley
2015; Yamawo et al. 2017; but see Masclaux et al. 2010).

Differences in competition intensity may alter the expression of leaf traits. The com-
pensatory continuum hypothesis predicts that plants should allocate more resources to
defences when competition is low than when it is high (Karban and Myers 1989; Maschin-
ski and Whitham 1989), because the cost of anti-herbivore defence traits is higher when
competition is higher (Siemens et al. 2003; Cipollini 2007, 2010). In contrast, the defence
stress benefit hypothesis predicts that plants should allocate more resources to defences
when competition is high, when defences have additional beneficial functions such as allel-
opathy and associational defence (Inderjit and Del Moral 1997; Lankau and Strauss 2007),
thereby reducing the costs of allocation to defence traits and promoting their expression
under competition (Siemens et al. 2003; Cipollini 2007; Boege 2010). If plants growing
with siblings invest more in defences than plants growing with non-siblings, this would
support the compensatory continuum hypothesis. Conversely, if plants growing with non-
siblings invest more in defences than plants growing with siblings, this would support the
defence stress benefit hypothesis. Thus, kin-discrimination should produce variations in
plant functional traits.

Fagus crenata (Fagaceae) is common in Japanese cool temperate forests. Because seed
dispersal is strongly limited in this species, and seeds tend to germinate on the ground
near the parent tree, seedlings often grow near kin (Hashizume et al. 1984). Mortality of
F. crenata depends on both density and distance at both the seed (Tomita and Seiwa 2004)
and seedling stages (Masaki et al. 2007). There are many competitive interactions in the
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first growing season, when seedling density is highest (Ichihara and Yamaji 2009); there-
fore, seedlings should express competitive responses in the first growing season. Here, we
evaluated the effects of kin-discrimination on leaf traits with defensive functions. To esti-
mate competition for soil resources, we measured resource uptake in seedlings in different
neighbouring conditions: single, with siblings, and with non-siblings.

Materials and methods
Cultivation of Fagus crenata Blume seedlings

In September 2015, we collected 20 seeds per tree from two populations—12 trees in
Kuroishi City (40°61'N, 140°71'E) and 8 trees in Nishi-meya City (40°57'N, 140°28'E)—
both in Aomori Prefecture, northern Japan. Genotype of F. crenata is different between
these populations (Fujii et al. 2002). Each tree was 10-12 m tall and was more than 2 km
from any other sample tree. We refer to seeds collected from the same mother plant as
‘siblings’ and to seeds collected from different mother plants of different populations, with
different genotypes, as ‘non-siblings’.

On 1 March 2016, we sowed seeds in 24 plastic containers (25 cm X 30 cm X 5 cm) that
were filled with moist filter paper. The containers were kept in a growth chamber at 25 °C
under a 12L:12D photoperiod for 2 weeks and watered every other day. On 9 April 2016,
seedlings (5 cm in height) were selected randomly and planted (27 pairs of siblings, 24
random pairs of non-siblings) 4 cm apart in plastic pots (15 cm X 15 cm X 30 cm) contain-
ing 70% red soil and 30% humus. The seedling density reflects the natural conditions (H.T.
unpublished). Each of 26 pots with a single seedling was divided in half by a plastic plate,
and one seedling was planted in one half of the pot. The other half side of the pots were
full of the soil but had no plant. At the beginning of the experiment, each seedling had
both cotyledons and the first adult leaf expanded. We applied fertiliser (NPK =8:8:8; APM
Japan, Tokyo, Japan) once a month (4 g for pairs, 2 g for single seedlings) directly onto the
soil surface around the stems. All pots received approximately 30% sunlight under a black
shade cloth with a 1-mm mesh to simulate the 10% to 40% sunlight in the forest understory
(H. T. unpublished). The pots were maintained for the first growing season (120 days) out-
doors at Hirosaki University (40°58'N, 140°47'E) and watered every other day. All plants
were then collected and dried at 50 °C for 10 days. Leaves, stems, and roots of each plant
were weighed separately to a precision of 0.1 mg on an electronic balance (BP211D; Sarto-
rius, Gottingen, Germany).

Leaf characteristics

Chlorophyll contents were measured with a chlorophyll meter (SPAD-502, Konica Minolta,
Tokyo, Japan) on the last day of the experiment in the two youngest fully expanded leaves
of each seedling. The average values were analysed. To measure leaf area, we scanned each
dried leaf on an image scanner (PM-850A; Seiko Epson Corp., Suwa, Japan) and meas-
ured its area in photo-image analyser software (Scion Image; Scion Corp., Frederick, MD,
USA). We calculated leaf mass per area (LMA) as leaf mass divided by leaf area.

‘We measured the contents of phenolic compounds and condensed tannins in leaves accord-
ing to Feeny (1970) and Dudt and Shure (1994). Dried plant tissues were powdered in a mill.
Total phenolics were extracted from 20 mg leaf powder in 10 mL 50% methanol for 1 h in
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an ultrasound bath at 40 °C. The concentration of phenolics (mg/g) was measured using the
Folin—Ciocalteu method (Julkunen-Tiitto 1985). Condensed tannins were extracted from
50 mg dry leaves and were quantified by radial diffusion assay with tannic acid as a standard
(Hagerman 1987).

Soil moisture and nutrients

Soil moisture was estimated monthly as in Yamawo et al. (2012). Soil nutrients were meas-
ured according to van Oorschot et al. (2000). To determine the levels of NH,—N and NO;—-N,
we sieved 50 mg of soil per pot and shook it in a shaker with 50 mL 50% methanol during
1 h; filtered the methanol through filter paper (Filter Paper Qualitative; Toyo Roshi Kaisha
Ltd., Tokyo, Japan); and analysed the extract for mineral N levels as described by Joergensen
and Brookes (1990). To measure the potential plant-available Phosphor (P), we extracted 1 g
of dry soil per pot in a shaker with 50 mL of 0.04-M NH,F+0.01-M HCI for 30 min. This
method extracts a major portion of calcium phosphate, some aluminium and iron phosphates,
and some organic-bound P. Extracts were filtered and held at 4 °C. After complexation with
molybdate blue, PO,*~ was determined by extinction at 880 nm on a spectrophotometer.

Statistical analyses

All statistical analyses were performed in R v. 2.15.1 software (R Development Core Team
2015). Plant height, total biomass, LMA, chlorophyll content, and concentrations of tannins
and phenolics in leaves were compared among neighbour treatments in generalised linear
mixed-effects models (GLMMs) with a Gaussian distribution and identity link, including
genotype (parent plant ID) as a random effect. Leaf number was compared among neighbour
treatments in a GLMM with a Poisson distribution and log-link identity link, with genotype
(parent plant ID) as a random effect. P values were corrected for false discovery rate. The
relationship between leaf mass and leaf area was analysed by least-squares regression, because
LMA is potentially affected by leaf size (Coleman et al. 1994). To investigate the difference
in allometry between the shoot and root biomass between the two conditions, we analyzed
these relationships using GLMMs with a Gaussian distribution and identity link, including
the genotype as a random effect. Relationships among leaf traits were also analysed by least-
squares regression. To investigate differences in allometry between the shoot and root bio-
mass allocation patterns among neighbour treatments, we analysed these relationships using
GLMMs with a Gaussian distribution and identity link, including genotype (parent plant ID)
as a random effect. In the model, shoot biomass was treated as an independent variable, and
root biomass and neighbour treatment were treated as dependent variables. To examine the
significance of the explanatory variables, we conducted a likelihood-ratio test in the GLMM
analyses. We also compared soil nutrients among neighbour treatments in GLMMs with a
Gaussian distribution and identity link, including genotype (parent plant ID) as a random
effect. P values were corrected for false discovery rate.

Results
The siblings and non-siblings grown in pairs were significantly taller than single seedlings

(Fig. 1b), but leaf number, whole plant biomass, and shoot-to-root allocation did not differ
among the neighbour treatments (Figs. 1a, b, S1).
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The condensed tannin concentration was not affected by the presence or relatedness of
neighbour plants (Fig. 1f). Leaf mass was not correlated with leaf area (r=0.32, P=0.42).
The LMA and chlorophyll contents of plants grown with non-siblings were higher than
those in the sibling or single treatment (Fig. 1d, e). Total phenolic concentration was high-
est in single seedlings and lowest in non-siblings (Fig. 1g) and was negatively correlated
with chlorophyll content in all neighbour treatments, but was not correlated with LMA
(Table 1).

Soil NO,;™ content was similar among neighbour treatments, but soil NH,* and PO,*~
contents were significantly lower in the pots with paired siblings or non-siblings than in
those with single seedlings (Table 2). Soil moisture was lower in the pots with paired non-
siblings than in the other neighbour treatments (Table 2).

Discussion

LMA was significantly higher in plants grown with non-siblings than in those grown alone
or with siblings, and soil moisture was lowest in pots with non-siblings. These results sug-
gest that F. crenata can discriminate between sibling and non-sibling, as can other plant
species (Dudley and File 2007; Chen et al. 2012; Crepy and Casal 2015; Yamawo et al.
2017). In addition, chlorophyll contents were highest and total phenolics were lowest in
plants grown with non-siblings. These findings support our contention that differences in
competition intensity based on kin-discrimination promote variations in functional traits
within species.

Seedlings grown with either siblings or non-siblings had longer shoots than single
plants had. Shoot elongation to avoid shading by a neighbour is common in many plant
species (reviewed in Novoplansky 2009). Because F. crenata seedlings often establish on
the forest floor under limited light, producing a taller shoot than the neighbours is an adap-
tive response to light competition.

Seedlings grown with siblings or non-siblings took up more NH,* and PO,*" than sin-
gle seedlings (Table 2). Other plant species also took up more nutrients as an outcome
of belowground competition (e.g., Zhang et al. 2015, 2016). These competitive responses,
both above and below ground, were expressed irrespective of the genetic relatedness of a
conspecific neighbour (Fig. 1b; Table 2).

Despite an increase in nutrient uptake in the presence of competing plants, shoot-to-
root ratio did not differ between siblings and non-siblings neighbour treatments, as also
reported in other plant species (Dudley et al. 2013; Yamawo 2015). Some tree species may
take up nutrients via mycorrhizal fungi rather than directly through root hairs (Chen et al.
2016), more so those that host an ectomycorrhizal fungus, such as F. crenata does (Ishida
et al. 2007). We considered that an increase in nutrient uptake in response to intraspecific
competition in F. crenata depends on mycorrhizal symbioses.

The soil moisture content in pots with non-siblings was lower than that in pots with sib-
lings and single plants, perhaps because of competition for soil water against non-siblings
but not siblings. This response lends support to kin selection theory, which predicts altru-
ism towards relatives (Hamilton 1964). This result supported previous studies in other spe-
cies (Dudley et al. 2013).

Leaves of F. crenata grown with non-siblings had larger LMA than leaves of single
plants and plants grown with siblings (Fig. le). Under water stress, the LMA of trees
increases (e.g., Poorter et al. 2009) because the leaf cuticle thickens to minimize water loss
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Fig.1 Growth and leaf characteristics of Fagus crenata seedlings in each experimental condition: sin-
gle, siblings and non-siblings. a Number of leaves, b plant height, ¢ plant biomass, d chlorophyll content
(SPAD-value), e leaf mass per area, f condensed tannins and g total phenolics. Bars represent SE. Different

letters denote significant differences (GLMM, P <0.05)
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Table 1 Correlation coefficients

L. Phenolic concentration Chlo-
between leaf characteristics of

/ hyll
Fagus crenata seedlings in all (mg/e) i?)rr)ltznt
three neighbour treatments
Chlorophyll content —0.446%*
Leaf mass per area (g/m?) —0.056 0.189

*#P<0.01

Table 2 Statistical results of analysis by general linear mixed-effects model of soil nutrients and soil mois-
ture in the three neighbour treatments

Neighbour treatment F-value P value®
Single Siblings Non-siblings
Soil nutrients
NO;-N (mg/g) 0.06 +0.04 0.09+0.06 0.07£0.04 2.72 0.07
NH,-N (mg/g) 0.02+0.01* 0.01+0.005" 0.01+0.004° 21.52 <0.01
PO, (mg/g) 0.010+0.004* 0.004 +0.002° 0.003 +0.001° 21.22 <0.01
Soil moisture (%) 7.62+1.29% 7.70+1.42% 6.66+1.55° 4.16 0.02
Bold indicates P <0.05

2P values were corrected using the false discovery rate. Different letters denote significant differences
(GLMM, P <0.05)

or the mesophyll tissue thickens (Baird et al. 2017). Competition for water among non-
sibling F. crenata seedlings may induce water stress and thus lead to a larger LMA in these
plants than in the other neighbour treatments.

Leaves of F. crenata grown with non-siblings also had greater chlorophyll content than
leaves of plants grown alone (Fig. 1d). Chlorophyll content can increase with increasing
soil water availability because soil nutrient uptake depends on soil water uptake (Songsri
et al. 2009). Soil water uptake was higher in non-siblings than in single plants and siblings,
but there was no significant difference in soil nutrient uptake between siblings and non-
siblings. Chlorophyll production depends on N, Mg, and other nutrients. Mg uptake, which
we did not estimate, is affected by kin-discrimination (Zhang et al. 2016) and may have
contributed to the increase in chlorophyll content of plants grown with non-siblings.

Total phenolics were decreased by the presence of non-siblings (Fig. 1g). Low soil
water content promotes accumulation of phenolics in leaves (Garcia et al. 1987; Olson
et al. 2009; Yamawo et al. 2012), but total phenolic concentration was highest in single
trees and siblings, with higher soil moisture (Fig. 1g; Table 2), probably because of a trade-
off between the production of chlorophyll and of phenolics, as suggested by their negative
correlation over all neighbour treatments (Table 1). Therefore, our results are consistent
with a growth—defence trade-off (Strauss et al. 2002; Walters 2011). The compensatory
continuum hypothesis—that plants would allocate more to growth than to defence because
the expression of defence traits is more costly under competitive conditions (Siemens et al.
2003; Cipollini 2007, 2010)—has received much empirical support (e.g., Cipollini and
Bergelson 2001; Kurashige and Agrawal 2005). Our results also support the compensa-
tory continuum hypothesis. The greater chlorophyll content in the presence of non-siblings
reflects higher competition. The growth—defence trade-off is likely responsible for the vari-
ations in chlorophyll and phenolic concentrations among the neighbour treatments.
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LMA is highly correlated with leaf toughness (Wright and Cannon 2001; Hanley et al.
2007), which provides defence against herbivores and microbes (Walters 2011). Phenolic
compounds act as chemical defences against herbivores and fungi (Walters 2011). These
variations in response to competition support the defence stress benefit hypothesis (that
plants should allocate more resources to defences when competition is high; Karban and
Myers 1989; Maschinski and Whitham 1989) and the compensatory continuum hypothesis
(that plants should allocate more to defences when competition is low; Inderjit and Del
Moral 1997; Lankau and Strauss 2007), respectively. Thus, the supported hypothesis may
depend on types of defence traits such as chemical and physical and on their physiological
relations with other traits such as chlorophyll content or growth.

Plants can discriminate neighbouring conspecific siblings from non-siblings through
chemical and light cues perceived above- (Karban et al. 2013; Crepy and Casal 2015) and
below-ground (Biedrzycki and Bais 2010; Yamawo et al. 2017) and potentially via mycor-
rhizal networks (File et al. 2012). Seedlings of F. crenata might discriminate the presence
and relatedness of neighbouring individuals via these cues; detailed studies of kin-discrim-
ination mechanisms in F. crenata are needed.

Many studies reported that the plant genetic diversity play crucial roles in determine the
arthropod community (Crutsinger et al. 2006; Johnson et al. 2006; Koricheva and Hayes
2018). It is well known that the herbivory is determined by leaf defence traits such as
chemical and physical (Walters 2011; Yamawo et al. 2014; Barbour et al. 2015). The vari-
ations in leaf traits resulted from kin-discrimination may contribute to increase in diversity
of the arthropod community.

In conclusion, we demonstrated that (1) F. crenata seedlings compete both above- and
belowground with siblings and non-siblings; (2) non-siblings compete for soil water more
than siblings; (3) competition for soil water induces variation in leaf traits. These find-
ings suggest that kin-discrimination underlies the variations in plant functional traits. Such
interactions should be common in Japanese cool temperate forests, where F. crenata is a
dominant species. Whereas our experiment continued for 120 days, seedlings growing in
forests interact for many years (Akaji et al. 2016), so the effects observed in this study
may be underestimated. Long-term investigations of the effects of genetic spatial structure
within tree populations would contribute to a better understanding of forest ecology.
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