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abstract: Relatives often interact differently with each other than
with nonrelatives, and whether kin cooperate or compete has impor-
tant consequences for the evolution of mating systems, seed size, dis-
persal, and competition. Previous research found that the larger of the
size dimorphic seeds produced by the annual plantAegilops triuncialis
suppressed germination of their smaller sibs by 25%–60%. Here, we
found evidence for kin recognition and sibling rivalry later in life among
Aegilops seedlings that places seed-seed interactions in a broader context.
In experiments with size dimorphic seeds, seedlings reduced the growth
of sibling seedlings by ∼40% but that of nonsibling seedlings by ∼25%.
These sequential antagonistic interactions between seeds and then seed-
lings provide insight into conflict and cooperation among kin. Kin-based
conflict among seeds may maintain dormancy for some seeds until the
coast is clear of more competitive siblings. If so, biotically induced seed
dormancy may be a unique form of cooperation, which increases the in-
clusive fitness of maternal plants and offspring by minimizing competi-
tion among kin.

Keywords: asymmetry, competition, cooperation, exotic invasive,
intraspecific variation, kin selection, plant-plant interactions.

Introduction

The ability of an organism to recognize and respond to kin
has important possible ecological and evolutionary conse-
quences. Because an organism shares genes with its siblings,
its inclusive fitness depends not only on its own ability to
reproduce (individual fitness) but also on the ability of its
siblings to reproduce. The more closely related siblings are,
the more important inclusive fitness becomes relative to indi-
vidual fitness, and the more likely cooperation is to evolve
among siblings (Maynard Smith 1964; Trivers 1974). Coop-
eration provides a direct benefit to the helper, and it will be
favored by natural selection and kin selection. In altruism—

an extreme case of kin cooperation—selection may even fa-
vor individuals that sacrifice their individual fitness in order

to promote the fitness of their kin (Queller and Strassmann
2002; Lehmann and Keller 2006). The ability to recognize
kin makes kin selection stronger and cooperation and altru-
ism more likely to evolve (Dudley 2015).
In contrast to cooperation, sibling conflict originates from

competition among offspring when resources are limiting
(Shaanker et al. 1988; Milla et al. 2009) and when individual
fitness is the most important element of inclusive fitness
(Mock and Parker 1998; Biernaskie 2010; Dudley 2015).
Mothers may circumvent sibling conflict by preventing some
siblings from developing or growing. Such parent-offspring
conflict can produce outcomes outwardly similar to sibling
cooperation but with different ecological and evolutionary
consequences. Teasing apart how individuals recognize and
respond to kin is crucial for understanding many aspects of
plant evolution and ecology.
Plants can identify and respond to highly related and less

related individuals differently (Semchenko et al. 2007, 2014;
Depuydt 2014), and there are important implications for
interactions among kin. For example, Cakile edentula was
found to allocate less biomass to roots when siblings shared
a pot than when less related individuals shared a pot (Dudley
et al. 2013). This ability to discriminate kin should lead to at-
tenuated competitive interactions and potentially make kin
selection stronger (Dudley et al. 2013). In this context, off-
spring produced by a single plant can vary greatly in size and
competitive ability (Susko and Lovett-Doust 2000). The repro-
ductive value hypothesis states that parents should provide the
most resources to offspring with the highest probability of
success (Winkler 1987). Thus,maternal provisioningmay in-
fluence kin-based interactions among plants by favoring
the growth and germination of larger over smaller seeds, in-
volving either maternal control of the development of small
seeds or altruistic interactions between small and large kin
(Kobayashi and Yamamura 2000). Furthermore, the mater-
nal environment may predict the future neighbor scenario
for germinating seeds, and thus maternal cues may be cru-
cial (Tielbörger and Valleriani 2005).
A review of kin-related interactions among plants reported

that groups of siblings sometimes outperformed groups of
nonsiblings, sometimes nonsiblings performed the best, and

* Corresponding author; email: alyssalaneysmith@email.arizona.edu.
ORCIDs: Smith, https://orcid.org/0000-0003-4776-8239; Atwater, https://

orcid.org/0000-0002-7166-3819; Callaway, https://orcid.org/0000-0001-7342
-4312.

Am. Nat. 2019. Vol. 194, pp. 482–487. q 2019 by The University of Chicago.
0003-0147/2019/19404-58376$15.00. All rights reserved.
DOI: 10.1086/704773

vol . 1 94 , no . 4 the amer ican natural i st october 20 1 9

This content downloaded from 150.135.165.090 on October 09, 2019 08:53:11 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



often there were no differences in performance among sibs
versus nonsibs (File et al. 2012). However, most studies of
kin-based interactions have compared the growth or fitness
of groups of related plants with those of unrelated plants or
the performance of a target surrounded by groups of related
or unrelated individuals. Few experiments have tested com-
petitive effects and responses among related and unrelated
individual plants (see Bhatt et al. 2011). This leaves an im-
portant gap in our understanding of whether related con-
specifics compete differently than unrelated conspecifics (see
Lebrija-Trejos et al. 2016).

Aegilops triuncialis L. (barbed goatgrass) is a mostly ob-
ligately self-fertilizing invasive annual grass that produces
unique dimorphic pairs of small and large seeds, providing
a clear example of variation inmaternal provisioning.Many
other species produce dimorphic seeds, and many species
disperse seeds packaged together in fruits, but seed pairs
of A. triuncialis are packaged together within the spikelet
and are separated by thin membranes of maternal tissue
that bind seed pairs together throughout dispersal, germi-
nation, and sometimes growth (Dyer 2004, 2007). Seeds are
dispersed by either falling from thematernal plant or embed-
ding in animal fur; thus, siblings with very different seed sizes
often germinate in close proximity to each other. Small seeds
are not inherently dormant, but the germination of the small
seeds is inhibited by the presence of large sibling seeds (Dyer
2004). This effect disappears when large sibling seeds are re-
moved from the spikelet, suggesting physical interference or
chemical communication between small and large seeds. Key
to our study, this apparent sibling conflict among seeds has
been hypothesized to reduce competition between closely re-
lated individuals later in life forA. triuncialis and other species
(Cheplick 1996; Dyer 2004). To test this hypothesis, we com-
pared competitive interactions between sibling and nonsibling
pairs of Aegilops seedlings focusing on the following ques-
tions: (1) Do plants grown from large seeds outcompete
plants grown from small seeds and, if so, to what degree?
(2) Do sibling plants compete more intensely with each other
than nonsibling plants?

Methods

Experimental Design

Mature Aegilops spikelets were sourced from three popula-
tions in California, each separated by 120 km. These pop-
ulations were located (1) at the base of the foothills in Es-
parto, (2) on the University of California Hopland Nature
Reserve, and (3) on theMcLaughlin Nature Reserve. Aegilops
is a wind-pollinated allotetraploid with a low outcrossing rate
(Meimberg et al. 2006, 2009). InvasiveAegilops is described as
occurring in two geographically separated groups of popula-
tions. A high level of genetic uniformity has been observed

within and across both groups despite the phenotypic differ-
ences between groups (Meimberg et al. 2009). In its native
range, gene flow between wheat and Aegilops triuncialis has
been detected, indicating that outcrossing is possible (Arrigo
et al. 2011). Also, seeds collected from plants at the edges and
internal cores of invading Aegilops populations have been
shown to produce plants that differ in seed production and
seed size (Rice et al. 2013).
Seed pairs (consisting of one small and one large seed) were

removed from either the lowest or the second-lowest spikelets
on the spike and cleaned so that no other maternal tissue
remained in contact with the seed coats. Each seedwas germi-
nated by itself in different petri dishes on Whatman 1 filter
paper to avoid seed-seed interactions (Dyer 2004, 2007).
Seeds germinated within 1–3 and 5–6 days after germination
seedlings were transplanted into pots either alone or in com-
petition with a sib or nonsib neighbor on July 10, 2015. Pots
contained 40 mL of sterile silica sand at the bottom and
180 mL of a 10∶1 sand∶soil mix with soil from grassland in
the Missoula Valley, Montana.
Competition arrangements always consisted of one small

and one large seed. Sibs were defined as the two seeds from
the seed pair within the same spikelet, and nonsibs were from
a different individual from the same population. For each
of the three Aegilops populations, we grew seedlings from
16 small seeds alone, 16 large seeds alone, 16 small seeds
with a sib large seed, and 16 small seeds with a nonsib large
seed. Aegilops can be common over a wide range of soil fer-
tility (Thomson 2007), and soil fertility can have large effects
on competitive outcomes. Therefore, half of the replicates
were grown at a low level of soil fertility and half were grown
at a high soil fertility level; thus the initial total n p 128. Low
soil fertility pots received 50 mL of Miracle-Gro (N∶P∶K p
24∶8∶16) mixed at 1 g/L on July 15, 2015. High soil fertility
pots received 50mL ofMiracle-Gromixed at 1 g/L on July 15,
July 30, and August 15, 2015. Both seedlings in a pot were
measured, and all plants were harvested September 12–
15, 2015, divided into shoots and roots, dried at 607C,
and weighed.

Data Analysis

We used ANOVA to estimate the effects of fertilizer (fertil-
ized or unfertilized), seed size (small or large), relatedness
(sibling, nonsibling, or no-competition control), and source
population as factors on both natural log transformed total
dry biomass and root mass ratio (RMR; calculated as the
root mass divided by the total mass). We modeled treat-
ment effects on both total biomass and RMR because these
were found to be not correlated with one another (r p 0:066).
Conversely, we chose not to separately model effects on shoot
and root mass because these were highly correlated with
one another and with total mass and RMR. We specified
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all interactions between treatments, seed size, and related-
ness but included source population only as a main effect.
In all models we performed planned Tukey tests within each
level of each factor and averaged across source population,
testing for significant differences in the responses of small
and large seeds in each relatedness treatment. Contrasts were
performed using package multcomp (Hothorn et al. 2008) in
R version 3.3.0 (R Development Core Team 2016). The distri-
bution of residuals of all models was evaluated to ensure that
assumptions were met. We also calculate the relative inter-
action index (RII) for key competitive effects following the
formula RII p (biomass with competitor 2 biomass con-
trol)/(biomass competitor 1 biomass control), following
Armas et al. (2004). These were compared with the same
ANOVA protocol.

Results

Seeds showed no sign of dormancy when sown alone on Petri
dishes, with germination occurring 2–3 days after wetting.
Across two fertilization treatments, when grown alone, large
seeds produced larger plants than the small seeds (fig. 1; ta-
ble 1). Also, in both fertilization treatments, all plants from
large seeds suppressed plants produced from small seeds.
However, there were also significant sibling effects (fig. 1;

table 1). At low soil fertility, the competitive effects of plants
from large seeds suppressed sib small-seed plants by 58%
(RII of 20:4550:04) versus only a 35% reduction in total
biomass for nonsib small-seed plants (RII of20:2850:07;
Fsibling p 11:51, df p 1, 30, P p :002; Fsibling# size p 18:38,
df p 1, 30, P p :0002). At high soil fertility, competitive
effects of plants from large seeds suppressed sib small-seed
plants by 63% (RII of 20:5350:03), but their competitive
effects on the total biomass of nonsib plants from small

Figure 1: Mean total dry biomass5 SE of Aegilops triuncialis grown from small and large seeds, grown alone (controls), with sibs or with
nonsibs, and at high and low fertilizer treatments. Means were calculated from log-transformed data and then back transformed. Letters
indicate significant differences between means calculated separately for each fertilization treatment and averaged across source populations.

Table 1: Results of ANOVA for effects of soil fertilization,
neighbor identity (sibling or nonsibling), and seed size (large or
small) on log total biomass of Aegilops triuncialis

SS df F P

Fertilization 3.60 1 42.02 !.001
Sibling .06 2 .37 .689
Size 2.38 1 27.79 !.001
Population .00 2 .00 .995
Fertilization# sibling .66 2 3.85 .024
Fertilization# size .06 1 .72 .399
Sibling# size 3.23 2 18.81 !.001
Fertilization# sibling# size .08 2 .48 .621
Error 10.21 119

Note: Boldface P values indicate significant effects.
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seeds relative to the control were not significant (RII
of 20:1050:06; Fsibling p 0:0, df p 1, 41, P p :987;
Fsibling# size p 26:74, df p 1, 41, P ! :0001). At low soil fer-
tility, plants from small seeds had a competitive effect on
large-seed plants, reducing their total biomass by 29% for
both sib and nonsib combined. However, at high soil fertil-
ity, there were no effects of competitors on large-seed
plants, regardless of relatedness.

Variation in competition was associated with variation in
root investment (table 2). Plants grown from large seeds
had a significantly lower RMR when competing with a
nonsib than when competing with a sib or when grown
alone (fig. 2). We observed the opposite pattern in plants
grown from small seeds, which when grown with a nonsib
had an RMR similar to plants grown alone but had a lower
RMR when grown with a sib.

Discussion

Our key finding was that plants produced from seeds of
Aegilops showed stronger competitive effects on kin than
nonkin did at the seedling stage. At low soil fertility, nonsib
neighbors inhibited seedlings grown from both large and
small seeds, but for small-seed seedlings, the competitive ef-
fect of large-seed sibling neighbors was much stronger than
that of unrelated large-seed neighbors. The opposite was
true for large-seed seedlings, which were unaffected by
competition with sibling small-seed seedlings in both soil
fertility treatments. These competitive outcomes may be re-
lated to the allocation ofmass to roots when they experience
competition from sibs versus nonsibs (see Bhatt et al. 2011).
The root proportion of total mass of large-seed seedlings
was not affected by small-seed sibs, but competitive effect
of sibs reduced the proportional root mass of small-seed
seedlings by more than 20%. Often, disproportional alloca-
tion to roots increases competitive ability (Aschehoug et al.
2016).

Sibling conflict, sibling cooperation, and parent-off-
spring conflict could all be reflected in our results, each
with interesting consequences for the evolutionary ecology
of Aegilops and other plant species with variation in ma-
ternal investment. For example, stronger size-asymmetric
competition between highly related than less related indi-
viduals is consistent with sibling conflict. Sibling coopera-
tion may occur because the inclusive fitness of seedlings
was greatest when large seeds germinated and grew instead
of small seeds. Also, parent-offspring conflict—in which ma-
ternal control limited germination of small seeds—may cir-
cumvent competition.
A primary hypothesis for the stronger competitive effects

of large seeds on sib small seeds than nonsib small seeds sibs
is that this could reduce future competition between closely
related sibling plants (Dyer 2007), and our results support
this idea. The suppression of small seed germination by sib-
ling large seeds or bymaternal tissue might function to main-
tain small-seed dormancy and to prevent large and small
siblings from engaging in direct competition. Furthermore,
small seeds that are prevented from germinating could es-
tablish a seed bank, potentially increasing the inclusive fit-
ness of both the mother plant and siblings in a unique form
of kin selection. To put this in context, when planted away

Table 2: Results of ANOVA for effects of soil fertilization,
neighbor identity (sibling or nonsibling), and seed size (large or
small) on root mass ratio of Aegilops triuncialis

SS df F P

Fertilization .006 1 .708 .402
Sibling .071 2 4.471 .013
Size .005 1 .614 .435
Population .020 2 1.289 .279
Fertilization# sibling .005 2 .338 .714
Fertilization# size .001 1 .085 .771
Sibling# size .117 2 7.404 !.001
Fertilization# sibling# size .005 2 .340 .713
Error .941 119

Note: Boldface P values indicate significant effects.

Figure 2: Mean root mass ratio5 SE of Aegilops triuncialis grown
from small and large seeds, grown alone (controls), with sibs or with
nonsibs, and at high and low fertilizer treatments. Letters indicate
significant differences between means calculated separately for each
treatment and averaged across fertilization treatments and source
populations.
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from small seeds, germination of large seeds is 90%–100% af-
ter one cycle of soil wetting (Dyer 2007). When planted away
from large seeds, germination of small seeds is 45%–50% after
one wetting cycle and 90%–95% after a second soil wetting
cycle (Dyer 2007). When planted next to large seeds, the ger-
mination of small seeds after a second wetting cycle can be
unaffected or reduced by more than 50%, depending on the
soil type and presence of maternal tissues.

Bhatt et al. (2011) also explored competition among kin
versus strangers with Cakile edentula and also compared
these interactions between the dimorphic seeds of the spe-
cies. They found that unrelated pairs ofCakile seedlings had
more root mass relative to aboveground mass than kin
pairs, but there were no effects of seed type on root alloca-
tion. They also found little evidence that competition between
seedlings affected root allocation. However, in contrast to our
approach, they did not ask directly how kinship affected com-
petitive interactions.

It is also possible that inhibition is maternally enforced. By
suppressing the development of small seeds, a mother can
maximize performance of high-investment siblings. Results
from a different study suggest that the inhibition of germina-
tion by small seeds depends on chemical signals, although it is
not known which tissues (e.g., the maternal seed coat or the
developing embryo) influence the small seed.

Regardless of whether the kin interactions observed in
this study were due to kin-specific competitive size asym-
metry, sibling cooperation, maternal enforcement of germi-
nation cues, or some combination of the three, kin-specific
interactions are likely to significantly influence the ecology
of Aegilops and any other species in which competitive in-
teractions are kin specific. For example, sibling-based seed-
seed and plant-plant interactions may affect colonization
by Aegilops, which disperses poorly. Differences in popula-
tion growth and dispersal in core and edge Aegilops popu-
lations are known to affect its spread (Thomson 2007). Ger-
mination rates from small seeds can be significantly higher
in edge areas than in the core, and the plants produced from
these small seeds can substantially impact population
growth (Thomson 2007). If small seeds experience greater
release from induced dormancy at the edges of expanding
invasive populations, where they are less suppressed by
conspecifics or siblings, they could play a disproportionate
role in the spread of this species.

It is important to note that our removal of maternal
tissues increased the germination of both large and small
seeds for the experiment but might have created an unreal-
istic scenario of cogermination of both small and large seeds
without maternal tissue present. The presence of maternal
tissue does not suppress all germination, as 30% of small
seeds germinate even with maternal tissue present (Dyer
2004). When these small seeds and sib large seeds germi-
nate, the seedlings ultimately compete withoutmaternal tis-

sue as it decays. But much more importantly, our results test
what might occur without delayed germination; delayed ger-
mination enforced by either the mother or large seed might
first establish a seed bank of small seeds and then create tem-
poral niche separation that promotes the success of small-
seed seedlings if and when they do germinate. Another im-
portant concern is that the mass of the larger and small seeds
in a spikeletmight be negatively correlated such that increases
in the mass of the large seed come at a reduction in the mass
of the small seed, and this might be amplified when seedlings
from these seeds compete. However, within a spikelet, the
masses of the small and large seeds were not significantly cor-
related (r p 0:278, P p :222), indicating no trade-offs be-
tween paired large and small seeds.
In plants, kin interactions can play a major role in the

evolution of seed development, dormancy, and dispersal
(Shaanker et al. 1988). Our results also indicate that kin in-
teractions might alter the effects of maternal provisioning
on competitive interactions. These results support the hy-
pothesis that kin interactions favor seedlings that have
already received greater parental investment, amplifying
competitive asymmetries among related individuals. We
hypothesize that this is likely to be a common consequence
of sibling interactions in any plant species that demonstrates
variable seed size and that is capable of self-recognition.
Teasing apart kin-based interactions among plants is a step
toward understanding how such behavior may promote or
diminish fitness among relatives.
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