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Abstract. Split-root techniques were used to determine if Cycas edentata seedling roots
possessed identity recognition capabilities. One compartment of the split-root containers
contained a competing half-sibling seedling, and the second compartment contained one
of four treatments. When the second compartment contained a half-sibling or C. edentata
seedling from the same habitat, root growth did not differ between compartments. When
the second compartment contained a C. edentata seedling from a habitat 130 km away or
a C. nitida seedling, root dry weight and root length were increased above that of
compartments with half-siblings. Whole plant growth also increased in seedlings that
experienced competition with the conspecific plant from a distant habitat or from
a different species. The results validated the ability of Cycas edentata roots to recognize
and then use a plastic response to neighbor root identity. In horticultural settings,
planting cycad plants where neighbors are close relatives may reduce plant growth, and
planting to ensure neighbors are not close relatives may increase plant growth.

The ability of plants to distinguish self
roots and kin roots from non-kin roots is
shown in the growing body of research on
plant identity recognition. In many species
studied to date, roots respond differently to
roots of the same individual, roots of a close
relative, or roots of non-related competitors
(Falik et al., 2003; Gruntman and Novoplansky,
2004; Holzapfel and Alpert, 2003; Mahall
and Callaway, 1992, 1996; Maina et al., 2002).
These responses are studied in the context of
competition reduction among different parts
of the same plant or those of a close relative.
Kin selection theory is partly founded in the
conception that individuals increase their
collective fitness by behaving in a manner
that increases the fitness of related individ-
uals (Hamilton, 1964a, 1964b). This is re-
alized by reducing investment in competition,
which can increase the individual’s fitness
because fewer resources are consumed for
competing with neighbors and can similarly
increase the neighbor’s fitness through altru-
ism (Axelrod and Hamilton, 1981).

The most prevalent response variables in
this body of research are various root growth
traits. Other responses to belowground neigh-
bor identity reported to date include plant
biochemistry (Broz et al., 2010) and pollen
quality (Lankinen, 2008).

Identity recognition capabilities of cycads
have not been studied to date. A greater
understanding of this phenomenon may be
useful for planning the layout of garden and

conservation plantings. The purpose of this
study was to determine the presence of kin
recognition capabilities in roots of a represen-
tative cycad species. Cycas edentata is a wide-
spread cycad species that colonizes islands
throughout its natural range (Lindström et al.,
2008). It is one of two coastal species in the
Philippines, and I selected this species because
seeds from distinct islands could be easily
secured to provide con-specific individuals. I
predicted that root growth would be mini-
mized when seedlings were forced to interact
with close relatives and would be maximized
when forced to interact with non-relatives.

Materials and Methods

Cycas edentata seeds were purchased
from private property owners in the Philip-
pine islands of Mindoro and Marinduque in
Nov. 2010. Cycas nitida seeds were pur-
chased from a private property owner in
Samar Island in Feb. 2011. All of the trees
were growing naturally within minimally
managed copra farms. Four groups of seeds
were used for this study: 1) the test group of
seedlings originated from one mother tree in
the Mindoro habitat. A portion of these was
used to prepare the split root subjects, and
a portion was used to generate competitor
seedlings representing half-sibling competi-
tors (half-sibs hereinafter, pollen source was
unknown for these open-pollinated seeds); 2)
a second mother tree in the same Mindoro
habitat and located 53 m to the north repre-
sented competitors from a different mother but
the same habitat (same habitat); 3) one mother
tree in the Marinduque habitat was located
�130 km to the northeast and represented
competitors of the same species but a distant

habitat (different habitat); and 4) one C.
nitida mother tree in the Samar habitat was
located �350 km to the east and represented
competitors from a con-generic population
(different species).

The sarcotesta was removed and the cleaned
seeds were stored until 25 Aug. 2011, when all
seeds were planted in a bed of perlite. The
germinated seedlings were removed from
the perlite on 3 Oct. 2011. At this stage,
a robust taproot from 110 to 120 mm in
length had developed but no leaf growth had
ensued (Fig. 1A). The split-root seedlings
were crafted by starting with a transverse cut
to standardize taproot length to 50 mm and
then by splitting the entire taproot into two
halves with a radial longitudinal cut (Fig. 1B).
All cuts were made with a razor blade. The
split-root containers were created by adjoin-
ing two square 0.625-L pots. The split roots
were positioned onto the ridge that separated
each of the two containers such that each
container received half of the split root. The
containers were filled with washed river sand.
The remainder of the seedlings were planted
singly in 1.8-L pots in the same medium and
held until the beginning of the competition
treatment. The split-root seedlings were
grown under 75% shade for 1 month and
then the shadecloth was removed. The nurs-
ery bench received 4 h of morning sun and
then filtered shade from a Sandoricum koetjape
Merr. tree for the remainder of the photope-
riod. The sand was watered daily.

Root competition. Each of the split-root
seedlings was bare-rooted to visually inspect
root development on 13 June 2012. Seedlings
with heterogeneous fine root development
in each compartment were retired from the
study, and the seedlings with homogeneous
amounts of fine roots in the two halves
(estimated visually) were re-planted into larger
split-root containers with 2.6-L capacity in each
half. Seedlings that had been grown singly
were bare-rooted and planted as competitors.
Every replication received a half-sib compet-
itor in one of the two compartments. The
second compartment received one of four
seedling types: 1) a half-sib seedling as the
control; 2) a C. edentata seedling from the
same habitat; 3) a C. edentata seedling from
the distant habitat; or 4) a C. nitida seedling
(Fig. 1C). All plants were provisioned with
75% shade for 1 month and then were grown
under the ambient light conditions described
previously. A completely randomized design
was used with four treatments and nine rep-
lications, and a border was provided by
C. edentata seedlings in single pots.

To maximize root competition, no fertil-
izer was applied for the duration of the
experiment. The river sand medium was im-
poverished as indicated by soil analyses that
revealed total nitrogen was 4.4 ± 0.6 mg·g–1,
available phosphorus was 5.01 ± 0.49 mg·kg–1,
and exchangeable potassium was 20.11 ±
1.02 mg·kg–1 (mean ± SE, n = 3). The plants
were irrigated every 2 d in the absence of rain
and maintained until 16 May 2013.

Ending measurements. All three plants in
each replication were bare-rooted. The two
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competitor seedlings were not used for mea-
surements and were removed from the ex-
periment. Measurements on the split-root
seedling began by counting the number of
leaves and number of leaflets for each leaf.
Stem height and diameter were measured.
Fine roots under 2 mm in diameter were re-
moved from coarse roots above 2 mm in
diameter, and their length was determined
using the line intersect method (Smit, 2000;
Tennant, 1975). Length of roots greater than
2 mm was measured directly. Aboveground
components were separated into leaflets,
petiole + rachis, or stem sections. Each root
compartment was separated into coarse
roots, coralloid roots, or fine roots. Each
of these sections was dried at 75 �C in a
convection oven and then dry weight was
measured. Specific leaf area was calculated
from area and dry weight measurements on
10 leaflets and then total leaf area for each
replication was calculated from specific leaf
area and total leaflet dry weight. Total plant
dry weight was calculated by the sum of all
components, and the root/shoot proportion
was calculated from the components of be-
lowground and aboveground plant parts. The
influence of competitor identity on root de-
velopment was calculated by dividing the dry
weight or length for fine roots in the half-sib
compartment into dry weight or length for
fine roots in the second compartment. For this
variable, a value above 1 indicated greater
dry weight or length of roots in the second
compartment, whereas a value below 1 in-
dicated greater dry weight or length of roots
in the half-sib compartment. All response
variables were subjected to one-way analysis
of variance with four treatment levels and
nine replications.

Results

Considerable root growth occurred in both
root compartments for all replications (Fig. 2).
The identity of competitor seedling influ-
enced root development within each com-
partment (Fig. 3). Root length did not differ
between the two compartments for the con-
trol plants or when the second compartment
contained a C. edentata seedling from the
same habitat. Competition with a C. edentata
seedling from a distant habitat increased root
length 68%, and competition with a C. nitida
seedling increased root length 82% above
root length in the half-sib compartment. The
increased root growth in the compartments
with the non-relatives partly came at the
expense of root growth in the compartment
with the half-sib competitor (Fig. 3).

Total plant growth also responded to iden-
tity of the competitor plants (Table 1). Com-
petition with a C. nitida seedling in half of the
rooting volume increased stem height 33%
and stem diameter 25% above that of com-
petition with a close relative. Stem growth
was not influenced by any of the three treat-
ments in which a C. edentata seedling was
competing in the second compartment. Simi-
larly, leaves per plant, leaflets per leaf, and
total leaf area were increased by competition

with a C. nitida seedling above that of com-
petition with C. edentata seedlings. Total plant
dry weight of plants grown in competition
with a C. edentata seedling from a distant
habitat was increased 39% above that of plants
grown in competition with a C. edentata from
the same habitat. Plants grown in competition
with C. nitida seedlings accrued dry weight
that was 109% greater than plants grown in
competition with a close relative.

The proportion of roots in each of the two
compartments did not differ from unity when
the second compartment contained a half-sib
or a seedling from the same habitat (Table 1).
Significant heterogeneity in length or dry
weight occurred between the two root com-
partments when the second compartment
contained a con-specific seedling from a dis-
tant habitat or a seedling of a different species.
In contrast to this plastic response of altering
root growth in the two compartments, the
proportion of dry weight deployed to below-
ground tissues in relation to dry weight
deployed to aboveground components was
not influenced by competitor seedling iden-
tity (root-to-shoot overall mean 0.46). Other
root traits that were not responsive to com-
petitor identity were specific root length (over-
all mean = 894 cm·g–1) and coralloid root dry
weight (overall mean = 772 mg per plant).

Discussion

This is the first look at the influence of
belowground competition on root traits for

any cycad species. I asked a precise question
in this study. When confronted by roots of
a half-sib, a seedling from a nearby mother,
a con-specific seedling from a distant habitat,
or a seedling from a different Cycas species,
can C. edentata roots recognize identity of
the competitor roots? The results unambigu-
ously show that roots of this representative
cycad species indeed possess the ability to
recognize kin. Based on the current study, we
cannot determine if this ability is a unique
trait for Cycas edentata, or if it is known for
other Cycas species or for other cycad genera.

Understanding the belowground processes
of cycad plants is of fundamental and ap-
plied interest. In natural habitats, seed vec-
toring is negligible for most contemporary

Fig. 2. General appearance of Cycas edentata
seedling roots after competition with a half-
sibling in the left compartment and a C. eden-
tata seedling from a distant habitat in the right
compartment.

Fig. 1. Preparation of Cycas edentata split-root containers. (A) Recently germinated seedlings were bare-
rooted. (B) Seedling root length was standardized to 50 mm then split into half. (C) Each split-root
seedling was supplied with a seedling of a half-sib competitor in one compartment and one of four
competitor treatments in the second compartment.
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cycad species, and aggregations of half-sib
competitors result. The roots of these seed-
lings are confronted by competition with the
half-sibs, the maternal parent, and other juve-
nile and mature cycad plants in the commu-
nity. In addition, roots of the many other
sympatric spermatophyte species in natural
habitats add to the countless root encounters.
A greater understanding of the factors that
influence root communication is needed to
more fully appreciate the ecology of these
habitats.

My methods here were designed to inform
practical applications. In home gardens, botanic
gardens, and conservation plantings, man-
agers retain control over layout of the cycad
plantings, and those decisions have a direct
impact on the nuances of root communication
and the resulting plant responses. My methods
were not designed to answer questions about
the interplay between altruistic and selfish

behaviors or if cycad relations with neighbors
conform to the kin selection hypothesis or re-
source partitioning hypothesis (see Cheplick
and Kane, 2004; Dudley et al., 2013; File
et al., 2012). However, for practical applica-
tion of this new knowledge, these questions
do not need to be answered.

Congregating half-sibs in group plantings
in botanic gardens is an approach that sim-
plifies mapping and spatial data management.
However, my results indicate this approach
may limit plant growth, especially root
growth, below that which would occur if the
individual cycad plants were planted adjacent
to non-relatives. These concepts are at the core
of recent research on how polycultures in-
crease plant growth above that of monocul-
tures (Laclau et al., 2013; Lang’at et al., 2013;
Postma and Lynch, 2012).

Most cycad horticulturists plant seeds
in community batches, and this approach

generates germinating seedlings that experi-
ence immediate root competition with half-
or full siblings. For common species with
copious amounts of seeds available on the
market, the fact that this approach may di-
minish plant growth may be of negligible
consequence if the seedlings are separated
into individual containers at a relatively young
age. However, when growing rare cycad
species, every means by which a horticulturist
can improve plant health deserves consider-
ation (Calonje et al., 2010). For these rare
species, my results indicate sown seeds should
be provided with a germinating environment
that is devoid of close relatives.

An extreme example of an endangered
cycad species is Encephalartos woodii Sander,
a species only known from male plants col-
lected in one locality in South Africa in 1916
(Donaldson, 2010). Cloned individuals of
this cycad are highly valuable on the in-
ternational market and difficult to acquire.
Until more is learned about cycad root com-
munication and competition, gardens with
more than one E. woodii individual, or with
multiple cloned individuals from a single
genotype of any cycad species, may improve
plant growth by refraining from planting
the group of cloned individuals as close
neighbors.

Plants compete for nutrients by maximiz-
ing root length (Craine and Dybzinski, 2013;
Ostonen et al., 2007). This can be achieved
by producing thinner roots such that a fixed
amount of biomass generates increased root
length or by increasing deployment of bio-
mass to produce more root growth where
edaphic signals inform the plant to become
more competitive. In the context of this
study, specific root length was not influenced
by neighbor identity. However, roots of
C. edentata seedlings from a distant habitat
and roots of C. nitida seedlings informed these
C. edentata seedlings to deploy more biomass
for increasing root length in the vicinity of the
competitor’s roots.

Biomass allocated for root growth and
measured root length were not different in
compartments with half-sibs and compart-
ments with a close relative from a mother
located 53 m away but was increased in
compartments with a C. edentata seedling
from a mother located 130 km away. There-
fore, kin cooperation was extended beyond
the limits of the half-sib relationship within
the same habitat but not to the distant habitat.
With the exception of narrowly endemic spe-
cies, many cycad taxa can exhibit an extensive
native range (Norstog and Nicholls, 1997).
For example, C. edentata and C. nitida hab-
itats are located on many Philippine islands,
and open ocean or terrestrial environments
separate the areas of occupancy. These taxa
provide an opportunity to use a range of
distances from a target plant to determine
the distance to which kin cooperation is ex-
tended beyond the limits of the same habitat.
This knowledge would improve conservation
decisions in terms of which genotypes to
conserve and how to design the planting
layout for ex situ germplasm maintenance.

Fig. 3. The length of fine roots in each of two compartments for split-root Cycas edentata plants. Unshaded
bars represent roots in the compartment with half-sibling competitors. Shaded bars represent roots in
the second compartment in which competitive seedlings were a second half-sibling, a C. edentata from
the same habitat, a C. edentata from a different habitat, or a Cycas nitida. Means ± SE, n = 9.

Table 1. Plant traits of split-root Cycas edentata seedlings grown with one root compartment planted with
a half-sibling seedling and the second root compartment planted with a half-sibling, a C. edentata
seedling from the same habitat, a C. edentata seedling from a distant habitat, or a C. nitida seedling.z

Trait
Half-sibling
competitor

Same
habitat

competitor

Different
habitat

competitor

Different
species

competitor Significance

Stem ht (mm) 37 ± 2 36 ± 2 39 ± 2 48 ± 1 0.0006
Stem diam (mm) 32 ± 1 32 ± 2 32 ± 1 40 ± 1 0.0001
Leaves per plant 4.9 ± 0.2 4.7 ± 0.2 4.8 ± 0.3 5.7 ± 0.2 0.0260
Leaflets per leaf 11.3 ± 0.5 11.4 ± 0.8 12.8 ± 0.4 14.6 ± 0.4 0.0005
Leaf area (cm2) 679 ± 85 653 ± 97 807 ± 87 1305 ± 83 0.0001
Total dry wt (g) 14.9 ± 1.8 14.0 ± 1.6 19.5 ± 2.0 29.3 ± 1.4 0.0001
Length proportiony 0.95 ± 0.13 1.03 ± 0.18 1.69 ± 0.19 1.81 ± 0.09 0.0041
Dry wt proportionx 0.97 ± 0.11 0.93 ± 0.10 1.66 ± 0.18 1.78 ± 0.12 0.0001
zMean ± SE, n = 9.
yRoot length second compartment/half-sibling compartment.
xRoot dry wt second compartment/half-sibling compartment.
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Plants display a myriad of plastic responses
to improve performance during competition
for soil resources. Sophisticated detection of
neighbor root identity is the first step for
eliciting these plastic responses. This initial
cycad study confirmed neighbor identity rec-
ognition capability but provokes the need for
further research. For example, that root/shoot
biomass allocation was not influenced by the
treatments was a consequence of the split-
root approach in this pilot study. Although
the compartments containing non-relative
roots expressed overyielding of the target
plant’s roots, these same plants compensated
by decreasing root growth in the compart-
ments containing half-sibs. Direct competition
studies with unmanipulated paired seedlings
competing for limited soil resources would
generate results that would better determine
the true influence of neighbor identity on
root/shoot biomass allocation. Quantifying
soil-derived resources sequestered within
these competing plants would increase our
understanding of altruistic vs. selfish behav-
iors. Other potential issues for research in-
clude self vs. non-self root recognition,
clonal vs. sibling root recognition and com-
petition, and root exudates or volatile organic
chemicals that comprise the arsenal of tools
used for cycad root communication. Root
architecture is also responsive to the presence
of neighbor roots in a manner that is distinct
from biomass allocation (Nord et al., 2011);
therefore, determining root architecture re-
sponses to neighbor roots would also increase
our understanding of cycad root biology.
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