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Abstract

Chelonanthus alatus is a bat-pollinated, pioneer Gentianaceae that clusters in patches where still-standing, dried-out stems
are interspersed among live individuals. Flowers bear circum-floral nectaries (CFNs) that are attractive to ants, and seed
dispersal is both barochorous and anemochorous. Although, in this study, live individuals never sheltered ant colonies,
dried-out hollow stems - that can remain standing for 2 years - did. Workers from species nesting in dried-out stems as well
as from ground-nesting species exploited the CFNs of live C. alatus individuals in the same patches during the daytime, but
were absent at night (when bat pollination occurs) on 60.5% of the plants. By visiting the CFNs, the ants indirectly protect
the flowers - but not the plant foliage - from herbivorous insects. We show that this protection is provided mostly by species
nesting in dried-out stems, predominantly Pseudomyrmex gracilis. That dried-out stems remain standing for years and are
regularly replaced results in an opportunistic, but stable association where colonies are sheltered by one generation of dead
C. alatus while the live individuals nearby, belonging to the next generation, provide them with nectar; in turn, the ants
protect their flowers from herbivores. We suggest that the investment in wood by C. alatus individuals permitting still-
standing, dried-out stems to shelter ant colonies constitutes an extended phenotype because foraging workers protect the
flowers of live individuals in the same patch. Also, through this process these dried-out stems indirectly favor the
reproduction (and so the fitness) of the next generation including both their own offspring and that of their siblings, all
adding up to a potential case of inclusive fitness in plants.

* E-mail: alain.dejean@wanadoo.fr

Introduction

It is thought that ants were initially ground-dwelling predators
or scavengers and that they adopted an arboreal way of life with
the rise of angiosperms by the mid-Eocene ~50 million years ago
[1,2]. By preying on insects that they discovered on plant foliage
while they were foraging, the workers of ground-nesting species
probably constituted the first cases of biotic plant protection.
Later, tight evolutionary bonds developed between ants and
plants. In what is known as a facultative mutualism, plants induce
ants to patrol their foliage by producing energy-rich food rewards
such as extra-floral nectar (EFN) and food bodies (FBs), reserving
proteins for their own metabolism. By providing the ants the fuel
with which to patrol, the plants’ foliage is protected through the
ants’ predatory and territorial defense activities [3]. Myrmeco-
phytes, however, live in an obligatory association with only a small
number of plant-ants for which they provide a nesting place in pre-
existing cavities (domatia) in live plant organs, such as leaf pouches
and hollow stems or thorns, and frequently also food (i.e., EFN
and/or FBs). In return, plant-ants protect myrmecophytes from
several kinds of enemies, particularly defoliating insects [3].

As the basis of most food webs, plants have had to evolve
defensive strategies against herbivorous insects. These defenses
can be “constitutive’” through physical barriers and the con-
tinuous production of toxic compounds, or “induced” following
attacks by herbivorous insects that trigger the production of
defensive chemicals or the emission of volatiles that attract the
natural enemies of the attacking insects [4]. Among plant
defensive strategies, the biotic, indirect defense provided by ants
is of particular interest because herbivorous insects have rarely
developed counter-adaptations against ants [5,6]. Indeed, the
positive effects of biotic defense by ants on their host plant’s
fitness have been unambiguously shown through a meta-analysis
[7-9].

By concentrating ants on their crowns through the presence
there of domatia, myrmecophytes benefit from greater protection
if compared with plants bearing EFNs alone. This protection is
even better when myrmecophytes also bear only EFN and/or FBs
[7,10]. EFN production can be induced through herbivore
damage [6] and, in myrmecophytes, the induced recruitment of
nestmates by ants discovering a leaf wound suggests the presence
of an induced defense (induced response) [6,11].









Figure 3. A 4-year-old patch of Chelonanthus alatus showing individuals at different stages of development. Three individuals {3, b, c)
are dried out, seven others (1, 2 ..., 7) are in bloom, three more (&, B, ¥} have begun to grow, while the 31 remaining are seedlings with 4-to-6 leaves.

versus 0.30X0.01; df = 208; t = 9.24; P<<0.0001). Compared to the
diameters of plants that had recently died (Fig. 4A), dried-out, ant-
inhabited stems correspond to medium to large-sized C. alaius
individuals,

Of the 44 ant species inventoried during this study, as expected,
most are species characteristic of perturbed habitats. Among these
ants, none nested in live C. alafus individuals; six nested in the
hollow, above-ground parts of dried-out stems (predominantly
Preudomyrmex: gracilis found in 83 of the 114 inhabited, dried-out
stemns; 73%; Table 1) and 12 in the base (e.g., less than 5 cm high)
of these dried-out stems (mostly ground-nesting species with tiny
workers expanding their colony to the root area); 20 were recorded
in the surrounding plant foliage; and 26 were captured using pit-
fall traps. We noted low Serensen similarity indices between ant
species related to €. elatus and those recorded on adjacent trees or
captured using pit-fall traps (Table 1).

Ants visited the CFNs situated on the sepals from the beginning
of the formation of the buds until the formation of the fruits. They
also visited the surface of the nectaries situated externally at the tip
of each petal that are active only prior to the opening of the
flowers (Fig. 1B-C).

Five of the six ant species nesting in the above-ground parts of
the dried-out sters exploited the CFNs of live C. alafus in the same
patch, and therefore situated in the vicinity (namely, Camporotus
latangulus, Crematogaster sp.1, FPseudomyrmex ethicus, P. gracilis, and
Preudomyrmes sp.,gr pallidus). This was also the case for five of the 12
species nesting in the base of the dried-out stems (namely,
Brachymyrmex sp., Nylanderia sp. 1, Pheidole sp. 30, Pseudomyprmes
termztarius, and Wasmannia auropunctats) and for seven ground-
nesting species (namely, Camponotus blandus, Camponotus melanoticus,
Ectatomma  brunneum, Fetatomma tuberculatum, (igentiohs destructor,
FPheidole fallax, and Solenopsis saevisstms;, see also the Serensen
similarity index; Table 1). Camponotus blandus (Formicinae) and P.
gractlis (Pseudomyrmicinae) workers were the most numerous
diurnally, exploiting the CFNs of several C. alatus in all of the
patches, while the other 15 species recorded were much less
numerous. Nocturnally, the CFNs were exploited by only five
species of which Camponotus melanoticus pre-dominated (T'able 1). By
scoring the number of times the ants visited the CFNs per C. alaius

individual, we noted that during the daytime P. gracilis workers
were the most frequent, followed by C. blandus. At night, C.
melanoficus pre-dominated as previously noted, but 60.5% of the C.
alatus individuals were not visited by ants, which was unusual
during the daytime (Fig. 5).

We recorded between five and 30 dried-out €. alates sheltering
P. gracilis individuals per patch (10.38£8.4 on average), corre-
sponding to 82 and 411 workers, respectively (143+111 workers
per patch on average; 8 patches). In total, of the 83 dried-out stems
sheltering P. gracilis, four contained an incipient colony (ie., a
queen, up to 4 ‘small’ workers and breod), while the 79 others
sheltered 14.3+3.7 workers plus abundant brood; the queens were
present in only one to four dried-out stems per patch.

Plant protection

Observations conducted during 10 non-consecutive days on 98
live C. elatus individuals from eight patches revealed that the
inflorescences were attacked by cockroaches {diurnally in 60 cases;
nocturnally in 179 cases), and by curculionid and chrysomelid
beetles {diurnally in 25 cases; nocturnally in 23 cases). Adjusted to
the 12 h/12 h distribution of the nycthemeron, the number of
observations per day and the 10 days of observation, this
corresponds to a total of ca. 0.35 daily visits by defoliating insects
per inflorescence during the daytime and ca. 2.47 at night.

Of the more than 500 live C. alafs observed in total during
preliminary experiments and during this study, the foliage of only
one individual had been attacked by caterpillars. Concerning
hemipterans, colonization by Coccidae attended by Crematogaster
sp.2 workers was noted once, while other cases corresponded to
isolated individuals (Cicadellidae: four times; Fulgoridae: once;
Membracidae: twice).

We also conducted an experiment comparing C. alatus
individuals bearing flowers from unaltered patches (control) with
those from two experimental treatments. The first experimental
treatment corresponded to patches where we had tom out all of
the dried-out stems to eliminate their ant inhabitants, and so their
anti-defoliator activity. In the second experimental treatment, we
spread a ring of Tanglefcot® at the base of the plants to prevent
any ants from climbing up {including species nesting in the ground
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Figure 5. Ant visitation of Chelonanthus alatus. Mean (+=5D) number of C. alatus individuals visited by ants (or individuals not visited) for their
CFNs {98 plants surveyed; 10 non-consecutive days of observation), A: during the daytime (3 hours of observation per day during two periods; 10:00-
11:00 and 17:00-18:00). B; At night {one 2-hour period of observation per night: 23:00-01:00). Statistical comparisons. One-way analyses of variance
during the daytime: F=580.4; P<0.0001 and at night: F=414.5; P<0.0001; Newman-Keuls’ post-hoc tests: different letters indicate significant

differences at P<<0.05 between the daytime and at night.

which implies that genes are not involved in the legacy [44] (see
also the controversy on this subject in [45]).

Materials and Methods

Study site

This study was conducted between 2001 and 2010 in French
Guiana near the Petit Saut dam (5°03739"N, 53°02'36"W). Surveys
on the formation of the C. alatus patches and on the relationship
between stem diameter and plant height were conducted along the
last 15 km of the road leading to the dam, plus the areas of Keren Roch
and Base vie situated 0.4 km and 1 km from the dam, respectively.
The other surveys were conducted on individuals forming patches

along the dirt road leading to Crigue Plomb constituting a narrow,
cleared area situated in the middle of the rainforest.

The research undertaken meets all applicable standards for the
cthics of experimentation and research integrity.

Formation of Chelonanthus alatus patches

Between 2001 and 2002, we registered the formation of 15
new C. alatus patches in different, recently-cleared areas. In each
case, we noted the number of individuals and mapped them.
Then, we noted the fate of the formation of these patches over 6
years, recording three times a year the numbers of young
seedlings, individuals bearing flowers and still-standing, dried-
out stems.






compared the first two lots to know if still-standing, dried-out
stems are among the tallest and/or the widest; then the first and
the third lots to know if founding individuals are taller and have a
wider diameter than individuals chosen at random. Because the
first lot was compared twice, probabilities were adjusted using the
sequential Bonferroni procedure.

Ant diversity and activity

In order to know which ants species are present in eight C. alatus
patches (2.5-to-5 m X2 m) as well as in the surrounding vegetation
over a 2-m-wide area bordering each side of each patch, we did
the following. First, we placed five pit-fall traps in each patch for
24 h (a total of 40 pit-fall traps) as it has been demonstrated that
the data gathered through the use of 20 pit-fall traps is robust
enough to characterize a habitat in French Guiana. This method
also permits the comparison of sites whose habitat is disturbed to
different degrees (see [46]). We then conducted two periods of
observation during the daytime (10:00-11:00 and 17:00-18:00),
and another at night (23:00-01:00) for 10 non-consecutive days
(five observers). These periods of observation were chosen because
they correspond to the major periods of activity of diurnal and
nocturnal ant species, respectively, in this area (see [47,48]).

We also noted which ant species visited the CFNs of each C. alatus
plant. Finally, we collected the ants sheltering in the hollow stems of all
of the C. alatus from the eight patches, including dried-out individuals,
by cutting them at their base and putting each plant into a separate
plastic bag; we then transported everything to the laboratory.

We used the Serensen similarity index to compare the ant
species visiting different plants or patches because it gives low
weights to outlier values (see Table 1). In the Serensen similarity
index (QS=2C/A+B), A and B are the number of species
recorded in samples A and B, respectively, and C is the number of
species shared by the two samples.

We compared the number of C. alatus individuals visited
diurnally and nocturnally for their CFNs by the different ant
species using a one-way ANOVA followed by a Newman-Keuls
post-hoc test for multiple comparisons.

In order to know if ants nest randomly in the dried-out stems or
if they rather select wide individuals, using the unpaired t-test, we
also compared the diameter of 127 uninhabited stems with 83
others sheltering ants.

Voucher specimens of the ants were deposited in the Laboratério
de Mirmecologia (CPDG  collection, CEPEC-CEPLAC, Itabuna,
Bahia, Brazil).

Plant protection

We verified the impact of the ants on C. alatus flowers and leaves
by comparing the percentage of surface eaten by defoliating insects
for three groups of 30 C. alatus plants (5570 cm tall) bearing
flowers. The objective of the experiment was to eliminate the
possibility for ants to protect live C. alatus from defoliators through
their predatory and/or their territorial behavior. Our experimen-
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