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ABSTRACT

Mutualistic relationships between organisms have long captivated biologists, and extrafloral nectaries, or nectar-producing glands, found
on many plants are a good example. The nectar produced from these glands provides food for ants, which may defend the plant from
potential herbivores in turn. However, relatively little is known about their impact on the long-term growth and survival of plants that
produce them. To better understand the ecological significance of extrafloral nectaries, we examined their incidence on lowland tropical
rain forest trees in Yasuni' National Park in Amazonian Ecuador, and collated data from two other tropical lowland forest sites (Barro
Colorado Island, Panamd and Pasoh Forest Reserve, Malaysia). At Yasuni, extrafloral nectaries were found on 137 of 1123 species cen-
sused (12.2%), widely distributed among different angiosperm families. This rate of incidence is high but consistent with other tropical
locations. Furthermore, this study adds 18 new genera and two new families (Urticaceae and Caricaceae) to the list of taxa exhibiting
extrafloral nectaries. Using demographic data from long-term forest dynamics plots at each site, we compared the growth and mortality
rates of species with extrafloral nectaries to those without. After controlling for phylogeny, no general relationship between extrafloral
nectary presence and demographic rates could be detected, suggesting little demographic signal from any community-wide ecological

effects.

Abstract in Spanish is available with online material.
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TROPICAL FORESTS REPRESENT A FASCINATING YET INCREDIBLY COM-
PLEX WEB OF INTERACTIONS, the ecology of which, in many cases,
is still largely enigmatic, and the mechanisms that generate and
maintain the remarkable diversity of plants and animals found
within them remain a fundamental question in biology (Palmer
1994, Hubbell 2001, Wright 2002). While one suite of mecha-
nisms is purely stochastic in nature (eg, Hubbell 2001) many
other mechanisms depend on niche differences between species
to permit coexistence (Chesson 2000, Silvertown 2004). Niche
differences are driven primarily in response to selection pressures,
which in tropical forests include competition with neighbors for
(often very low levels of) light, nutrients, and water (Chapin ez a/.
1986, Denslow e al. 1987, Chazdon & Pearcy 1991), as well as
intense predation pressure from pests, pathogens, and herbivores
(Barone 2000, Novotny et al. 2010).

Herbivory represents a particulatly selective force, as up to
20 percent of plant net primary production may be consumed
each year (Agrawal 2011). In response, tropical rain forest trees

Received 22 January 2015; revision accepted 8 October 2015.

>Cortesponding authors; e-mail: andrewmuehleisen@yale.edu; simon.queenborough@,
yale.edu

© 2016 The Association for Tropical Biology and Conservation

have developed a myriad of defense mechanisms, from physical
(eg., spines, hairs; Hanley ez a/. 2007) to chemical (e.g, low nutri-
tion, toxic compounds; Feeny 1976, Levin & York 1978, Coley &
Barone 1996). Further, many plants have evolved mutualistic rela-
tionships with animals in an effort to deter herbivores. A com-
mon mutualism is with ants, and such ant—plant relationships
offer a considerable measure of defense from herbivory and can
have a positive impact on plant performance (Beattie 1985, Heil
& McKey 2003).

One such example of ant-plant mutualisms are extrafloral
nectaries (EFNs), which are nectar-producing glands found
outside of a plant’s flower, typically at the base of the leaf or on
the petiole, although their location can vary considerably on the
plant. EFNs vary in morphology, ranging from raised bowls or
bulbs to very small hairs and tissues (Elias 1983). The nectar pro-
duced by these glands serve as a food source, primarily for ants,
which are believed to provide protection to the plant in return,
by way of aggression toward intruding organisms including herbi-
vores (Bentley 1977a, Keeler 1977, 1989, Koptur 1992, Rosumek
et al. 2009). This form of ant protection can result in reduced
damage to both vegetative and reproductive parts, suggesting
improved plant performance and fitness (Koptur 1992, Oliveira
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1997). They ate also believed to indirectly facilitate increased spe-
ciation rates among clades that evolved EFNs by enabling
another axis of plant-animal interaction (Weber & Agrawal
2014). However, relatively little is known about the effect of
EFNs on the long-term performance of individual plants, or the
overall ecological impact at the population or community level.

Previous intensive surveys have determined the incidence of
EFNs on Barro Colorado Island, Panama (Schupp & Feener 1991)
and in the Pasoh Forest Reserve, Malaysia (Fiala & Linsenmair
1995). These studies provided an excellent picture of the disttibu-
tion of EFNs at these sites, and until recently wete the best data
available on the phylogenetic distribution of EFNs. However, new
work has drawn together all available data on EFN incidence cur-
rently known, to examine the phylogenetic distribution of EFNs
throughout the plant phylogeny (Weber & Keeler 2013). This study
found 1.0-1.8 percent of plant species had EFNs, distributed in
108 families, although the authors suggest that the unknown inci-
dence of EFNs may be as great as the their currently known inci-
dence (Weber & Keeler 2013), requiring further in-depth studies of
EFN incidence within and between plant communities.

In this study, we expand upon our prior understanding by
undertaking an intensive survey of EFN incidence of tree species
in an old growth Neotropical aseasonal lowland rain forest, an
environment that has not yet been studied for EFNs. We ana-
Iyzed the long-term demographic rates of tree species with and
without EFNs to eclucidate the ecological significance of this
defensive strategy. In a large permanent forest plot in Yasuni
National Park, Ecuador, we examined 928 species of tree for the
presence or absence of EFNs. We used published census data to
compare abundance, and growth and mortality rates of trees with
and without EFNs. Finally, we also used the results of published
surveys from BCI and Pasoh (Condit ¢ a/ 2000) to examine
how plant performance is related to EFN incidence at these sites,
such that a comparison of the phylogenetic distribution and
demographic rates related to EFN can be made at a wider scale.
If mutualism with ants, and EFNs in particular, provide a benefit,
we predict higher abundance and greater performance in species
with EFNs. Specifically, we asked the following questions: (1)
what is the incidence and phylogenetic distribution of extrafloral
nectaries on trees in a Neotropical lowland rain forest? (2) Do
tree species with extrafloral nectaries have greater abundance,
lower mortality and higher growth rates than tree species with-
out? (3) Are these patterns consistent across different biogeo-
graphic histories and forest types?

METHODS

Stupy sitEs.—We carried out fieldwork in Yasuni’ National Patk,
Ecuador, and used published data from Barro Colorado Island,
Panamd (Schupp & Feener 1991) and Pasoh Forest Reserve,
Malaysia (Fiala & Linsenmair 1995) on the incidence of EFN.
Yasuni National Park and adjacent Huaorani territory comptise
1,600,000 ha of largely pristine tropical lowland aseasonal rain
forest in eastern Ecuador (Finer ef a/ 2009, Bass e al 2010).
Yasuni Scientific Research Station, established and maintained by

the Pontificia Universidad Catdlica del Ecuador, is located in the
northwestern corner of the park, in terra firme, mature forest bor-
dering the Tiputini River. The research station maintains a 25-ha
Forest Dynamics Plot (FDP, 041" S, 7624’ W), which lies along
two smaller ridges dominated by red clays and separated by a valley
characterized by brown or gray alluvium (Valencia e/ a/ 2004). The
plot is extremely biologically diverse, with a described tree species
count of 1159 (Valencia ez a/ 2004). The climate at Yasunf is asea-
sonal, with an average annual rainfall of 2826 mm, with no month
receiving <100 mm of rainfall (Valencia ¢z a/. 2004).

Pasoh Forest Reserve, Malaysia is a 11,000 ha reserve situ-
ated in peninsular Malaysia. The 50-ha Forest Dynamics Plot sit-
uated within the reserve (258’ N, 10218" E) was established in
1986 and is maintained by the Forest Research Institute Malaysia.
The forest consists primatily of lowland mixed dipterocarp forest
and is surrounded by roughly 1000 ha of previously logged for-
est. The FDP at Pasoh has a tree diversity of around 814 species.
The climate at Pasoh is seasonal, with dips in precipitation in Jan-
uary—February and June—July, and an average annual rainfall of
1571 mm (Manokaran ef al. 2004).

Barro Colorado Island (BCI), Panama is a 1560 ha island
located in Gatun Lake, formed when the Panama Canal was
developed. The 50-ha Forest Dynamics Plot was established in
1980 and is maintained by the Smithsonian Tropical Research
Institute (STRI). The FDP is located near the center of BCI
(99" S, 7950" W) and consists primarily of lowland moist tropical
forest. There is a relatively high diversity of trees in the FDP,
with 321 different species of tree recorded. The climate at BCI is
seasonal, with a dry season lasting roughly from December to
April or May and an average annual rainfall of 2551 mm (Leigh
et al. 2004).

FIELD survEYs—We undertook a survey for incidence of extraflo-
ral nectaries on woody species at Yasuni in June—August 2012.
Species were censused in three ways. In the field, we searched
along trails within and around the FDP and found 787 species.
A further 141 rare species were found by searching for specific
individuals within the FDP. In this way, we examined a total of
928 species in the field (80% of the total 1159 species in the
FDP). For each species, we checked EFN incidence for one to
five saplings or small trees. The remaining 231 species that we
could not find in the field were checked from both dried speci-
mens in the field station herbarium and with Pennington ef al.
(2004). The herbarium was effective for those plants with obvi-
ous nectary structures (eg, Fabaceae), although dried structures
are much more difficult to identify than living structures.

Data on the incidence of extrafloral nectaries for tree species
from the other two sites were obtained from Schupp and Feener
(1991, BCI) and Fiala and Linsenmair (1995, Pasoh). We aug-
mented these data with additional information from Keeler
(2013), Croat (1978), Garwood and Tebbs (2009), and Soepadmo
et al. (1995-2000).

DemoGraPHIC DATA.—AL all three sites, identical methodology
was followed to establish large forest dynamics plots. All plots



were professionally surveyed, and within them every free-standing
woody stem >1 cm diameter at breast height (dbh, 1.3 m) are
mapped, marked, measured, and identified every 5 yr (Condit
1998). To date, three censuses have been cartried out at Yasuni,
seven at BCI and three at Pasoh. All demographic data can be
found at the Center for Tropical Forest Science website (http://
www.ctfs.si.edu).

From these census data, demographic rates have been calcu-
lated for each species (Condit ez 2/ 2006). Annual mortality (sur-
vival from one census to the next) and growth rates (diameter
increment) were determined using Bayesian hierarchical models.
Abundance and demographic rates were calculated for each species
for individuals in two size classes: 1-10 cm dbh and >10 cm dbh.
Size classes were maintained for analysis to separate demographic
trends between young/small trees and shrubs, and larger trees, as
nectar production tends to be more active for eatlier growth (Bent-
ley 1977a). For consistency, census years leading up to or closest to
the year 2000 were used. For each species, we also assigned growth
form defined by the maximum height they usually attain: shrubs
(<5 m), treelets (=5 and <10 m), mid-canopy trees (=10 and
<20 m), and tall-canopy trees (=20 m), following Valencia ef /.
(2004). Finally, the higher level taxonomy for each site was updated
to reflect the Angiosperm Phylogeny Group III (APG III) system
(Bremer ez al. 2009).

PHYLOGENY.—For each plot, we constructed a community phy-
logeny using Phylomatic 3 (Webb & Donoghue 2005), a software
utility that constructs a hypothesized phylogeny that includes the
angiosperm species (which may be members of a given habitat or
community) provided by the user. The relationships assigned to the
listed species are based on the dynamic angiosperm phylogeny
available online (Stevens 2001 onwards). Specifically, we used the
maximally resolved seed plant tree designated ‘R20120829, includ-
ing only taxa for which we had information on EFN incidence.
Branch lengths were assigned using the ‘bladj’ function in Phylo-
com 4.2 (Webb ez al. 2001-2009) based on the ages described in
Wikstrom ef al. (2001). We repeated the two demographic analyses
described above using a phylogenetic generalized least squares
(pgls) approach, to account for the non-independence of taxa with
a shared evolutionary history, using the ‘caper 0.5.2” package (Orme
et al. 2013; Queenborough ¢z al. 2009).

Dara anarLysis—For both size classes, we tested for differences
in /n-transformed tree abundance, using ANOVA. Then we tested
for differences in /r-transformed mortality rate and /s-trans-
formed diameter relative growth rate as a function of EFN pres-
ence, using ANOVA. Finally, to examine how EFN presence
related to the well-established growth-mortality trade-off in tropi-
cal trees (Swaine & Whitmore 1988, Welden ez a/ 1991, Brokaw
& Busing 2000), we included diameter relative growth rate as a
covariate in a model of mortality rate as a function of EFN pres-
ence for trees 1-10 cm dbh for each site.

We examined the distribution of EFNs on the community
phylogenies, using the ‘ape’ (Paradis e 2/ 2004) and ‘caper’
(Orme et al. 2012) packages for R. We used the function ‘phylo.d
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()’ to estimate the phylogenetic signal, D, of the binary trait
(EFN) on each phlyogeny (Fritz & Purvis 2010). This function
runs two simulations. First, trait values are randomly shuffled rel-
ative to the tips of the phylogeny, and a variable with random
association will have D & 1. Second, a continuous trait is evolved
along the phylogeny under a Brownian process and then con-
verted to a binary trait using a threshold that reproduces the rela-
tive prevalence of the observed trait. Here, a variable following a
Brownian model will have D & 0. Thus, values of D smaller
than O are phylogenetically more conserved than under a Brown-
ian model and values of D > 1 are phylogenetically overdis-
persed. All data analysis was completed in the statistics package
R v. 3.2.0 R Foundation for Statistical Computing, Vienna, Aus-
tria.

RESULTS

We surveyed shrub and tree species at three tropical forest sites
for extrafloral nectaries. At Yasuni, we censused 928 species of
1159 species on the FDP. At BCI, Schupp and Feener (1991) sur-
veyed 173 species, though only 127 of these are present on the
FDP (of 321 total). Using additional references, we added another
45 species with EFNs. At Pasoh, Fiala and Linsenmair (1995) sur-
veyed 729 of 814 species, and we added a further one from Kee-
ler (2013), and 16 from Soepadmo ez al (1995-2006). Thus, we
have a good sample of the species at each site, and most of the
unsurveyed species are rare. The species list with EFN presence
from our survey at Yasuni can be found in Table S1.

TAXONOMIC DISTRIBUTION.—At Yasuni, we found 137 species with
extrafloral nectaries (12.2% of the total 1159 species, Fig. S1).
These were distributed among 54 genera and 23 families. The
majority (66) of the species with EFNs were in the family Faba-
ceae (Fig. S2), largely thanks to the diversity of Inga (44 species)
at Yasuni, all of which have EFNs. Of all species with EFN, 68
percent were in the orders Fabales or Malpighiales. In addition,
we documented 18 new genera and two new families (Caricacae
and Urticaceae) with EFNs, expanding the global list of taxa with
EFNs (Keeler 2013).

At Pasoh, 85 (11.4%) of 814 species were found to have
EFNs (Fiala & Linsenmair 1995, plus additional data, Fig S1).
They were distributed among 42 genera and 16 families (Fig. S2).
Unlike Yasuni' and BCI, Pasoh exhibited a more even distribution
of EFN-bearing trees across different taxa. Euphorbiaceae, rather
than Fabaceae, contained the most species with EFNs (23 spe-
cies). Of all species with EFNs, 44 percent were in the order
Malpighiales, while the next most important order was Malvales
(16.5%).

At BCI, 67 (22.9%) of 293 species of tree had EFNs
(Schupp & Feener 1991, plus additions, Fig. S1). These species
were distributed among 48 genera and 25 families (Fig. S2).
Within the Fabaceae, 19 species had EFNs, also due largely to
the diversity of Inga (15 species). Similar to Yasunf, 55 petcent of
all species with EFNs were found within either the Fabales or
Malpighiales orders.
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Across all study sites, Yasuni and Pasoh were most similar
in their proportion of species with EFNs (12.2% in Yasuni
11.4% in Pasoh). BCI exhibited an incidence of species with
EFNs two times greater than Yasunf and Pasoh (22.9%, Fig. S1),
and at all taxonomic levels, BCI had greater proportions of plants
with EFNs than both Yasuni’ and Pasoh. However, BCI exhibited
<50 percent incidence of EFNs at the individual level compared
with the other study sites.

ABUNDANCE, AND GROWTH AND MORTALITY RATES.—Species varied
widely in their abundances, growth and mortality rates (Figs. 1
and 2). Species at BCI were on average two times more abundant
than species from Yasuni and Pasoh, reflecting the lower species
richness found at BCI. Demographic rates also tended to be
higher at BCIL.

In accordance with our prediction, species with EFN were
significantly more abundant than species without EFNs at Yasuni
(trees >10 cm dbh only, Table 1A iii, detailed test statistics can
be found in Table 1) and Pasoh (both size classes, Table 1A ix),
but this was not the case at BCI where trees with EFN were sig-
nificantly less abundant than trees without EFN (in the 1-10 cm
dbh size class only, Table 1A vi, Fig. 1A—C). At Yasunf, species
abundances for trees with EFNs were on average 12.5 percent
greater than those without. At Pasoh, these differences were even
greater, where those species with EFNs were 66 percent more
abundant than those without. In contrast, at BCI trees in the
small size class without EFNs were considerably more abundant.

Significantly greater growth rates were found in trees with
EFNs in each plot, although this differed with size class between
sites (Fig. 1D-F). At Yasunf, trees with EFNs in both size classes
had higher growth rates (Table 1A i): trees 1-10 cm dbh grew
on average 0.23 mm per mm per year more than species without
EFNSs, and trees >10 cm dbh grew on average 0.22 mm per mm
per year more. At Pasoh, trees 1-10 cm dbh with EFN grew on
average 0.08 mm per mm per year more than trees without
EFN (Table 1A vii). At BCI trees >10 cm dbh with EFN grew
0.31 mm per mm per year more on average (Table 1A iv).

Significantly higher mortality rates were found for species
with EFN in the both size classes at all three sites (Table 1A ii,
v, viif), aside from BCI where higher mortality rates were found
only in trees >10 cm dbh, Fig, 1G-I).

Furthermore, when we accounted for the relationship
between mortality and growth, species with EFN at Pasoh had
significantly higher mortality rates than species without (Fig 1).
There was no significant difference between species with EFN
and without EFN at Yasuni and BCL

GrowrH FORMS—The majority of species and individuals with
EFN at cach site were in the forest canopy (mid- or tall-canopy
trees, Fig. 3). Very few shrubs and understorey trees had EFN.

PHYLOGENY.—The phylogenetic distribution of EFN varied at
each site (Fig. S3). Values of D were significantly different from
one at all sites, suggesting that the evolution of EFN did not
follow a random phylogenetic structure. Instead, while values of

D at all sites were <0, they were not significantly so, implying a
model of Brownian evolution.

When we modeled demographic rates as a function of
EFN presence accounting for the phylogenetic relationships
among taxa, we found fewer differences between species with
and without EFN (Fig. 1), although this varied by rate. Differ-
ences in abundance were maintained at Pasoh (Table 1B ix)
and BCI (1-10 cm, Table 1B vi), but all significant differences
in growth rates were not significant under the phylogenetic
model (Fig. 1 D-F), and most differences disappeared for
mortality (Fig. 1G=I). Moreover, in all cases, even when a sig-
nificant difference was found, the absolute difference decreased,
with coefficients for taxa with and without EFN estimated as
much more similar than for the non-phylogenetic analyses.
Similarly, when we modeled mortality as a function of growth
rates and EFN incidence, the phylogenetic analysis dampened
overall differences in demographic rates (Fig. 2). Furthermore,
when we excluded dominant taxa with EFN from these mod-
els (Fabaceaec from Yasuni and BCI, Euphorbiaceae from
Pasoh, see Figs. S2 and 4), most significant differences in
demographic rates between taxa with and without EFN also
disappeared (Fig 4), suggesting that the differences found in
the original non-phylogenetically corrected analyses were driven
by these two families.

DISCUSSION

From an intensive field survey of 928 tree and shrub species in
an Amazonian lowland tropical rain forest and outside references,
we documented 137 species with extrafloral nectaries, 104 of
which had not previously been recorded as possessing EFNs.
Comparing Yasuni with two other intensive survey sites, we
found that the distribution of EFNs across taxa was consistent
between Yasuni' and Pasoh, and broader at BCIL. The reverse was
found to be true in terms of total EFN presence on individuals
at each plot. Species with EFNs appeared to be more successful
ecologically at Yasuni and Pasoh, having higher abundances than
species without EFNs, while at BCI the opposite was true. How-
ever, after controlling for phylogenetic relatedness, few significant
correlations between EFN presence and plant performance were
detected. Tree species with EFNs showed higher growth and
mortality rates compared to those without EFNs at all three sites,
but this was likely driven by clustering of EFNs in specific clades
such as Fabaceae and Euphorbiaceae.

TAXONOMIC DISTRIBUTION AT YASUNI—This study adds 18 new
genera and two new families (Caricacae and Urticaceae; Table S1)
to the list of taxa exhibiting EFNs. This increases the global
number of families with EFNs to 110, 19 of which are found at
Yasuni. The family with the most number of EFNs at Yasunf
was Fabaceae, which is also true globally. However, the family
Euphorbiaceae had the second highest incidence of EFNs at
Yasunf, which stands in contrast to global patterns which show
Passifloraceaec and Malvaceae as second and third, respectively.
Only one species of Malvaceac had nectaries at Yasuni, while
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FIGURE 1. Abundance (A, B, C), and growth (D, E, F) and mortality (G, H, ) rates as a function of EFN presence (+) and absence (=) in shrub and tree species in

three tropical forest sites. Points are mean values split into two size classes: trees 1-10 cm dbh (circles), and trees >10 cm dbh (squares), each size class connected by

dashed lines. Black lines and symbols indicate a ‘tips” analysis where all species were treated as independent; gray lines and symbols indicate a phylogenetic generalized

least squares model, where the phylogenetic signal of extrafloral nectaries and demographic rates was accounted for. Filled symbols indicate statistical difference species
with nectaries (tEFN) from those without (=EFN) (ANOVA, P < 0.05). Error bars show SE (abundance) or 95% Cls (growth and mortality).

there were none from Passifloraceae (although we did not survey
any vines and lianas, the predominant growth form of Passiflo-
raceae). The presence of EFNs at Yasuni was much greater than
the currently known worldwide incidence (12.2% at Yasuni, com-
pated to ¢a 1.5% of all flowering plant species worldwide, Weber
& Keeler 2013).

TAXONOMIC DISTRIBUTION BETWEEN SITES.—AIll three locations
exhibited faitly equivalent distribution of EFNs across taxa, with
BCI representing the greatest breadth of distribution, and the
least negative phylogenetic signal. Oddly, BCI also exhibited the
lowest total number of individuals with EFNs, despite the wide

taxonomic distribution and greater number of species relative to
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rates was accounted for. Each point represents the mean demographic rates of a species. Lines are fitted regression lines from ANCOVAs with different intercepts

and slopes. BCI lines for species without EFNs are overlapped by the species line with EFNs (solid line).

Pasoh and Yasuni. Pasoh, which overall had the smallest phyloge-
netic distribution and species count of those trees with EFNs,
had the greatest number of individuals with nectaries. This result
may in part be because many dipterocarps, the dominant family
in SE Asian forests, have EFNs.

In Yasuni, BCI and Pasoh, the orders Fabales and Malpigh-
iales were well represented by species with EFNs, with at least 10
species with EFN being found in each order. Unlike in BCI and
Yasuni, the orders Ericales and Malvales were also found to have
at least ten species with EFNs in Pasoh. As such, despite an
overall smaller distribution of EFNs across orders in Pasoh (30%
in Pasoh, as opposed to 43% at Yasuni and 50% at BCI), more
families were well represented by species with EFNs. BCI and
Yasuni, then, have a thinner distribution of EFNs across orders.

This is generally the case for families as well, as those orders with
many EFN-bearing species in Pasoh are this way due to particu-
larly ~ well-represented  families (Dipterocarpaceae, Ebenaceae,
Euphorbiaceae, and Fabaceae). This, in large part, reflects the dif-
ferent floristic composition of Paleo versus Neotropical forests

(Gentry 1993).

GEOGRAPHIC DISTRIBUTION.—An increase in EFN presence as lati-
tude decreases has been noted previously (Pemberton 1998), but
it is also informative to examine how EFN distribution changes
across different habitat types at similar latitudes. Yasuni and
Pasoh, which are two lowland tropical rain forests at comparable
latitudes, are very similar in their incidence of EFNs, suggesting
little difference in distribution patterns between the Neotropics
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TABLE 1. Summary results of models of log diameter growth rate, population mortality rate, and population abundance as a function of extrafloral nectary (EFIN) incidence (£)

Jor populations of tropical forest trees in three large forest dynamics plots, for both phylogenetically corrected and uncorrected data and two size classes of tree (1—10 cm dbh

and >10 cm dbb).

1-10 cm dbh >10 cm dbh
—EFN +EFN —EFN +EFN
mean £ SE mean £+ SE df t P mean £+ SE mean £ SE df t P
A. No Phylogenetic Information
Yasuni i. Growth 0.50 4+ 0.01 0.62 £+ 0.04 914 3.95 <0.001 —0.44 £ 0.02 —0.22 + 0.06 726 5.27 <0.001
ii. Mortality 0.44 £+ 0.02 0.62 £+ 0.08 989 291 <0.01 0.26 £ 0.02 0.45 £+ 0.06 771 4.58 <0.001
iii. Abundance 1.07 + 0.03 1.01 £ 0.12 1080 —0.67 0.5 0.29 £+ 0.01 0.38 £ 0.06 1080 2.22 0.026
BCI iv. Growth 0.68 £+ 0.03 0.68 £+ 0.09 236 0.01 0.99 —0.42 £ 0.04 —0.18 £ 0.12 203 2.81 <0.01
v. Mortality 1.18 + 0.06 1.40 + 0.19 263 1.76 0.08 0.63 £ 0.04 0.82 £ 0.12 212 2.33 0.021
vi. Abundance 1.36 + 0.09 0.87 £ 0.28 291 —2.65 <0.01 0.52 £ 0.05 0.44 £ 0.15 291 —0.86 0.39
Pasoh vii. Growth 0.43 £+ 0.01 0.49 £ 0.03 655 3.47 <0.001 —0.56 £ 0.01 —0.50 £ 0.05 565 1.48 0.14
viil. Mortality 0.48 £+ 0.02 0.70 £ 0.08 667 3.43 <0.001 0.56 £+ 0.01 0.64 £ 0.05 576 2.02 0.044
ix. Abundance 1.26 + 0.04 1.68 + 0.18 740 3.36 <0.001 0.37 £ 0.02 0.60 £ 0.07 740 4.19 <0.001
B. Phylogenetic Correction
Yasuni i. Growth 0.41 £+ 0.23 0.50 £ 0.28 767 1.83 0.067 —0.48 £ 0.37 —0.44 £ 045 612 0.45 0.66
ii. Mortality 0.50 £ 0.49 0.64 £ 0.59 816 1.37 0.17 0.35 £ 0.35 0.64 £ 0.44 652 3.29 <0.01
iii. Abundance 1.26 + 0.81 0.95 £+ 0.98 863 —1.85 0.065 0.28 £+ 0.37 0.26 £ 0.45 863 —0.35 0.73
BCI iv. Growth 0.68 + 0.26 0.65 £ 0.33 235 —0.43 0.67 —0.41 £ 0.41 —0.36 £+ 0.52 203 0.48 0.63
v. Mortality 1.08 + 0.54 1.07 £+ 0.69 262 —0.06 0.95 0.50 £ 0.36 0.49 £ 0.46 212 —0.09 0.93
vi. Abundance 1.24 + 1.11 0.77 £ 1.34 289 —2.02 0.044 0.64 £ 0.57 0.53 £ 0.69 289 —0.88 0.38
Pasoh vii. Growth 0.41 4+ 0.12 0.41 £ 0.14 655 —0.01 0.99 —0.61 £+ 0.24 —0.65 £ 0.29 565 —0.93 0.35
viil. Mortality 0.60 £ 0.37 0.77 £ 0.45 667 2.27 0.024 0.53 £+ 0.28 0.54 £+ 0.34 576 0.3 0.77
ix. Abundance 1.01 + 091 1.56 £+ 1.08 740 3.14 <0.01 0.23 £ 0.38 0.43 £ 0.45 740 2.73 <0.01
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FIGURE 3. Proportion of species and total individuals with EFNs across varying growth classes at three tropical forest sites. Each proportion is out of the total

number of species or individuals bearing EFNs.

and Paleotropics, as represented by these two sites. The slightly

higher incidence in the Neotropics may be attributed to the
greater diversity of Fabaceae found there (Gentry 1993).
Within the Neotropics, the Brazilian Cerrado savanna vege-

tation has also been surveyed for the presence of EFNs. An inci-

dence of about 17 percent of woody plants with EFNs was

found in the Cerrados, which are considerably drier and more

open than rain forest (Oliveira & Leito-Filho 1987). Perhaps, the
greater presence of EFNs found in the Cerrado indicates that

ant—plant interactions ate stronger in this type of habitat, or that

the cost of producing EFNs is lower because of the higher light
availability and less light-limitation of photosynthesis in this habi-
tat (Graham e a/. 2003). Further work in understanding the dif-
ferences in ant diversity and presence between these two habitats
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cies in three tropical forest sites. Points are mean values split into two size classes: trees 1-10 cm dbh (circles), and trees >10 cm dbh (squares), each size class

connected by dashed lines. Black lines and symbols indicate a ‘tips’ analysis where all species were treated as independent; gray lines and symbols indicate the

same analysis but with the family Fabaceae excluded for Yasuni and BCI, and Euphorbiaceae excluded for Pasoh. Filled symbols indicate statistical difference spe-

cies with nectaries (+EFN) from those without (—EFN) (ANOVA, P < 0.05).

may better inform our understanding of this mutualism across

geographically similar habitats.

GROWTH FORMS.—An increase in proportion of species with
EFNs as growth form size increases may indicate that the pres-

ence of EFNs more effectively deters herbivory in taller canopy
trees compared with shorter understory shrubs and trees. This
interpretation assumes that EFN nectar production is consistent
across tree life stages, which is unlikely—seedlings, saplings, and
the young leaves of mature trees frequently have more active



nectar production than old leaves. If nectar production is only
relevant at eatly life-history stages such as seedlings, when size
across growth forms is homogenous, then there should be no
interaction between growth form and EFN presence. However,
because EFNs were more prevalent in mid-canopy and tall trees,
it is possible that their adaptive value persists at older life stages.
This trend may also suggest that only species with access to high
light availability have the resources available to produce nectar
for ants. Better understanding the significance of EFNs on seed-
lings and saplings as well as nectar production patterns through
leaf ontogeny may help explain this observation.

ABUNDANCE.—Differences in abundance largely dissipated in the
Neotropical locations after analyses corrected for phylogeny, but
persisted at Pasoh because of the high abundances of Diptero-
carpaceae (both with and without EFN). The families Fabaceae,
Euphorbiaceae, and Dipterocarpaceae are all dominant and spe-
ciose families in tropical lowland forests, with a wide variety of
ecological strategies.

ECOLOGICAL SIGNIFICANCE OF EXTRAFLORAL NECTARIES.—We corre-
lated the presence of EFNs with demogtraphic rates, such as
growth and mortality, in an attempt to detect a signal of the
impact that EFNs have in tropical forest communities. Differ-
ences were found, with EFN-bearing species exhibiting higher
growth and mortality rates, but these differences largely disap-
peated after accounting for phylogenetic relatedness, indicating
that these patterns are driven primarily by a few EFN-bearing
clades. This is certainly the case in Yasuni and BCI, where Faba-
ceae likely drives these differences, as some of its diverse EFN-
bearing genera, eg, Inga, are also known to exhibit fast growing,
short-lived life-history strategies. Indeed, when Fabaceae was
removed from the original analysis, differences in growth rates
disappeared at Yasuni and BCI. Differences in mortality rates
when removing Fabaceae did not track phylogenetically corrected
results, however, and no single family could completely explain
the differences. Further, changes in mortality differences follow-
ing phylogenetic correction were relatively small, thus making it
difficult to pinpoint the taxa primarily driving these differences.
Regardless, Fabaceae is largely responsible for differences in
growth at these sites, while affirming that a small increase in
mortality rates at Yasuni persists in EFN-bearing species after
accounting for phylogeny. Phylogenetically driven differences in
demographic rates at Pasoh were primarily due to Euphorbiaceae,
the family with the most EFN-bearing species, as both growth
and mortality differences disappeared when removed from the
‘tips’ analysis.

Thus, while there appears to be little direct correlation
between EFN incidence and the ecological performance of trees
>1 c¢m dbh, EFNs are more common in dominant, speciose fam-
ilies such as Fabaceae, Euphorbiaceae, and Dipterocarpaceae, sug-
gesting a long-term evolutionary effect. Recent work has shown
that EFN presence tends to increase diversification rates within
clades (Weber & Agrawal 2014), a trend supported in Yasuni and
BCI, where Fabaceae contributed the greatest EFN-bearing and
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total species diversity at each site. However, EFNs are absent
from the four most speciose families in Pasoh, but are nonethe-
less common in Euphorbiaceae and Dipterocarpaceae, both
highly abundant families. There is evidence by association, then,
that EFN presence may be related to the evolutionary success of
these clades. Furthermore, this evolutionary success must have
some basis in ecological success: Given that the structure of trop-
ical tree communities is generally well-established by the time
trees are large enough to be included in these plot censuses
(1 cm dbh, Baldeck ez a/ 2013), important processes must occur
during earlier life stages undocumented in this study, such as the
effect of EFN on the performance of seedlings and saplings.

CONCLUSIONS

We determined the phylogenetic distribution of extrafloral nec-
taries in a comprehensive survey of tree species in an aseasonal
lowland rain forest in Ecuador, and compared this to previous
surveys in lowland semi-deciduous moist forest in Panamd and
lowland seasonal rain forest in Malaysia. A significant correlation
of EFN presence with tree performance was not robust to phylo-
genetic correction, suggesting that EFNs occur and have ecologi-
cal effects within a limited array of taxa. These taxa are some of
the most abundant and speciose families in tropical lowland for-
ests, suggesting an effect of EFNs on speciation and diversifica-
tion that may be based in increased fitness of seedlings rather
than established trees. Thus, the significant role of extrafloral nec-
taries and plant defense mechanisms in general in determining
forest structure and composition may be played out over longer
time-scales than current demographic data can inform.
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