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ABSTRACT (350 words)

1.

Information on direct and indirect drivers of the temporal variation of ant-plant interactions is still
scarce, compromising our ability to predict the functioning of these interactions at ecological and
evolutionary timescales.

Here we explicitly investigated the roles of precipitation, ant activity, abundance of young plant tissues
bearing extrafloral nectaries (EFNs), and EFN phenotypes in the establishment of ant-plant interactions
throughout the year at a site in Amazonia, Brazil. We hypothesized that the frequency of ant-plant
interactions follows a predictable seasonal pattern, being higher in wetter periods, during which plants
invest more in the production of new plant tissues bearing EFNs, ultimately promoting ant attendance.
We surveyed and tagged every understory Bignonieae plant rooted inside 28 500-m? plots, recording
ant-EFN interactions on each plant five times throughout the year. We also sampled ants with honey
baits to estimate temporal variation in ant activity.

The proportion of plants tended by ants in each plot was higher in drier months. Ant attendance was
indirectly and negatively related to precipitation, which was attributed to a decrease in the proportion
of plants producing new plant tissue bearing extrafloral nectaries during the wetter period.
Additionally, variation in ant activity did not explain temporal patterns of plant attendance. At the plant
level, ant attendance was positively and strongly related to the number of recently formed shoot nodes,
and ants almost never attended plants with few or none young tissues. Among the twelve most
abundant Bignonieae species, the amount of young tissues was the most important predictor of ant
attendance, secondarily explained by the EFN secretory area per plant node.

Synthesis. Our results highlight that seasonal variation in the production of new plant tissues bearing
EFNs is the primary driver of the temporal patterns of EFN-plant attendance by ants in this system.
Contrary to our expectations, production of new plant tissue is intensified in the drier months of the
year, boosting the frequency of interactions between ants and EFN-bearing plants. These results
highlight the role of plant phenology in the remarkable variation encountered in ant visitation to EFNs

in both space and time.

KEYWORDS: Ant-plant interactions, ecological interactions, herbivory, indirect defence, plant-herbivore

interactions, mutualism, tropical rainforest.
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INTRODUCTION

In recent decades, it has become increasingly clear that mutualistic interactions are
highly variable across time and space (Bronstein, 2015). Several studies have highlighted
remarkable variation in the frequency of interactions between species pairs in different
habitats, both within and across years (e.g., Horvitz & Schemske, 1990; Di Giusto et al.,
2001; Burns, 2004; Olesen et al., 2008; Carnicer et al., 2009; Heath et al., 2010). The sign
and magnitude of the outcome of such interactions also vary widely over spatial and temporal
gradients (Chamberlain et al., 2014; Hoeksema & Bruna, 2015). Identifying factors driving
such variation is a fundamental step towards an improved understanding of the ecological and
evolutionary processes that shape mutualisms. However, most studies have focused on the
spatial drivers of such variability, relatively neglecting the role of the temporal drivers and
compromising the general understanding of how these interactions function at different time
scales.

Interactions between ants and plants bearing extrafloral nectaries (EFNs) are good
examples of mutualistic interactions that vary across both temporal and spatial scales
(Bronstein 1998, Rico-Gray & Oliveira 2007). In such interactions, plants secret nectar from
glands located outside of flowers that are highly attractive to ants. These ants forage on the
plants, repelling or consuming potential herbivores (Marazzi et al., 2013). In these systems,
plant investment in the production of extrafloral nectar generally decreases as EFNs age, with
more active nectaries being found on younger plant tissues (Bentley 1977, Rico-Gray &
Oliveira 2007), eventually ceasing secretion as they senesce (Dreisig, 2000). As the
production of new plant tissues occurs in brief intervals throughout the year (Fenner, 1998),
we should expect ant-plant interactions to vary over time in response to plant phenology.
Indeed, ecologists have long used the age of plant parts as a criterion for when to study ant-

EFN interactions (e.g. Di Giusto et al., 2001, Nogueira et al., 2015), suggesting that the
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initiation of new plant tissues can be a major factor regulating ant-plant-herbivore
interactions through time.

In tropical forests around the world, temporal patterns of water uptake determine
biological cycles of several organisms, including plants (Chaves et al., 2002; Zeppel et al.,
2014). Temporal patterns of water uptake may also predict temporal patterns of interaction
between ants and plants bearing EFNs. In general, the frequency of ant-plant interactions
mediated by EFNs is higher in wet than dry seasons (e.g. Rico-Gray, 1993; Dias-Castelazo &
Rico Gray, 2004; Belchior et al., 2016). Although seasonal variation in water uptake can
partially explain such patterns, the proximate causes of the establishment of ant-plant
interactions seem related to the variation of plant resource availability and ant consumer
densities (Holland et al., 2005). Therefore, it is possible that the production of new EFN
bearing plant tissue, and, complementarily, local ant densities, can be the two major factors
regulating the temporal patterns of ant-plant-herbivore interactions throughout tropical
ecosystems.

Here, we investigated temporal patterns of ant-plant interactions and their direct and
indirect drivers in a site within the Amazon rainforest. Since abiotic factors such as water
availability could lead to temporal variation in the production of new plant tissues, including
the initiation of EFNs on the youngest plant parts (Wickers & Bonifay, 2004), we
hypothesised that ant attendance on EFNs would follow a predictable temporal pattern, being
higher during wetter periods when plants invest more resources in the production of new
tissues. At the community level, such an increase in ant visitation to EFNs might be driven
either by an increase in EFN availability or by an increase in the local ant activity over time.
Hence, we explicitly evaluated if variation in ant-plant interactions resulted from temporal
variation in patterns of ant activity, from the temporal availability of young EFN-bearing

tissues, or both. If the availability of young EFN-bearing tissues predicts patterns of ant-plant
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interactions at the community level, we also hypothesised that at the plant level, the
probability of an individual plant being attended by ants could also be explained by the
abundance of young tissues bearing active EFNs. To evaluate our hypotheses, we used a
species-rich plant clade that is abundant throughout the Amazon rainforest, the tribe
Bignonieae (Bignoniaceae) (Lohmann, 2006). Bignonieae have nectar-secreting trichomes on
younger plant tissues that function as EFNs (Nogueira et al., 2012a,b). These EFNs are
highly variable in abundance across species (Nogueira et al., 2013), and this variation was

also explicitly considered in tests of our hypotheses.

MATERIALS AND METHODS
Study site

We carried out this study at the Reserva Florestal Adolpho Ducke (Ducke Reserve)
located 26 km northwest of Manaus, Amazonas State (Brazil). This site characterised by a
mean annual temperature of ~26 °C and an annual rainfall of 2400 mm (Ribeiro et al., 1999).
The peak of the wet season is January-March, when rainfall averages > 300 mm per month;
the peak of the dry season is July-September, when rainfall averages < 100 mm per month
(Marques-Filho et al., 1981). The Ducke Reserve is covered by a terra-firme tropical
rainforest with vegetation characterised by a closed canopy and diverse understory species
with abundant subterranean-stemmed palms. The soils represent a continuum from clayey

latosols on the ridges becoming sandier as the altitude decreases (Chauvel et al., 1987).

Plant system and young tissues bearing secretory extrafloral nectaries
We choose the Bignonieae plants as our model group, a species-rich lineage of
neotropical lianas that bear EFNs on vegetative plant parts (Lohmann, 2006). These EFNs

attract ants capable of excluding herbivores on plants (e.g. Nogueira et al., 2012a, 2015). In
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Bignonieae, EFNs are nectar-secreting trichomes derived from the differentiation of
epidermal cells after primary growth. These secreting trichomes occur in clusters on the
interpetiolar region of stems, in the prophylls of axillary buds, and leaflet bases (Seibert,
1948, Nogueira et al., 2012b; Fig. 1). In the field, clusters of active EFNs can be recognised
as yellowish-green and turgid structures secreting crystalline and viscous nectar (Nogueira et
al.,, 20125, 2013).

Although EFN structure varies among vegetative plant parts in Bignonieae species,
EFNs are generally organised in subunits or modules composed by a recently formed shoot
node with four tiny prophylls and two opposite leaves (Nogueira et al., 20125). The number
of new modules can be easily recognised in the field, representing a good descriptor of the
amount of young plant tissue within each individual. The young tissues are bright green,
recently formed shoots, lacking development of secondary tissues, and with incompletely
expanded leaves (Nogueira et al., 2012a,b; 2015). Therefore, individual plants can be
characterised by zero to multiple new modules of young tissues on the aboveground plant
body, depending on the phenological stage of the plant.

Plants produce new tissues in pulses over time (see Introduction), and Bignonieae
plants, in particular, can produce zero to many new modules bearing secretory EFNs each
year. Therefore, variation in EFN availability among plants can be generated by variation in
the production of new modules per plant (the amount of young tissues) or by variation in the
number/area of EFNs per module (see Nogueira et al., 2012b; 2013 for detailed
morphological descriptions of EFNs of 108 Bignonieae species). As our general hypothesis
predicts that availability of EFNs is the main factor driving the seasonally of the ant-plant
interactions, we explicitly explored both aspects of plant phenotype, investigating the impact
of the amount of young tissues and the secretory area of EFNs on ant-plant interactions over

time. Specifically, we evaluated if the temporal variation in the production of new plant
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tissues would drive temporal patterns of ant-plant interactions at the community level (per
plot) and individual level (i.e. probability of each plant being tended by ants). Additionally,
we evaluated if the probability of individual plants being tended by ants would be driven by

the secretory area of EFNs in each recently formed shoot node.

Sampling design and plant descriptors

We systematically established 28 plots over a 9 km” grid, formed by long trails
crossing north-south and west-east within the Ducke Reserve. Plots were 500 m* (50 x 10 m)
and located at least 500 m from each other. We surveyed and tagged individual plants of
Bignonieae rooted inside the plot whose diameter at 30 cm from the rooting point (D3ocm) Was
> 0.5 cm and whose vertical height was < 3 m. Our sampling only included juvenile non-
reproductive individuals occurring in the understory. We focused on this group of plants
because they tend to be more visited by herbivores (A. Nogueira, pers. obs.) and less tolerant
of herbivore damage (Boege et al., 2007; Ochoa-Lopez et al., 2015), exhibiting stronger anti-
herbivore responses in comparison to older reproductive plants. Plants > 3 m in height not
included in our sampling represented < 5% of Bignonieae individuals per plot and were either
reproductive lianas that access the canopy or emergent trees above the canopy.

We carried out five surveys on each tagged plant in each plot: October 2012 (Survey
1), November-December 2012 (Surveys 2 and 3), February 2013 (Survey 4), and May 2013
(Survey 5). In Survey 1, we recorded Dsocm, length of the main stem, number of leaves and
number of recently formed shoot nodes of each tagged plant. In subsequent Survey 2, 3 and
4, we also measured the number of recently formed shoot nodes in each tagged plant. In the
final survey (Survey 5), we measured again all plant descriptors measured in the survey 1.
We measured the Dsoem of each plant and the length of the main plant stem with callipers and

a tape measure, respectively.
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Ant sampling

Before characterizing the abundance of ants attending EFNs, we first checked
whether diurnal observations alone could be a good proxy of 24-hour ant visitation patterns.
On a subset of 20 randomly selected plants, we performed ant censuses between 08:00 AM to
10:00 PM. Approximately 80 % of the plants had the same ant species attending the EFNs
during the day and night (Table S1). It suggests that observations taken during the day can
represent the temporal patterns of ant-plant interactions over 24h. Therefore, we performed
our censuses in all tagged plants from each plot between 8:00 AM and 5:00 PM on each of
the five censuses.

In each of the five surveys, we inspected each tagged plant for 10 min to identify
whether ants were visiting the active EFNs. Some tagged plants were small, with only 10
leaves. In these cases, we reduced the period of observation by 5 min, as that was sufficient
to count all ants visiting the EFNs on the entire plant. We counted the total number of ants
patrolling the entire plant in four of the five surveys, but not in the first, in which only
presence-absence data were collected.

In Surveys 2, 3, 4 and 5, we used honey baits to estimate the ant activity on each plot
over time. To accomplish this, we added ~1 ml of 50 % water-diluted honey in baits available
in 2 ml Eppendorf tubes positioned on plants at 0.6-1.5 m height. This procedure allowed us
to estimate local ant activity with a standardized resource independent of the natural
availability of extrafloral nectar. We systematically distributed 10 honey baits (one per plant)
within each plot. We disposed one bait on the surface of five randomly chosen Bignonieae
plants lacking young tissues with active EFNs, and on the surface of the closest five non-
Bignonieae species lacking EFNs. We did not observe differences in the patterns of ant
attendance of baits located on Bignonieae and non-Bignonieae plants (Figure S1). Hence, we

did not consider it separately in our analyses. We also inspected the baited plants to make
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sure that no other sugar resources that could interfere with ant activity were present (e.g.,
honeydew-secreting insects). We collected all ants visiting the baits after 80-90 min of
observation. Subsequently, all ants from surveys and baits were counted and identified in the
laboratory. Ant species were classified as dominant or subordinate based on Baccaro et al.
(2010). We categorized our ant species in these groups to assess the potential quality of anti-
herbivore defence provided by the ants tending plants over time. Dominant ant species
rapidly recruit workers that can displace other ant species from resources, allowing them to
monopolize food sources (Parr 2008). These species tend to be more aggressive towards
possible herbivores, being considered better bodyguards to plants bearing EFNs than the

subordinate ants (Xu & Cheng 2010).

Statistical analyses

To investigate the period of the year in which ant-plant interactions in the understory
are most frequent, we performed a generalized linear mixed model (GLMM) with the
proportion of tagged plants attended by ants in each plot as our response variable, and the
survey month as the fixed categorical factor. We also explored the temporal pattern of young
tissue production and of ant activity using additional GLMMs. Response variables in those
cases were the proportion of plants with young tissues and the proportion of honey baits
occupied by ants in each survey, respectively. In all analyses, we used the binomial error
distribution in which the response variables were treated as the number of failures (i.e., plants
not attended by ants) and successes (i.e., plants attended by ants) as a two-vector response
variable, as suggested by Crawley (2007). Plot identity was included in the models as a
random variable. Temporal patterns would be consistent with our hypothesis if wetter
periods, in which ant attendance to EFNs is higher matched the periods in which plants invest

more in the production of new tissues bearing extrafloral nectaries.
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Since survey date cannot be considered the causal factor explaining variation in ant-
plant interactions throughout the year, we also constructed a structural model expressed as a
direct acyclic graph to relate our three variables (i.e., proportion of plants with young tissues,
proportion of honey baits occupied by ants, and proportion of plants tended by ants per plot at
each survey date) to seasonal variation of precipitation. The multivariate causal model
according to our hypothesis incorporates precipitation, potentially determining local ant
availability, and/or the number of plants producing new tissues but does not directly
incorporate ant-plant interactions. Precipitation was expressed as the proportion of days with
rain in the month before each survey. We used this measure of water availability because it
describes more accurately how rainfall is distributed over the days before each sampling than
measures of total accumulation of rainfall. Independently of the precipitation pattern, our
main objective here was to evaluate if patterns of EFN attendance over the year would be
better explained by the variation in the proportion of plants with young tissues, variation in
the ant activity, or both.

Our structural model (Fig. 2, upper panel) was an alternative confirmatory path
analysis consisting of a generalization of Shipley’s d-sep test that could incorporate
hierarchical structures (e.g., resampling throughout time) and variables with different
sampling distributions (Shipley, 2009). Path analyses were performed in five steps, as
suggested by Shipley (2009): (i) construct hypothetical causal relationships between variables
in the form of a directed acyclic graph; (ii) list each pair of variables without a direct link on
the acyclic graph; (iii) define a full set of the k independence claims [i.e. (Xi, Xj)|{Z}] that
formed the basis set By; (iv) for each element in this basic set, obtain the probability, py, that
the pair (Xi, Xj) is statistically independent conditional on the variables {Z}; (v) combine the
k probabilities (p;) using the C equation. The C value was compared to a chi-squared

distribution with 2k degrees of freedom. We rejected the causal models whenever the C value

10



259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

was unlikely to have occurred by chance. After confirming or rejecting the hypothetical
causal model, the path coefficients were obtained by regressing each variable within each of
its direct causes as detailed in Shipley (2009).

Considering each plant individually, we also asked if plants with a higher numbers of
recently formed shoot nodes (and thus more young tissues per plant) had a higher probability
of being attended by ants. We performed a generalized linear mixed model (GLMM) with a
binomial distribution (logit link function) including all individual plants together. We
modelled the presence/absence of ants on EFNs as the response variable, including the
number of recently formed shoot nodes per plant and surveys as fixed factors. We also
included the identity of the species and ‘individual plants within plots’ as random terms in
this model. The random variable ‘individual plants within plots’ explicitly described two
aspects of our sampling design: the spatial aggregation of plants per plot and the repeated
measurements of plants across surveys.

In the second set of analyses, to test whether the probability of ant attendance as a
function of the number of recently formed shoot nodes varies across Bignonieae species, we
applied a similar GLMM model, adding the categorical variable plant species as fixed factors
jointly with the number of recently formed shoot nodes. We included in the model the
individual plants within plots as a random variable. In these analyses, we only included the
12 species with more than 10 individuals across all 28 plots. Alternatively, we replaced the
identity of the plant species in the GLMM by a mean descriptor of the EFN phenotype of
each species as a fixed factor. In this case, to quantitatively describe differences of EFNs per
shoot node among species, we characterized the secretory area of EFNs (mm?), standardizing
the sampling effort to a single shoot node per plant in all cases. First, we estimated the
secretory area of EFNs quantifying the number and size of EFNs in each cluster and the

number of clusters per shoot node in at least five individual plants per species (see Nogueira
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et al., 2012b for details about clustered EFNs in Bignonieae species). Then, we multiplied the
total area occupied by each EFN by the number of EFNs in one cluster and added up the total
secretory area by the number of clusters per shoot node (Table S2).

To explicitly describe differences in the relationship between young tissue availability
and ant attendance between species, we also performed individual analyses for each of the 12
most abundant Bignonieae species, using the same GLMM models described above
(binomial distribution and logit link function). Among them, four species produced only a
single recently formed shoot node at a time, showing low variation in the abundance of
young tissues among individuals, which could compromise the fitting of our GLM models.
Therefore, for each plant species, we also performed a binomial proportion test, evaluating if
proportions of plants attended by ants were the same between plants with and without young
tissues. In this analysis, we only considered whether plants did or did not have young tissues
in each period of the survey. We applied the Bonferroni correction in the binomial tests
owing to the false replication in our raw dataset. The binomial tests were considered
significant if p values were equal to or smaller than 0.01 (oc = 0.05/5 surveys).

All statistical analyses were performed in R, v. 3.4 (R Development Core Team,
2009) with standard and additional packages, as follows: glmmADMB (Bolker et al., 2012),
Ime4 (Bates et al., 2016), nlme (Pinheiro et al., 2016), vegan (Oksanen et al., 2016), MASS
(Ripley et al., 2015), and glmmML (Brostrom 2018). If the frequency of ant-plant interaction
is higher in the wettest periods, we expected a higher proportion of Bignonieae plants
attended by ants in February, our wettest survey. Additionally, if temporal patterns of ant-
plant interaction are driven by plant production of new tissues or ant activity, we expected
that the proportion of plants attended by ants increases in periods in which the proportion of
plants producing new plant tissues and/or the proportion of honey baits occupied by ants also

increases. Our expectations included the indirect positive effect of precipitation, and the
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direct positive effects of young plant tissues and ant density, on ant-plant interactions.
Finally, if the probability of an individual plant being attended by ants can be explained by
the amount of young tissues bearing active EFNs, we expected that the probability of ant
attendance increases as the number of recently formed shoot nodes also increases. Similarly,
if patterns of ant-plant interaction are also mediated by EFN secretory activity in each
recently produced plant module, we expected that Bignonieae species with a higher secretory

area of EFNs per shoot node should have a higher probability of ant attendance.

RESULTS

We tagged 431 understory plants from 22 species of Bignonieae across 28 plots (3-31
individuals per plot) (Table S3). Averaging across surveys, 10 = 5% (mean = SD) of the
tagged plants were attended by ants in each plot, reaching a maximum of 14% in the October
survey. A total of 33 species of ants distributed among 19 genera were recorded. Overall,
46.5% (range 39-61 % across surveys) of Bignonieae plants and 33% (29-38% across
surveys) of the ant-occupied honey baits were occupied by six ant species: Crematogaster
brasiliensis, C. limata, C. tenuicula, Ochetomyrmex semipolitus, Pheidole biconstricta and

Wasmannia auropunctata.

Seasonal patterns of ant-plant interactions and the role of young plant tissues bearing
EFNs

The proportion of plants attended by ants changed over time, showing a sharp decline
during the peak of the wet season (Fig. 3). Similarly, the proportion of plants with recently
formed shoot nodes (young tissue) was lower during the peak of the wet season (February: 17
+ 8%) compared to all drier months (42 + 20%) (Table 1). The proportion of baits occupied

by ants over the survey period exhibited a similar pattern, with the proportion of baits
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occupied by ants being lower at the peak of the wet season (February: 30 £+ 15%) compared
to drier months (52 + 8%).

Precipitation had an indirect and negative relationship with ant-plant interactions at
the plot level, mediated by the decrease of the proportion of plants with young tissues in
wetter periods (Fig. 2; Table S5). Precipitation before each survey was negatively related to
the proportion of plants with young tissues (Z = -6.96; p < 0.001) and to the proportion of
baits occupied by ants (Z =-4.18; p <0.001) (Fig. 2; Table S4 and Table S5). Additionally,
plots with a higher proportion of plants with young tissues had, on average, a higher
proportion of plants attended by ants (Z = 8.73; p < 0.001). In contrast, the proportion of baits
occupied by ants was unrelated to the proportion of plants attended by ants in each plot (Z =

1.89; p = 0.064) (Fig. 4).

Variation in the amount of young plant tissues bearing EFNs explaining ant attendance

At the individual plant scale, the probability of the plants being attended by ants was
positively related to the quantity of young tissues per plant (solid line in Fig. 5; Z=4.9; p <
0.001). This relationship varied marginally across surveys (different dashed lines in Fig. 5;
Survey effect: z= -0.6; p = 0.318). In general, plants with two or more recently formed shoot
nodes were more likely to be attended by ants than were plants bearing only one recently
formed shoot node. Plants with shoots at the initial stage of elongation (i.e., possessing very
little young tissue) exhibited more variable pattern of ant attendance, while plants lacking
young tissues bearing EFNs were almost never occupied by ants (< 1%) (Fig. 5). However,
ant attendance was not always positively related to the number of recently formed shoot
nodes across Bignonieae species (Fig. 6; Table 2, first model).

Species with higher EFN secretory area per node had a higher probability of being

attended by ants than did species with smaller secretory areas (Fig. 1S; Table 2, second
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model). However, more of the variation in the occurrence of ant-plant interactions across
Bignonieae species was explained by the quantity of young tissues than by variation in the
EFN secretory area per shoot node (Fig. S2; Table 2). In six species (four species of
Adenocalymma, one species of Fridericia, and Callichlamys latifolia), ant attendance was not
predicted by the number or by the presence of recently formed shoot nodes on the plants (Fig.
6). On average, these species had less young tissue and a smaller EFN secretory area per
node, characterizing a group of plants that were almost never attended by ants. The exception
was Adenocalymma tanaeciicarpum, which had a large secretory area, but few recently
formed shoot nodes. For this species, we only detected a relationship between ant attendance
and the amount of young tissue in the binomial proportion test (barplot in Fig. 6). In contrast,
in the other six species (three species of Adenocalymma, one Anemopaegma, one Fridericia,
and one Pachyptera), ant attendance was positively related to the number of recently formed
shoot nodes (Fig. 6). On average, these species had the highest number of recently formed
shoot nodes per plant and a higher EFN secretory area in each shoot node (Fig. 6). We
detected no direct relationship between the amount of young tissue per plant and the

secretory area of EFNs in each shoot node estimated per species (Z = 0.55; p = 0.58).

DISCUSSION

Our results suggest that the proportion of plants attended by ants in the understory at
one tropical rainforest site is indirectly and negatively related to the precipitation over time.
This pattern is the opposite of the pattern proposed by our hypothesis and of the temporal
pattern of ant-plant interaction observed in other ecosystems (e.g. Dias-Castelazo & Rico
Gray, 2004, Belchior et al., 2016). This unexpected result was primarily explained by
seasonal differences in the availability of young EFN-bearing tissues, rather than by variation

in the local activity of ant consumers. Likewise, differences in the number of recently formed
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shoot nodes (young tissues) at the plant level were the primary driver of variation in the
probability of ant attendance among individual plants and species. The variation in the EFN
secretory area per plant node secondarily explained patterns of ant attendance across
Bignonieae species. Altogether, our results reinforce the greater importance of plant
phenology and the availability of new plant tissues than the EFN phenotype per se. Below,
we discuss the importance of young EFN-bearing tissues for the temporal dynamics of ant-
plant protective mutualisms in an understory tropical rainforest at both the community and

individual plant scales.

Temporal variation of ant attendance on EFNs throughout the year

Our results clearly show that ant attendance at EFN-bearing plants was higher in the
drier months of the year at the Ducke Reserve. This finding contrasts with the temporal
patterns of ant-plant interactions described in other studies, in which ant attendance at EFN-
bearing plants is more frequent in the wet season in tropical (e.g., Rico-Gray, 1993; Dias-
Castelazo & Rico Gray, 2004; Kersch & Fonseca, 2005; Dutra et al., 2006; Lange et al.,
2013; Belchior et al., 2016) and subtropical sites (e.g., Aranda-Rickert et al., 2014). It is
tempting to conclude that water availability is the main abiotic factor driving temporal
patterns at previously studied sites, whereas ant-plant interactions at our study site are less
dependent on this driver. However, our results also showed that drier months had the highest
proportion of plants producing EFN-bearing tissues, as well as the highest local ant activity.
Therefore, it is possible that the mismatch between the seasonal patterns of ant-plant
interactions described here from what has been reported elsewhere primarily reflect
ecosystem-specific variation in temporal patterns of bud activation and plant phenology.

Water supply is weakly seasonal in most wet tropical forests, including the Reserva

Ducke, and covaries temporally with other abiotic factors that exhibit more marked variation
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over the year and that directly influence plant phenology. Light irradiance (Saleska et al.,
2016), for example, is a limiting factor for bud activation and shoot elongation in Amazonian
rainforest plants (Fenner, 1998), especially for the ones occurring in the light-limited
understory. In the transition between wet and dry season, tree species from forest canopies
replace many of their leaves (Wright and Van Schaik, 1994), creating a gradient of light
availability in the forest understory. Furthermore, drier seasons generally have a lower cloud
cover. Thus, in drier periods of the year, a higher light level reaches the forest understory,
favouring leaf production in recently formed shoot nodes (Aide 1988). This increase in light
availability during the driest period of the year can act as a signal for the activation of shoot
apical meristems (Fenner, 1998), increasing photosynthetic plant rates (Wu et al., 2016) and
starting biochemical pathways controlling nectar secretion in EFN-bearing plant species (e.g.,
Radhika et al., 2010). Cumulatively, these aspects might explain the higher proportion of
plants with young tissues bearing active EFNs during the driest months in our study site,
creating a favourable temporal window in which associations between ants and EFN-bearing
plants can develop. Therefore, the same factors that drive the production of new tissues

bearing EFNs might indirectly regulate the patterns of ant attendance to EFNs over time.

Abundance of young EFN-bearing tissues determine patterns of ant attendance

In our study, both the number of recently formed shoot nodes and local ant activity
increased in the dry season. Theoretically, any increasing in these two factors are expected to
equally increase the probability of EFN-bearing plants attendance by ants. However, our
confirmatory path analyses showed that the proportions of EFN-bearing plants attended by
ants over time were only explained by the proportion of plants with young tissues per plot.
The abundance of young tissues not only explained temporal patterns of ant-plant interaction

at the community level, but also the probability of ant attendance at the individual plant level.
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Individual plants with a higher number of recently formed shoot nodes showed a higher
probability of ant attendance. Therefore, ant attendance to EFN-bearing plants was consistent
with our initial hypothesis, reinforcing the importance of the phenological stage of plants
tended by ants (Bentley, 1977, Rico-Gray & Oliveira, 2007).

Many studies have shown that secretion of extrafloral nectar is greatest during periods
of rapid vegetative growth, in which new leaves bearing EFNs are produced in flushes (Elias,
1983; Koptur, 1992; Rico-Gray & Oliveira, 2007). Bentley (1977) critically stressed that
active extrafloral nectaries secreting sugar-rich resources are found on younger portions of
the plant, usually above the first 5-10 recently formed shoot nodes below an actively growing
meristem. Therefore, during periods in which EFN-bearing plants are investing more in the
production of new tissues, ants will be supplied with more extrafloral nectar. Although this
pattern can be modified by selection decoupling EFN activity and plant tissue age (e.g.,
McKey 1984), much of the temporal pattern of interactions with plant bodyguards (mostly
ants) is explained by investment in new plant tissues bearing secretory EFNs (Dreisig, 2000;
Heil et al., 2000; Rico-Gray & Oliveira, 2007). This increase in the uptake of extrafloral
nectar is expected to fuel ant activities (Aranda-Rickert et al., 2014), boosting both ants
patrolling on the plant surface, as well as in the number of EFN-bearing plants locally
explored by ants (e.g., Ness et al., 2009). Therefore, it is likely that the increased activity of
ant species foraging in the vegetation during the driest months is a response of the ant
community to the increasing availability of extrafloral nectar produced on the young plant
tissues, also more abundant in this period of the year.

In extensive surveys of ant-plant interactions, plant species are commonly categorized
according to the presence or absence of EFNs (e.g. Dattilo et al., 2014). However, our results
highlight that most EFN-bearing plant species behave like plants without EFNs, depending

much more on the phenological status of plants than on the EFN phenotype per se. EFN-
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bearing plants producing young tissues not only become predictable sources of food to ants
but sources of energy that increase foraging success and constancy of ant attendance
(Nogueira et al., 2015). Consequently, EFN-bearing plants supporting more recently formed
shoot nodes simultaneously are more attractive to ants, being more likely to be tended by
ants. In fact, the six Bignonieae species for which ant attendance probabilities were unrelated
to the amount of young tissues were the same species that had the fewest recently formed
shoot nodes over our five surveys. In these species, the amount of extrafloral nectar offered to
ants should be low, compromising the quality of the plant as partners to ants.

In our study, using a conservative estimate of dominant ant species based on Baccaro
et al. (2010), six dominant aggressive ant species occupied about half of the plants producing
young EFN-bearing tissues, independent of the sampling period. As dominant ants are more
aggressive towards potential herbivores (Buckley & Gullan, 1991; Xu & Chen, 2010), it
means that most Bignonieae plants occurring in our study site is interacting with high-quality
ant partners. This association has the potential to intensify biotic defence on young tissues
that are preferred by herbivores (Coley 1980), even though the herbivory pressure is likely to
be slightly lower in the dry season (Aide 1988; Wolda 1988; Coley & Barone 1996). In this
scenario, it is tempting to say that the temporal match between the increase in plant
attendance by ants and the production of new tissues benefit the plants, as such young and
vulnerable new tissues face a higher probability to be tended by more efficient ant defenders.
Such implication should be interpreted with caution, mainly because the direction and
magnitude of ant effect on plant fitness depend on the herbivore pressure. Indeed, EFN-
bearing plants interacting preferentially with dominant ant species in an arid ecosystem in
Brazil had lower reproductive success than plants preferentially tended by subordinate, less
aggressive ant species (Melati & Leal, 2018). Dominant ant species forage in groups,

recruiting more workers on plants (Cerda et al., 2013), and impose high ecological and
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energetic costs to the plant partner compensated when plants are under high herbivore
pressure (Melati & Leal, 2018). Therefore, any discussion about the net effect of ant-plant
protection mutualisms is only possible with more information about how the herbivore

pressure varies on Bignonieae plants over the year.

Concluding remarks

Temporal patterns of ant attendance at EFNs coincide with the seasonal appearance of
young EFN-bearing tissues, on which EFNs appear to be more active. Therefore, ant
attendance at both the community and individual levels over time can be driven by the
amount of young tissues bearing EFNs. The contrasting temporal patterns of ant-plant
interactions across seasonal and aseasonal tropical sites can be explained by the variation in
factors triggering the changes into the phenological stages of EFN-bearing plants in different
habitats. In tropical seasonal environments, most plant species produce new tissues at the
onset of rainy seasons (Levings, 1983), when water availability to plant growth is higher.
However, in the understory of tropical rainforest, plants have available a relatively high
supply of water all over the year. Then, plant growth season in aseasonal environments
should be triggered by other environmental factors, such the light that is more abundant in the
understory of tropical forests in the dry season. Differences in ant attendance among species
in the understory were only poorly explained by the secretory area of EFNs per shoot node,
highlighting the remarkable role of plant phenology and the availability of young plant tissue
in explaining the establishment of ant-plant interactions. Plant phenology could be especially
important and even critical in seasonally drier areas where growing seasons are shorter, and
EFN-bearing plants are more common than in wet environments (Leal & Peixoto, 2017). In

such environments, EFN-bearing plants should experience not only a more marked temporal
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pattern of ant attendance but also a narrower window in which ants can more efficiently

protect plants.
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TABLES

Table 1 — Summary of the GLMM models evaluating the relationship between the proportion
of plants with young tissues, ant-occupied baits, and plants attended by ants over time. We
performed the GLMMs using binomial error distribution and plots identity as a random
variable. Response variables were treated as the number of failures (plants without) and
successes (plants with young tissues) in a two-vector response variable.

Response Fixed Estimated coefficient SE F Npiots D Graph
variable (error factors in (December versus
distribution) GLMM February)
Proportion of plants .
with young tissues Time -1.49 021 226 28 <0.001
(binomial)
Proportion of ant Time -0.93 0.19 13.1 28 <0.001
baits occupied
(binomial)
Proportion of plants Time -1.88 032 134 28 <0.001 Fig. 3B
attended by ants
(binomial)
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759  Table 2 — Summary of the generalized linear mixed models (GLMM) testing the relationship
760  between the number of recently formed shoot nodes (the amount of young tissues) in the plants
761  and the probability of plant attendance by ants in Bignonieae. The two first models considered
762  all individual plants and surveys, including the number of recently formed shoot nodes and
763  plant species as fixed factors, and the occurrence of ants on plants as the binary response
764  variable. Graphical representation of the relationship between number of recently formed shoot
765  nodes and the probability of plant attendance by ants per Bignonieae species can be viewed in
766  Figure 6.
Plant species Random Fixed factors Estimated z N P
variables coefficient
+ SE
All dataset (first model) Plot : individuals ~ Number of recently formed 2.7£03 9.7 1743 <0.001
shoot nodes
Species - - 1743 <0.001
All dataset (second model) Plot : individuals ~ Number of recently formed 4.6+£0.7 4.9 1743 <0.001
shoot nodes
Secretory area of EFNs 09+04 2.1 1743 0.036
Adenocalymma adenophorum Plot : individuals ~ Number of recently formed - - - -
shoot nodes
Adenocalymma bracteosum Plot : individuals ~ Number of recently formed - - - -
shoot nodes
Adenocalymma flaviflorum Plot : individuals ~ Number of recently formed - - - -
shoot nodes
Adenocalymma longilineum Plot : individuals ~ Number of recently formed 59+1.3 4.6 357 <0.001
shoot nodes
Adenocalymma moringifolium Plot : individuals ~ Number of recently formed 41+13 32 436 0.002
shoot nodes
Adenocalymma tanaeciicarpum Plot : individuals ~ Number of recently formed 83+69 1.2 55 0.231
shoot nodes
Adenocalymma validum Plot : individuals ~ Number of recently formed 6.6+2.0 32 436 0.001
shoot nodes
Anemopaegma robustum Plot : individuals ~ Number of recently formed 17.9£8.6 2.1 277 0.038
shoot nodes
Callichlamys latifolia Plot : individuals ~ Number of recently formed - - - -
shoot nodes
Fridericia nigrescens Plot : individuals ~ Number of recently formed - - - -
shoot nodes
Fridericia prancei Plot : individuals ~ Number of recently formed 23+1.2 1.9 68 0.049
shoot nodes
Pachyptera aromatica Plot : individuals ~ Number of recently formed 149+82 2.0 120 0.044

shoot nodes

767
768

769

*Species in which GLMM was prohibited because the excess of zeros in the response variable.
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770  FIGURES

771

772 Figure 1 — Ant-plant interactions on young EFN-bearing tissues in different Bignonieae

773  species. Red and yellow arrows highlight ant attendance and nectar secretion on young

774  tissues, respectively. A: Sprouting branch with young tissues of a typical Bignonieae liana in
775  the Amazon rainforest with the first, second and third recently formed shoot node (plant

776  modules described in the Methods). B: Third recently formed shoot node with Camponotus

777  ants on active EFNs. C: First and second recently formed shoot node of Adenocalymma
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tanaeciicarpum with active EFN cluster on the prophylls attended by Crematogaster ants. D:
Mature tissues in the shoot from the last growing season without active EFNs (inferior plant
part) and new tissues recently formed by the primary growth with active EFN cluster in the
prophylls (superior plant part) attended by Azteca ants. E: Typical EFN cluster on young
tissues accumulating nectar on the prophylls of axillary buds (two prophylls encompassing
each bud totalling four prophylls per shoot node). F: Typical EFN cluster on young tissues
accumulating nectar on the interpetiolar region of the stem (one EFN cluster in each plant
side totalling two clusters per shoot node). G-H: Pachyptera aromatica with active EFNs
clustered in the interpetiolar region on recently formed shoot nodes attended by
Crematogaster ants. I-J: Anemopaegma robustum with active EFNs clustered in prophylls
and young leaflets on recently formed shoot attended by Camponotus and Crematogaster
ants, respectively. K-M: Adenocalymma moringifolium with EFNs clustered in the prophylls

and young leaflets on recently formed shoot attended by Solenopsis ants.
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Causal hypothesis expressed as a directed acyclic graph*

Proportion of plants
with young tissues

o . o

Preciptation Proportion of plants
descriptor attended by ants

Proportion of honey
baits occupied by ants

Causal hypothesis test*

Models d.f. (o P value Decision

Q;ﬁ/" \0"09
. 4 7.46 0.12 Not rejected

* Confirmatory path analysis in a generalized multilevel context as proposed by Shipley (2009).

806

807  Figure 2 — Confirmatory path analysis testing the direct and indirect effect of precipitation on
808  the proportion of plants with young tissues, ants on honey baits and plants attended by ants.
809  Precipitation directly decreases the number of plants with young tissues and the number of
810  honey baits occupied by ants (ant availability). Furthermore, precipitation indirectly

811  decreases ant attendance on EFNs mediated by the local change in the availability of plants

812  with young tissues. Solid lines indicate standardized coefficients with p < 0.05. Dashed lines

813  indicate standardized coefficients with p < 0.10. Statistics of each path coefficient are

814  detailed in Table S4.
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Figure 3 — Temporal variation of precipitation (mm) and ant-plant interactions per plot from
August 2012 to July 2013. A: Monthly precipitation; dots in grey represent the monthly
precipitation between 2008 and 2011 (data from INMET); in black, the third order
polynomial describing the precipitation tendency of the current year under study. B:
Proportion of plants attended by ants showing higher average values in the dry season and

smaller values in the wet season. Statistics are detailed in Table 1.
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835

836  Figure 4 — Partial regression describing the relationship between the proportion of plants
837  attended by ants and either (A) the proportion of plants with young tissues and (B) the

838  proportion of honey baits occupied by ants. Plots with a higher number of plants with young
839 tissues had more plants attended by ants, while ant availability, assessed here with the

840  experimental addition of honey baits in the field, was unrelated to plant attendance. Partial
841  regression plots show the expected effect of a variable when the other variable in the model
842  are statistically held constant.
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Figure S — Predicted probabilities of ant attendance and the number of recently formed shoot
nodes (the amount of young tissues) per plant. Continuous black line describes the general
positive relationship between both variables without explicitly considering each sampling
period or plant species. Dashed lines describe marginal variations in this relationship between

surveys. Statistics are detailed in Table 2.
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865  Figure 6 — Predicted probabilities of ant attendance and binomial proportion tests for 12

866  Bignonieae species with more than ten individuals sampled in the plots. Statistics are detailed
867  in Table 3. There is a wide variation of secretory area of EFNs per shoot node among

868  Bignonieae species following the homoplastic pattern of EFN evolution in this plant clade

869  (Nogueira et al., 2012b, 2013).
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