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Long-term strict ant-plant
mutualism identity characterises
growth rate and leaf shearing
resistance of an Amazonian
myrmecophyte
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Over 125 million years of ant-plant interactions have culminated in one of the most intriguing
evolutionary outcomes in life history. The myrmecophyte Duroia hirsuta (Rubiaceae) is known for

its mutualistic association with the ant Myrmelachista schumanni and several other species, mainly
Azteca, in the north-western Amazon. While both ants provide indirect defences to plants, only M.
schumanni nests in plant domatia and has the unique behaviour of clearing the surroundings of its
host tree from heterospecific plants, potentially increasing resource availability to its host. Using a
12-year survey, we asked how the continuous presence of either only M. schumanni or only Azteca
spp. benefits the growth and defence traits of host trees. We found that the continuous presence

of M. schumanni improved relative growth rates and leaf shearing resistance of Duroia better than
trees with Azteca. However, leaf herbivory, dry matter content, trichome density, and secondary
metabolite production were the same in all trees. Survival depended directly on ant association (>94%
of trees died when ants were absent). This study extends our understanding of the long-term effects
of strict ant-plant mutualism on host plant traits in the field and reinforces the use of D. hirsuta—-M.
schumanni as a model system suitable for eco-co-evolutionary research on plant-animal interactions.

Arboreal ant nesting originated during the Mesozoic era (late Cretaceous, around 78 mya) and developed first
in lineages that began to forage on trees (mid-early Cretaceous, ~ 125 mya), and that later relied partially or fully
on a plant-derived diet (~ 108 mya)'2. Such an intrinsic relationship between plants and ants occurred before the
evolution by plants of ant-associated structures, such as elaiosomes or domatia, and was a fundamental key to
the diversification of early flowering plants'. As angiosperms began their ecological dominance of Earth, plants
and ants evolved more interdependent associations with each other: resulting in symbiotic mutualisms that drive
the structure and function of many ecosystems®. Mutualisms, reciprocally beneficial interactions between two
species, are pervasive in nature and are fundamentally important at all levels of biological organisation because
they allow organisms to excel in otherwise marginal habitats, reduce competition, exploit new niches, and
buffer environmental variability*®. Classic mutualism is found in the associations between ants and plants® in
which ants are generally attracted by specific plant structures (e.g., food bodies, extrafloral nectaries, or shelter)
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and provide important indirect defence against herbivory, pathogens, or intrusive vegetation®-%; but ant species
presence in a plant may not always be an indicator of efficacy against herbivores, e.g.,’. These interactions range
from opportunistic, to facultative associations, to specific obligate symbioses. While facultative ant-plant inter-
actions are common in every terrestrial ecosystem except for the arctic regions, obligate interactions are limited
to tropical regions!®™2 Notably, obligate ant-plant interactions are often associated with domatia-bearing plants
(known as myrmecophytes) that house ant colonies in hollow, swollen structures: branches, thorns, petioles, or
leaf pouches®”'.

While there is abundant evidence showing that ant symbionts provide defensive advantages to their host
plants, including hetero- and conspecific neighbours'*~'¢, benefits are also often linked to roles that include the
supply of resources (e.g., water, light or nutrients) central for development and survival. After seminal studies
by Thompson'’, the use of isotope tracers demonstrated that plants can engage in myrmecotrophy, exploiting
resources derived from ant activity. For example, soil beneath plants with ant nests contains significantly higher
concentrations of nitrate, ammonium, phosphorus, and water'®. Such debris and waste concentrated by ants can
be a supplemental source of nutrients for the plant”'*-*2. As the nutrients are moved from ant mounds to leaf
tissues, trees that host ant nests may grow more, have higher fruit set, and can produce nearly twice as many
seeds as trees without nests'® and references therein; '#*2*-2, In addition to nutrients, light availability has a
direct effect on plant survival. For example, Yamawo et al.?® showed experimentally that better light conditions
increased the development of extrafloral nectaries, increased the number of ants on the plants, and hence indi-
rectly provided better protection against herbivores. However, plant defence against herbivory comes at a cost?,
directly by reducing the resources available for growth or reproduction, or indirectly by reducing competitive-
ness: trade-offs where both are reduced by investment in defence. Thus, better nourished plants may invest more
in defences (constitutive or induced), as well as in structures such as domatia or nectaries that are attractive to
the protective ants. Testing variation by host plants in investment to defence, growth, or reproduction, and how
these trade-offs are mediated by mutualist ants is often accomplished with a species-comparison approach where
different mutualist pairs are examined. However, since different species are likely to provide different benefits to
host plants, a plant that hosts many ant species is likely a better model for comparisons.

Duroia hirsuta (Poepp. & Endl.) K.Schum., 1888 (Rubiaceae), a plant species of the northwestern Amazon that
engages in mutualistic associations with ants, is best known for the formation of monospecific stands known as
devil’s gardens (owekawente in Waorani, and supay-chakras in Kichwa local languages) (RC pers. obs;'*?®). Such
monospecific stands are only formed when this plant species is in association with the ant species Myrmelachista
schumanni Emery, 1890 (Formicidae) (also known as ‘lemon ant’;??). Apart from protecting its host plant against
herbivory, this ant species injects formic acid into heterospecific plants in the immediate surroundings of their
host tree, leading to large clearings in the forest”***°-%2 Devil’s gardens in the Yasuni forest of Ecuador may typi-
cally comprise a maximum of 11 individuals (1-2 adult trees + seedlings and saplings)'*, but larger monospecific
stands have been reported in the Peruvian Amazon, with up to 594 Duroia trees, 3 million ant workers, and
15,000 queens'*?%3!. This clearing behaviour reduces competition for the 1-2% of light reaching the understory
for young Duroia growing in devil’s gardens'**°. However, outside devil’s gardens, D. hirsuta trees can be found
in association with ants of other species, such as Azteca spp. These common and abundant predatory Amazonian
ants nest and forage in mosaics in surrounding trees and do provide protection from herbivores to their host D.
hirsuta, although they do not clear heterospecific plants from the local area®! (mosaics, defined as "the presence
of large ant territories in the canopy, resulting from the patrolling of dominant and aggressive ant species which
alternate, one with the other, among the tree crowns™ and references therein). Both D. hirsuta and Azteca spp.
have a high index of specialization (0.77 and 0.72 respectively, on a scale from 0 to 1;***%). While M. schumanni
nests in D. hirsuta, Azteca spp. does not, but maintain continuous high foraging activity on D. hirsuta trees'**.
Since Azteca spp. symbiosis with D. hirsuta has been documented as a true mutualism®' despite nesting in other
neighbouring trees, we will keep this concept throughout the manuscript.

In this study, we determined whether D. hirsuta individuals in mutualistic monospecific long-term inter-
actions with ants of either M. schumanni or Azteca spp. differed in their life-history traits. In particular, we
examined relative growth rate, investment in physical and chemical defences, and survival of the host trees. We
hypothesised that trees with the mutualistic M. schumanni may potentially benefit from additional resources
(water, light, and nutrients, provided by the clearings) that trees with Azteca spp. do not have. These extra
resources would allow the trees hosting M. schumanni to invest more in growth and defence, resulting in faster
growth rates, more direct and indirect physico-chemical defences, and lower herbivory damage compared to
trees hosting Azteca spp.

Methods

Study site and sample collection

We carried out our study in the ever-wet lowland rain forest of Yasuni National Park, Ecuador (YNP; Fig. 1). The
YNP is one of the most biodiverse forests in the world, with an estimated 670 species of trees in one hectare®®.
The site has an average annual precipitation of 2826 mm and a monthly temperature between 22 and 32 °C (min:
16.9 °C; max: 38.9 °C)*”*. Within the park, we studied a population of Duroia hirsuta trees located in the long-
term 50-ha “Yasuni Forest Dynamic Plot” (YFDP; 00° 41 0.5" S; 076° 23’ 58.9” W). The YFDP was established in
1995 as part of the global network of permanent plots of forest dynamics, in collaboration between the Pontifical
Catholic University of Ecuador, the University of Aarhus in Denmark, and the Smithsonian Tropical Research
Institute in Panama (ForestGEO network; https://forestgeo.si.edu/sites/neotropics/yasuni) to describe the long-
term demography of thousands of plant species and investigate mechanisms of coexistence. Within this plot, all
trees > 1 cm diameter at breast height (DBH, 1.3 m height) are labelled, mapped, and identified every five years
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Figure 1. Study site location. (A) Ecuador continental map. Dark green areas show Yasuni National Park
(YNP). The light green area shows the Waorani Ethnic Reserve (WER). The red dot marks the location of the
Yasuni Forest Dynamic Plot (YFDP). (B) Location of the Yasuni Research Station (YRS) and the 50-ha YFDP
(rectangle in red). Modified with permission from Pérez et al.*; Google Earth image at 800 m above the ground.

or s0¥. The average elevation is 230 m above sea level and contains three main topographic habitats: ridge, slope
or valley. Within the YFDP, a total of 1,104 morphospecies have been recorded?®.

Duroia hirsuta population and its ants

We explored the interactions among direct and indirect defence traits in the myrmecophyte D. hirsuta. Across its
range, D. hirsuta hosts its strict mutualistic ant partner M. schumanni, but also other ants mutualistic ants such
as Azteca spp.', and other non-mutualistic ant species in various genera (Solenopsis, Pheidole, Brachymyrmex,
Crematogaster, among others). In Yasuni, Azteca is a species-rich genus of poorly defined ants, and difficult to
identify from worker castes; therefore, ants of this genus have been typified as ’spp’. Within the 50-ha plot, 260
D. hirsuta individual trees were tagged and their associations with ant species were recorded yearly between
2007 and 2019. Of these, 160 trees showed continuous and monospecific presence of M. schumanni or Azteca
spp. from which we selected 58 trees for analyses: M. schumanni (N =29) and Azteca spp. (N =29) (Fig. S1).

Originally our study design conceived plants lacking ants as a control treatment, but they were difficult to
find. In fact, of the 260 D. hirsuta trees we surveyed, the only adult individual found alive in 2019 with no ants
or no Myrmelachista ants recorded for more than 5 years was in dire condition, showing damaged or broken
branches and a scarce number of healthy leaves.

We also acknowledge that different ant colonies of the same species may exhibit varying defence effects, a
phenomenon that aligns with the concept of ‘colony personality™!~**. However, tracking colony turnover was
beyond the scope of our field protocol, and as such, we were unable to monitor these changes directly. Despite
the natural possibility of turnover among colonies of the same species, we argue that the functional basis of
interspecific differences is likely to result in more pronounced effects than the intraspecific variations observed
among colonies. Consequently, our analysis assumes that the comparisons made between ant species regarding
their impact on host growth and defence investment remain valid, without considering the potential influence
of colony turnovers within the focal trees. This approach allows us to concentrate on the differential impact of
ant species, rather than the variability that might arise from changes in colony composition.

Plants life-history trait measurements

We measured relative growth rate to evaluate the plant efficiency in the use of resources, according to the
mutualistic ant species®. To compare the effect of each ant species against herbivores we measured herbivory as
the percentage of damaged leaf area**. We also measured each individual’s physical defences by quantifying the
shearing resistance of leaves (a measure of toughness)'?, trichome density (a herbivore-deterring trait)*, and
leaf dry matter content (LDMC; a key variable negatively correlated with herbivory leaf damage)***’. Finally, we
applied an untargeted metabolomics pipeline to quantify changes in the composition and relative abundance of
plant secondary metabolites between the ant-plant mutualism partners*®*. We also quantified the percent of
dry weight investment in soluble secondary metabolites to quantify absolute differences in chemical investment.
Prior to analysis, dry weight values were converted into a 0-1 scale proportions and applied arcsine-square root
transformation.
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Plant relative growth rate (RGR)
We calculated the RGR of all focal D. hirsuta trees. RGR was calculated using the DBH of each focal tree at ¢,
(2019) relative to the DBH at #, (2007) with the following formula'*:

_ (DBHu/2)*—(DBHy/2)*

RGR
(DBH0/2)* x (t)

where ¢ is the total time in years between censuses (12 years).

Herbivory and physical leaf-traits

Herbivory

Percent leaf damage by herbivores was estimated on all 58 focal D. hirsuta trees in November-December 2019.
Standing herbivory estimates the proportion of leaf area consumed over the life span of the leaf to date, in con-
trast to an herbivory rate®. To determine leaf area loss, we took photographs of 15 randomly selected mature
leaves per tree (for a total of 870 pictures) from three sections of the crown (5 leaves per section), dividing the
canopy into three equal height classes. For each photograph, we used a white background with 4 dark tacks in
each corner as reference points forming a 27 x 27 cm square, thus obtaining a standardised scale for the size of
the leaves. To avoid tearing the leaves from the trees, we only exerted manual pressure from the base of the leaf
against the white background. Using a tablet (iPad 4, model MR7C2LL/A, Apple Inc, Foxconn, Taiwan) and the
Leafbyte® application®, we calculated the percentage of herbivory (cm?) by selecting the ‘Background Removal’
option. We compared the total area and the consumed area to calculate the percentage herbivory of each leaf.

Shearing resistance

Following Cardenas et al.*2, in 2019 we collected 10 mature leaves that showed no sign of physical damage, fungi,
or galls from each focal tree. Immediately after collection, the leaves were put in wet cloth bags to maintain maxi-
mum cell turgor*. To analyse the mechanical resistance of leaves we used a custom steel instrument of standard-
ised movements®>**. To measure shearing resistance (N x s x mm™), we screwed a dual-range digital force sensor
(Vernier Software & Technology, Beaverton, Oregon, EE. UU) with a peg-like folded steel sheet that supported
arazor blade to the instrument [see methods and details in*?]. D. hirsuta leaves were fixed between two pressure
plates, leaving a space of 2 cm for shearing*®2. Cuts were made at different levels: two at % from the base and two
at % of the apex of each leaf on each side, always avoiding the primary rib. The force was measured in Newtons
(N) at 0.01 N precision, and the measurements were recorded as the force per unit of time (s x N; the area under
the curve)™. The length of each cut was measured with a digital caliper to normalise the force per fracture unit
N x s x mm ™%, Blades were replaced every 30 measurements to avoid their wear from influencing the result.

Leaf dry-matter content (LDMC)

Leaves with a high LDMC tend to be relatively harder than leaves with lower LDMC, and so provide more resist-
ance against physical damage caused by herbivory***”. LDMC is the oven-dry mass (mg) of a leaf, divided by its
water-saturated fresh mass (g), expressed in mgx g™'*’. To determine LDMC we used the same leaves that were
used in the mechanical resistance analysis which were weighed fresh, covered with absorbent paper, dried at
60 °C for 72 h and weighed again.

Trichome density

We collected five young fully expanded leaves per tree and counted the trichomes in a randomly located area of
1 cm? at the apex, centre, and base of each leaf using a standard stereomicroscope (Olympus Co., SZ61/SZ51,
SZ2-ILST, Philippines).

Secondary metabolites extraction

Metabolites of intermediate polarity, were extracted, separated, quantified gravimetrically, and analysed using
a standard protocol for untargeted metabolomic studies®. For Duroia, these metabolites are mainly phenolics
and triterpenes®~’. Briefly, two young expanding leaves per individual tree were collected and air-dried at room
temperature with silica gel. Samples were stored at —20 °C until processing. Following the protocol of Wiggins
et al.*’, approximately 100 mg of ground leaves was extracted with 1 ml of extraction buffer (60% acetate, 40%
acetonitrile). After extraction for 10 min and centrifugation for 10 min at 13,000 rpm, the supernatant was
transferred to another vial, and the process was repeated.

Extracts were diluted 1:5 with 40:60 ACN:H20 (v/v) and then analysed by C18 ultraperformance liquid chro-
matography coupled to mass spectrometry (UPLC-MS) using an ACQUITY UPLC I-Class system and a Waters
Xevo G2 QToF mass spectrometer equipped with a LockSpray and an electrospray ionization source (Waters,
Milford, MA, USA). Samples were run in negative ionization mode. LC-MS analysis was based on Wiggins
et al.’, with some modifications, including a shorter column and run time, which we verified had sufficient
chromatographic separation of peaks. We used a 22.5-min reverse-phase gradient with water (0.1% formic acid)
as the mobile phase and acetonitrile (0.1% formic acid) as the stationary phase. The flow rate was 0.5 ml min, and
the column temperature was 40 °C. The gradient ranged from 98 to 2% water (+0.1% formic acid) over the course
of 16 min, followed by 6.5 min for re-equilibration (Table S1). UPLC analyses were performed at the Coley/
Kursar Laboratory, University of Utah, Salt Lake City, UT, USA. The results were processed using XCMS>$-,
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Statistical analyses

Predictors of D. hirsuta relative growth rate

First, we examined variation in D. hirsuta RGR using a generalized linear mixed model (GLMM) with the ‘glm-
mTMB’ package (ver. 1.1.7;°6%). This statistical approach enabled us to examine the relationship between the
RGR of plants and several predictor variables while accounting for the complex structure of our data. The number
of conspecific plant neighbours within a 10-m radius was used as discontinuous predictor. Since we detected a
residual spatial correlation in our data, as indicated by a significant Moran’s I test (I=0.14, p=0.02), we included
a spatial term (longitude * latitude Cartesian coordinates) representing the plant’s location within the plot (i.e.,
the growing site) as continuous predictor to account for the spatial structure of our data. The fixed factor in our
model was ant species identity. We included habitat type (ridge, valley, slope) as a random effect, which allowed
us to account for variability in RGR attributable to different habitat conditions (e.g., resource availability, enemy
assemblages)®®. We chose the gamma distribution with a log-link function since the growth rate was positive
and right- skewed and did not follow a Gaussian distribution. We standardised the beta coefficients of predictor
variables such as the number of neighbours and position by scaling them (subtract mean and divide by SD).
We found no indication of collinearity between the covariates in the model. Second, to ensure that we were not
losing valuable information from each tree sample, we tested for differences in RGR between D. hirsuta trees
associated with M. schumanni and those associated with Azteca spp. using a non-parametric Mann-Whitney U
test (Shapiro-Wilk test of normality of the residuals: W=0.875; p <0.001; although Levene’s test for homosce-
dasticity showed equal variances: p=0.054).

Leaf damage and physical leaf-traits between treatments

Herbivory. To compare differences in leaf damage between trees with different ant mutualist, we followed the
same approach as for RGR but including LDMC and shear resistance as predictors in the model. Trichome den-
sity was not included because of the small sample size. Prior to analysis, herbivory values were first converted
into a 0-1 scale proportions and applied arcsine-square root transformation. Because of the nested nature of her-
bivory data and to make sure we were not losing valuable information from the subsampling variability we used
a Friedman Test for the equality of medians (the non-parametric alternative of a Nested ANOVA; Shapiro-Wilk
normality tests of residuals: W=0.927, p<0.001; Levene’s test for homoscedasticity showed equal variances:
p=0.903). Herbivory was analysed as a function of the type of ant and controlled for variability between leaves.

Shearing resistance. This measure of leaf toughness was first evaluated following the same approach as for
RGR. Importantly, in the GLMM we included ant identity as a fixed factor, and the 10 m-neighbourhood and
growing site (longitude * latitude Cartesian coordinates representing the plant’s location within the plot) as
discontinuous and continuous predictors, respectively. We also included habitat type (ridge, valley, slope) as
a random effect, which allowed us to account for variability in leaf toughness attributable to different habitat
conditions. As for herbivory, because of the nested nature of our sampling design, and to ensure that we were not
losing valuable information due to variability in subsampling, we used the non-parametric Friedman Test for the
equality of medians (Shapiro-Wilk normality tests of residuals: W=0.335, p <0.001 and Levenes test for homo-
scedasticity: p <0.001). Here, shearing resistance was analysed as a function of the type of ant and controlled for
variability between leaves.

LDMC. Because of the nested nature of LDMC data and to make sure we were not losing valuable information
from the subsampling variability we used a Friedman Test for the equality of medians. LDMC was analysed as a
function of the type of ant and controlled for variability between leaves to test for differences in LDMC between
D. hirsuta trees with M. schumanni or Azteca spp (Shapiro-Wilk normality test of residuals: W =0.589, p <0.001;
Levene’s test for homoscedasticity: p <0.001).

Trichome density. We performed a nested ANOVA to compare the average number of trichomes present in
the leaves of five random D. hirsuta focal trees (one leaf per tree) hosting each of the two ant species (N=10),
with trichome density as the response variable, and the part of the leaf (i.e., apex, centre, base) nested within
each ant species (n=15; M. schumanni or Azteca spp.). This was performed to account for the potential bias of
not independent subsamples within replicates. Prior to any statistical test, trichomes counts were square-root
transformed; residuals showed to be normally distributed (Shapiro-Wilk normality test: W=0.973, p=0.611;
and had equal variances: Levene’s test for homoscedasticity: p=0.567).

Chemical leaf-trait analyses

We used a compound-based molecular networking approach, where we first grouped related features into com-
pounds and then generated (a) an individual-by-compound abundance matrix and (b) a compound-by-com-
pound MS/MS cosine similarity matrix. These data were combined into a pairwise species similarity matrix,
which accounts for both shared compounds between individuals and the MS/MS structural similarity of unshared
compounds®. This similarity matrix of relative abundances of UPLC-MS metabolites was used to make a hier-
archical cluster (to determine the similarity of the samples in a dendrogram according to metabolite presence-
absence, relative abundance and chemical structure), principal coordinates analysis (PCoA) (to observe the
chemical similarity between trees with different ant species), and a permutational multivariate analysis of variance
(PERMANOVA) to test the interaction effect of the type of ant and the DBH difference over 12 years and whether
they have an effect on the relative abundances of metabolites. Hierarchical clustering was performed in R v4.2.2%
with the “pvclust” package®. PCoA was carried out in PAST v4.04 software®””. PERMANOVA was performed
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in XLSTAT®. For this analysis the age effect (i.e., a sapling grows faster than an adult tree that is reaching its
maximum size;*®) in the DBH of the trees was eliminated by calculating the quartiles and their mean with the
DBH differences. For this, we used the following formula:

log(DBH difference + 1)
X =
log(quartile mean + 1)

The values of dry weight invested in the production of secondary metabolites were tested using a Mann
Whitney U test (Shapiro-Wilk test: W =0.848, p <0.001; Levene’s test for homoscedasticity: p =0.346).

Survival exploration of trees in the long-term presence/absence of ants

The unexpected discovery that only one individual living plant remained without the presence of ants for no more
than 4 years, as per our sampling design, drew our attention. For this reason we could not have a control group
and led us to analyse the survival percentage of D. hirsuta trees at the entire 50-ha plot. For this we divided the
total number of target trees (N =260) into 4 categories: (A) colonised by either M. schumanni or Azteca spp. only,
called ‘'monospecific colonisation’ (n=164); (B) with ants absent for > 5 consecutive years or no ant colonisation
at all (n=28); (C) trees that had some form of ant colonisation for only 4 years or less, either monospecific or
heterospecific (n=16); and (D) trees that had heterospecific colonisation, i.e., where we found either two ant
species at the same time or witnessed colony exchange during tree individuals’ lifespan (n=52). We used our
12-year census of the population of D. hirsuta individuals in the 50-ha YFDP to assess the percentage of alive
plants in the 4 categories.

Plant material

Voucher specimen of Duroia hirsuta (Poepp. & Endl.) K.Schum., 1888 (Rubiaceae) (#¥236695) is deposited at QCA
Herbarium, Pontificia Universidad Catdlica del Ecuador; identified by Alvaro J. Pérez. Collection of plant mate-
rial complied with institutional, national, and international guidelines and legislation. Ministerio de Ambiente
del Ecuador Permit number: 012-2014-FLO-MAE-DPAO-PNY.

Results

Life-history traits of evaluated trees

The relative growth rate (RGR), herbivory, shearing resistance, leaf dry matter content (LDMC), and trichome
density of D. hirsuta associated with M. schumanni and Azteca spp. trees were individually analysed using both
parametric and non-parametric tests on non-averaged data. These individual evaluations aim to take into account
the variability within groups and ensure that important information is not lost in evaluations that use average
values, such as the GLMM.

RGR
Individual D. hirsuta trees hosting M. schumanni had almost double the RGR (mean+ SD=0.037+0.03) com-
pared to those hosting Azteca spp. (0.018 £0.02, Fig. 2A) (Mann-Whitney U test: U=247; p=0.007).

Herbivory

The average area of all the measured leaves per tree was 90.01 cm? +46.64 (mean + SD). The average consumed
area was 7.10 cm?+9.44 (i.e., 8.86%) per leaf. D. hirsuta trees in mutualism with M. schumanni had similar leaf
area (92.51 cm?+52.80) and levels of herbivory (7.17 cm?+9.36; 9.04%) compared to trees in mutualism with
Azteca spp. (area: 87.66 cm*+39.39; herbivory: 7.04 cm?+9.52, 8.68%) (Friedman Test for herbivory: d.f. = 1;
1*=0.067, p=0.796; Fig. 2B).

Shearing resistance

Individuals hosting M. schumanni showed significantly higher leaf shearing resistance (0.0017 s x N/mm +0.001)
compared to trees hosting Azteca spp. (0.0011 s x N/mm +0.0005) (Friedman Test: d.f. = 1; y*=10, p=0.0016;
Fig. 2C).

LDMC

We found marginally significant differences between the LDMC from trees hosting M. schumanni and Azteca
spp.: average (£SD) of 0.337 mgx g (£0.06) and 0.329 mgx g™ (£0.12), respectively (Friedman Test: d.f =1;
272=3.6,p=0.058).

Trichome density

We found no significant difference in the trichome density from different parts of the leaf on D. hirsuta trees with
M. schumanni (17 x cm™ £ 11) compared to D. hirsuta trees with Azteca spp. (12 xcm2+7) (nested ANOVA:
df=1,F=2.434,p=0.132).

Plant traits relationship to ant identity and the growing site

Because tree performance and traits can also vary in response to the local neighbourhood, we included the
number of conspecifics within a 10-m radius of each focal tree in more complex models of D. hirsuta perfor-
mance and traits.
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Figure 2. Box plots and stripcharts of D. hirsuta traits in mutualism with Azteca spp. and M. schumanni. (A)
shows the trees relative growth rates between 2007 and 2019; (B) the percentage of leaf damage by herbivory;
(C) the leaf shearing resistance. * Indicates a significance of p <0.05; N.S. means non-significance with p>0.05.
Results of GLMM statistical analyses are shown in Table 1.

In D. hirsuta trees, differences among trees harbouring different ant species in RGR and shearing resistance
were predicted by ant identity (Table 1; Fig. 2A-C) and the growing site (Table 1). Trees hosting M. schumanni
grew faster compared to trees hosting Azteca spp. from 2007 to 2019 (y*=9.140, p=0.003). The growing site also
predicts higher RGRs of D. hirsuta in this forest (Z=2.878, p=0.004), while the 10 m-neighbourhood showed
to have nor positive or negative effect (Z=-1.020, p=0.308). There were no differences in leaf herbivory and
there was no association to any potential predictors. Trees hosting M. schumanni produced more resistant leaves
than those hosting Azteca spp. (y*=7.299, p=0.007) and this has shown to also be associated to the growing site
(2=2.060, p=0.039).

Similar chemical leaf profiles of trees living in and out devil’s gardens

The profiles of defensive metabolites of trees associated with either M. schumanni or Azteca spp. did not show
significant differences. Figures 3 and 4 show that the metabolites composition of the leaf of trees may depend
on other factors than the hosting specificity of symbiotic ants. The PERMANOVA showed that the ant identity
(df.=1,F=0.996, p=0.410), DBH (d.f.= 1, F=0.733, p=0.713), and the interaction between both variables
(d.f.=1F=1.235, p=0.231) did not have significant effects on the quantity of the produced secondary metabolites
between trees living in and out devil’s gardens. The values of dry weight invested in the production of second-
ary metabolites showed no differences between trees hosting M. schumanni or Azteca spp. (Mann-Whitney
U=269, p=0.147).
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Effect d.f Estimate ‘ Va z P

(A)

Growth-rate

Ant identity 1 0.020 9.140 3.023 0.003
10 m-neighbourhood 1 -0.003 -1.020 0.308
Growing site 1 0.009 2.878 0.004
(B)

Herbivory

Ant identity 1 -0.009 0.007 -0.081 0.935
LDMC 1 -0.008 -0.150 0.881
Shearing resistance 1 0.072 1.171 0.242
10 m-neighbourhood 1 0.019 0.334 0.738
Growing site 1 0.080 1.468 0.142
©
Shearing resistance

Ant identity 1 -0.156 7.299 -2.700 0.007
10 m-neighbourhood 1 0.074 1.250 0.211
Growing site 1 0.125 2.060 0.039

Table 1. Generalised linear mixed models (GLMM) analysing the effects of ant identity, conspecific
neighbourhood, and growing site on (A) plants’ relative growth rate (RGR; between 2007 and 2019), (B)
herbivory and (C) leaf shearing resistance in 2019. In both (A) and (C), models were controlled by type of
habitat (ridge, slope, valley). For neighbourhood effects we first conducted pairwise Spearman correlation
analyses on neighbour counts at radii of 5, 10, 15, and 20 m. In all cases correlations were significant (Table S2),
hence we chose for 10 m as an intermediate value to incorporate into the model. In (B), leaf herbivory model
included leaf dry matter content (LDMC) and shearing resistance as predictor variables. The y* and p values of
fixed factors were estimated using type IT Wald tests and random effects were estimated using likelihood-ratio
tests with one degree of freedom. Significant p values are in bold. Full raw data for GLMM models is available
in Table S3.
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Figure 3. Secondary metabolites dendrogram of D. hirsuta associated with M. schumanni and Azteca spp. The
dendrogram is based on the similarity matrix of relative abundances of UPLC-MS metabolites and shows that
both treatments are chemically similar because trees with M. schumanni and Azteca spp. are mixed within the
clusters. Red numbers represent the Approximately Unbiased (AU) ps; these indicate the probability that the
samples below that point are a cluster. Clusters with values of 95 mean p=0.05, indicating that these clusters are
strongly supported by the data.
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Figure 4. Principal coordinate analysis (PCoA) of the chemical similarity matrix. Individuals of D. hirsuta in
mutualism with M. schumanni (pink squares) and Azteca spp. (orange dots) show an overlap in the PCoA graph
made from the chemical similarity matrix.

Duroia hirsuta survival in the presence or absence of ants

During our 12-year survey of 260 D. hirsuta trees, 164 showed monospecific continuous/iterative recolonization
of only M. schumanni or Azteca spp. ants. Of these, 115 (70.1%) hosted M. schumanni (Table 2A; Table S4A).
These trees with a continuous ant presence survived well: 98.3% of these 164 trees were alive (Table 2; Table S4A).
On the other hand, only one of the 28 individuals recorded with absence of ant species for > 5 years was found
alive by 2019 (3.6% survival; Table 2B; Table S4B). Similarly, of the 16 trees where we recorded ants presence
for <4 years, only one was found alive in 2019 (6.25% survivorship; Table 2C; Table S4B).

Similar to trees with continuous monospecific ant presence, trees with heterospecific colonisation of ants
(n=52) had high survival (only one individual found dead by 2019) (Table 2D; Table S5). Of these trees, we found
Azteca as the most common throughout the years (19.1% of occurrence), followed by Crematogaster (17.6%),
Brachymyrmex (12.2%), Myrmelachista (12.2%) and Solenopsis (11.5%) (72.5% of all occupations; Table 2D).

Discussion
Our 12-year survey of D. hirsuta and its principal mutualist ants (M. schumanni and Azteca spp.) showed that
their presence in at least one moment during its lifetime (both monospecific and heterospecific colonisation)
greatly improved D. hirsuta survival: >98% survival with > 5 years with symbiotic ants; but only ~ 6% survival
with <4 years with symbiotic ants; and only 3.6% survival with no ants ever recorded. Moreover, we found that
38%-70% of the sampled trees hosted M. schumanni during their entire life (compared to 22%-29% for Azteca
spp.), suggesting that D. hirsuta is more often found inside gardens than outside gardens and that the benefits
of hosting M. schumanni may outweigh any negative effects of high conspecific density. Within the 25-ha of the
YFDDP, based on the census data from 2007-2017, D. hirsuta showed an average annual mortality rate of 1.97%
compared to the remaining plant species of the plot, which was 2.74% +0.196 (mean +95% confidence inter-
val; rates calculated following the ForestGEO network protocol at https://forestgeo.si.edu/protocols/tree-morta
lity-damage-protocol). However, all except one individual of D. hirsuta trees censused without ant mutualists
were found dead, and 98.8% of the trees censused in mutualism with M. schumanni or Azteca spp. were found
alive. These results suggest that in Amazonian forests, indirect defences through association with ants may be
mandatory over the long term, since survival seems not possible for this tree species without any ant mutualism®.
Considering the role of myrmecophytic mutualism in the diameter growth of D. hirsuta, our results (Fig. S2A)
are similar to those of Béez et al.!* conducted in the same plot, who found a growth effect on smaller but not on
larger trees over both the short and long term (6 and 18 years), where 56% of D. hirsuta trees hosted M. schu-
manni and the remaining 44% of trees hosted other ant species. Furthermore, Frederickson and Gordon® also
demonstrated significantly faster growth of D. hirsuta hosting M. schumanni compared to those with Azteca
spp. or other ant species. In our 12-year survey, we showed that mutualism with ants was found to be beneficial,
since trees that were associated exclusively with M. schumanni grew twice as fast as trees hosting Azteca spp.
Our results also show that growth was not consistent over the 12 years study. For example, for D. hirsuta with M.
schumanni, growth was faster during the first 5 years than the following 7 years (Fig. S2B). The dynamics of the
mutualism may evolve as the plant progresses through different ontogenetic stages and the growth of D. hirsuta
may be determined by variation in the direction and strength of the mutualist relation with the ant, tree size
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(B) Total absence or > 5 years of no (C) <4 years of mono- or heterospecific

(A) M pecific colonisation | colonisation colonisation (D) Heterospecific colonisation
Ant groups (n=164) (n=28) (n=16) (n=52)
Myrmelachista 115 - 9 16
Azteca 48 - 7 25
Crematogaster - - 1 23
Brachymyrmex | - - 1 16
Solenopsis - 1* 1 15
Wasmannia - - 0 9
Pheidole - - 1 7
Pseudomyrmex | - - 1 6
Pachycondyla - - 0 5
Monomorium - - 0 3
Camponotus - - 0 2
Cephalotes - - 0 2
Dolichoderus - - 0 1
Nylanderia - - 0 1
No Ant - 28 - 17
Alive 98.8% 3.6% 5.9% 98.1%
Dead 1.2% 96.4% 94.1% 1.9%

Table 2. Survivorship of Duroia hirsuta trees in Yasuni Forest Dynamic Plot, Ecuador in the long-term
presence/absence of ant species. Table is divided in four categories: (A) ‘Monospecific colonisation’ when trees
have shown the presence of one species only of Myrmelachista schumanni or Azteca spp. during our survey; (B)
‘No colonisation’ when trees have shown > 5 years or total absence of ants through the years and were found
still alive; (C) Those trees showing one up to 3 years (4 years for one tree only) of mono- or heterospecific
colonization; (D) ‘Heterospecific colonisation’ when trees have shown the presence of at least two species

(this includes absence of foraging ants in time intervals). # means Duroia trees abundance. “-” means no ants
found. *database record of the presence of an ant species but lacking any other ant colonisation for > 5 years.
Alive and dead trees by 2019 are shown in bold at the bottom in terms of percentage survival.

(negative effect), and the density of conspecific neighbours (positive effect)'*. Moreover, CNDD did not affect D.
hirsuta performance for small trees (but less consistent on large ones), most likely because the presence of ants
reduces the impact of density dependent stressors such as insect herbivores or fungal pathogens'*”°~"2 This is,
however, debatable since Myrmelachista in mutualism with D. hirsuta trees seem to not attack potential enemies,
in contrast to Myrmelachista associated with other tree species where they are more aggressive”. Alternatively,
the increased availability of resources associated with devil’s gardens is a more conceivable mechanism driving
increased growth and survival of D. hirsuta because we know that the main protection in the Myrmelachista-
Duroia system is the clearing of plants from the host’s surroundings*®*®7*. The increased light and/or water
availability and nutrient input from ant mutualists could decrease resource limitation of herbivores (i.e., better
quality of leaves)”, but also may allow D. hirsuta to invest in its own direct defences and to better cope with
herbivore damage events when outbreaks occur.

Leaf toughness is the most general physical defence that can be compared among plant taxa found within
tropical forests®>76~78, Leaf toughness is expected to prevent herbivory and thus reduce mortality due to physi-
cal damage”®®. Therefore, increased leaf toughness would be expected to increase the leaf lifespan and overall
survival of the whole individual, especially in shade-tolerant species and individuals®. Structural traits can
prevent the action of predators, particularly chewing invertebrates (considered the dominant herbivore guild
in tropical rainforests) as they would avoid feeding on hard vein tissues’®®2. Leaf physical resistance to dam-
age has also been shown to be negatively correlated with herbivory and positively correlated with leaf lifespan,
seedling survival, and shade tolerance in 19 species in the Bolivian Amazon®'. However, our results (greater
shearing resistance in D. hirsuta with M. schumanni than with Azteca spp.) suggest that leaf toughness might
vary in response to mutualist identity. One possible mechanism is that the higher resource availability around
D. hirsuta individuals in association with M. schumanni allows them to invest more resources in tougher (i.e.,
more shear-resistant) leaves. This is in contrast to other leaf morphological traits -marginal difference in LDMC,
and no difference in trichome density-, between trees with the two ant mutualists, and needs further evaluation.
Also, the percentage of dry weight for the production of secondary metabolites was similar for trees harbouring
different ant species. Although we observed caterpillars of Adelpha spp. Nymphalidae (Lepidoptera) and adults
of Chrysomelidae (Coleoptera) feeding on young and mature leaves on some D. hirsuta (PA, pers. obs.) herbivory
was not significantly different between trees hosting M. schumanni or Azteca spp., and may be largely due to the
general effectiveness of the plant’s direct defences.

At the chemical level, there were no significant differences in leaf secondary metabolite composition between
D. hirsuta trees associated with M. schumanni and those in mutualism with Azteca spp. One possible explanation
for this lack of differences in chemistry is the role of secondary metabolites in D. hirsuta as constitutive defences.
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Even when an ant colony is present on a myrmecophyte it may not provide effective defence against herbivores®
(see also Cérdenas’), so myrmecophytic plants may benefit from having other resistance traits when indirect
defence fails. Although inducible defences might have greater advantages in temperate than tropical regions
because they are less costly, selection may favour constitutive defences in tropical plants because herbivore pres-
sure is higher and constant throughout the year®>#,

Bixenmann et al.* argued that species adapted to environments with high levels of herbivory will favour con-
stitutive defences rather than induced defences. This can reinforce our principal idea that secondary metabolites
function as a constitutive defence in our study, given that we only performed biochemical analysis in expanding
leaves. In addition, Frederickson et al.®* stated that Cordia nodosa (Boraginaceae) presented greater values of
leaf toughness with more trichomes and more total phenolics (direct defences) when ants were absent than in
the presence of ants. In our study we were not able to perform a comparison between trees with and without
ants because of the level of deterioration and lack of healthy leaves shown by the only tree found alive without
ants for more than 5 continuous years. Perhaps D. hirsuta trees without ants are capable of inducing secondary
metabolites, but that is not enough for their survival, showing the importance of their mutualism with ants
(regardless of the species they are associated with). It is said that biotic defence, in the form of ant mutualists, is
the most effective protection against herbivory, which corroborates numerous studies showing that ants often
tightly coevolved defence®®. Moreover, Miiller et al.*! hypothesised that plants colonised by ants do not require
inducible direct defence mechanisms but did find that insect feeding led to increases in jasmonate levels and the
emission of herbivore-induced plant volatiles (HIPV's) regardless of the status of colonisation. This suggests that
perhaps ant protection is not sufficiently reliable under all conditions.

As well as whole-plant ontogeny and its influence on the production of secondary metabolites, leaf ontogeny
is also important. We only analysed expanding leaves; thus, it would be important to determine if mature leaves
had more or less secondary metabolites than expanding leaves. Expanding leaves of most species experience
considerably higher rates of herbivory than mature leaves®. In tropical forests, young leaves of some plant groups
exhibit an even greater diversity of defences than mature leaves because they can experience herbivore pres-
sure throughout the year, in contrast to temperate forests where they can rely on early spring flushing to escape
herbivores**. Expanding leaves can have higher concentrations of secondary metabolites than mature leaves,
as well as compounds not found in the older leaves®”. There is also evidence that, in general, immature and unex-
panded leaves have higher nutrient concentrations and higher secondary metabolite concentrations*’, whereas
fully expanded mature leaves are tougher and have higher levels of indirect defences®. Hence, leaf ontogeny,
rather than any mutualist, may be driving the similarity in secondary metabolites between trees with different
ant species. We need to confirm this idea with information on secondary metabolites from mature leaves.

What is the importance of studying the impact of 12 consecutive years of monospecific mutu-
alism between D. hirsuta and its hosts?

A strong component of our study design was to consider length of time that different ant species (M. schumanni,
Azteca spp. and others) lived in mutualism with one individual plant. This is the first time, to our knowledge, that
research on the ecology of D. hirsuta’s natural history considers such long-term strict interactions, portraying the
strong dependency between the plant and its ants. Because of the unique behaviour of M. schumanni, and that D.
hirsuta can be associated with other ants for long periods of time (i.e., our results showed that some trees have
never hosted M. schumanni over the 12-years study), we were able to take advantage of this natural experiment.
On one hand, the ant M. schumanni is the only species to nest in the domatia, clears the surrounding area and
reduces competition, and may probably increase the availability of resources such as water, light and/or nutrients.
In Yasuni myrmecophyte saplings (including D. hirsuta) produce domatia independently of the presence of ants
when they typically reach ~ 1 cm of DBH (PA pers. obs.). On the other hand, other mutualistic ants such as Azteca
spp. nest in nearby heterospecific trees and do not isolate the tree from the rest of the forest vegetation (Fig. S1),
but may also bring benefits to the host plant. Long-term studies of this type of strict monospecific mutualism
between ants and their host trees can offer deep insights into their impact on the structure of ecological systems,
explain the importance of symbiotic relationships that maintain ecological stability, and how these interactions
shape community dynamics and individuals’ resource allocation and productivity. These studies help enhance
our understanding of the factors behind the ecological stability and resilience of such systems.

Since mutualist relationships significantly influence the composition, structure, function, and dynamics of
plant communities, it is vital to better understand these relatively long processes affecting the community through
individuals. For example, myrmecophyte protection can extend beyond the focal tree where (1) smaller trees that
host mutualist ants consistently exhibit faster growth when surrounded by a greater number of neighbouring
trees', and (2) trees growing next to plants with extrafloral nectaries have more ants and fewer harmful caterpil-
lars compared to other trees of the same species located farther away, also showing different defence traits and
elevated growth rates likely because they do not need to invest and allocate as many resources to protect against
herbivores and pathogens'®. Mutualisms can also impact resource allocation and productivity, as ant-tree interac-
tions can lead to more efficient nutrient cycling and energy flows within the ecosystem. This, in turn, can enhance
the productivity of the ecosystem. Such effects illustrate the vital role mutualistic relationships play in maintaining
ecological balance and supporting diverse life forms, and can be known only from long-term surveys.

To further understand whether the ant partner in these mutualisms benefits the plant in a way that translates
into better growth or reproduction (and ideally fitness), finer analyses and experiments must be carried out taking
advantage the nature of the different types of mutualisms. Studies should consider a larger number of samples
when possible, and diversify the surveyed variables. Some examples are: (i) the effect of ants species presence on
plant ontogeny; (ii) qualitative and quantitative analyses of variation in resource availability (e.g., water, light,
macro- and micronutrients); (iii) document allocation of macro nutrients such as N using stable isotopes tracers
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(it is likely that plants capable of utilising insect waste deposits will gain a competitive advantage'®); (iv) describe
the soil microbiota (fungi and bacteria) diversity and structure associated with the target trees; and (v) quantify
soil respiration at the root level in and outside devil’s gardens. In all cases we suggest also trying to distinguish
any differences in the ant-plant mutualism between male and female individuals of dioecious populations (of
which D. hirsuta is one) (i.e., females have a greater resource allocation for reproduction that becomes evident
when Myrmelachista ants are present®*°), and consider any alteration in colony dynamics (such as shifts in the
use of resources or colony turnover of the same ant species). Similarly, a better understanding of the wide variety
of direct and indirect defences that can be either constitutive or induced, and how these strategies can be influ-
enced by plant and leaf ontogeny, herbivore pressure, type and quantity of volatile organic compound liberated
after herbivore attack (and if different ant species respond to “the call for help” and how), conspecific negative
density dependence effect, among other factors. An understanding of these factors and how they interact with
each other is important to better comprehend the historical eco- co-evolutionary ant-plant mutualistic systems.

Conclusions

Our study reaffirms the unique Devil’s garden mutualistic system as an exemplary model for exploring intricate
plant-animal interactions. This system not only provides insight into the co-evolutionary adaptations necessary
for survival in challenging environments but also enhances our understanding of ecological diversification and
species coexistence. The variation in life-history traits linked to different ant partners illustrates how mutualisms
can influence microevolutionary processes and community structure. By examining these dynamics, our research
contributes to a deeper understanding of how mutualistic interactions can shape ecological communities and
drive evolutionary change. This work encourages further exploration into the mechanisms by which mutual-
isms influence ecological and evolutionary outcomes, potentially offering new perspectives on the resilience and
adaptability of ecosystems in the face of environmental stressors.

Data availability
All data generated or analysed during this study are included in this published article in Supplementary Materials.
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