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Abstract
With higher frequency and intensity of droughts predicted for many tropical for-
ests, understanding the responses of plants and animals to changed climatic con-
ditions will be increasingly important. Ants are considered ecosystem engineers in
tropical rainforests due to their abundance and the diversity of functional roles
they perform. Function in animals is often dictated by diet, with diets of rainforest
ants ranging from purely carnivorous to mostly plant based. Stable isotopes of
nitrogen and carbon have been utilised to infer information on diets, and more
broadly on changes in ecosystem dynamics and water-use in plants. We used sta-
ble isotopes to investigate the potential effects of drought on the diets of two
dominant ant species (Anonychomyrma gilberti and Oecophylla smaragdina) in an
in-situ through-fall experiment in lowland rainforest. We observed a significant
and sustained increase of δ15N in both ant species in the drought experiment and
during the dry season in the control treatment. We also detected elevated
although much smaller levels of δ15N values in leaves of some drought-stressed
plant species. There was no detectable difference of the experiment for ant or
plant δ13C values. We conclude that the observed elevation in ants’ δ15N in
response to drought may be partly caused by a drought-induced shift in δ15N in
plants. Although, with average nitrogen enrichment values of 2.7‰ and 3.2‰, for
A. gilberti and O. smaragdina, respectively, it is consistent with these ants deriving
nitrogen largely from prey. Because ants are such dominant species in rainforests,
even small trophic shifts in response to climate change if widespread could have
broad implications for species interactions and food webs. Importantly, it is possi-
ble that such a change could potentially mediate the effects of drought on tropical
forests if herbivory on drought-stressed plants is diminished by ant predation.

K E YWO R D S
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INTRODUCTION

There is a limited understanding of the effects of drought
on tropical invertebrates. The few large-scale manipula-
tive experiments that have been implemented in tropical
forests have focused on tree physiological responses,

stand dynamics and the broader implications for ecosys-
tem function and global feedback loops (Apgaua
et al. 2015; da Costa et al. 2010; Metcalfe et al. 2010;
Rowland et al. 2015; Tng et al. 2018). Yet forest commu-
nity composition is as much influenced by top-down pres-
sures as bottom-up (Terborgh 1992); with interactions
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between insects, disease and drought, now commonly
associated with global patterns in forest dieback
(Anderegg et al. 2015; Weed et al. 2013). One early tropi-
cal example of this interaction is a drought study from
Borneo where elevated seedling mortality was associated
with an attack of pin hole borers during the 1998 El Niño
drought (Bebber et al. 2002). Similarly, in the forest under-
storey of a drought experiment in Australian rainforest,
we observed significant increases in termite activity, wood
boring, disease and insect attack on drought-stressed
plants (Gely et al. 2020; Tng et al. 2022). Although for can-
opy trees, this interaction may be less evident and harder
to detect without specific focus. For example, a herbivory
study based solely on litter fall collections in the drought
experiment in eastern Amazon concluded there was no
evidence of elevated leaf attack (Rowland et al. 2015).
Whereas two canopy studies from the crane in Panama
found elevated Lepidoptera outbreaks in rainforest post El
Niño droughts in 1982–1983 (Aiello 1992) and 1997–1998
(Van Bael et al. 2004). Our recent review exploring how
insect performance is affected by increasing drought
severity predicted that most feeding guilds (except wood
borers and bark beetles) would be negatively affected
(Gely et al. 2020) which has been corroborated by a recent
study that found approximately 3000 flying insect species
were negatively influenced by drought induced-forest
dieback and subsequent salvage logging (Sire et al. 2022)
in southern France.

Drought could also have important indirect effects on
species which if pervasive may result in cascading effects
on food webs and altered community composition. For
example, drought can alter invertebrate diets through a
change in the quantity and quality of available food (Gely
et al. 2020; Kume et al. 2007; Phillips et al. 2018; Walter
et al. 2012) such as a decline in floral size, number of
flowers and nectar volume (Kuppler & Kotowska 2021).
Such changes in food availability may affect herbivores
but also species at higher trophic levels, which are
expected to be more vulnerable to climate change
because they have to adjust not only to the direct physio-
logical effects from changing climate but also to changes
in species interactions from lower trophic levels (Voigt
et al. 2003; Zhang et al. 2017). Consequently, assessing
how drought affects food webs may be an important ave-
nue to better understand its indirect effects on communi-
ties and ecosystem functions.

Stable isotope analysis has become a standard tool to
examine food webs through evaluating if an animal’s diet
is mostly plant- or animal-based and subsequently deter-
mining its trophic position (Hyodo 2015; Potapov
et al. 2019; Vander Zanden et al. 2015). One application is
via the stable isotope measure delta N (δ15N), which
refers to the ratio of the heavier isotope, nitrogen-15
(15N), to the lighter isotope, nitrogen-14 (14N). When an
organism consumes food, it tends to excrete the lighter
isotope (14N) and store the heavier isotope in tissues
(Vander Zanden et al. 2015). In terrestrial ecosystems,

plants set the baseline for δ15N, with insect herbivores
having similar or slightly higher values depending on if
they feed on plant sap or leaves (Fagan et al. 2002). As
insects consume other animals, their δ15N values increase
revealing a species’ trophic position, which can change in
response to altered environmental conditions or species
interactions (Tillberg et al. 2007).

In this study, we use stable isotopes to examine how
experimental drought has affected the trophic position of
two dominant ant species Oecophylla smaragdina and
Anonychomyrma gilberti in lowland rainforest. Prior to the
installation of the drought experiment, stable isotopes of
50 ant species were studied in the same area, including
O. smaragdina and A. gilbeti colonies (Blüthgen
et al. 2003). In this earlier study, ant carbon and nitrogen
isotope compositions were compared with ant-tended
homopterans, 11 different arthropods (herbivores to pred-
ators) and leaves from 25 plant species visited by ants for
floral and extra-floral nectar or honey-dew homopterans
(Blüthgen et al. 2003). The results from this earlier study
found that overall the isotope signatures of homopterans
was within the same range as plants and did not differ
significantly (plant mean ± SD, δ13C = �28.5 ± 1.7‰,
δ15N = 2.2 ± 1.3‰), whereas ants differed by being more
enriched by �5‰ δ13C and �3‰ δ15N for O. smaragdina
and by �4‰ δ13C and �2‰ δ15N for A. gilberti (Blüthgen
et al. 2003). The trophic position of these two species was
considered intermediate compared with the other ant
species, indicating an omnivorous diet based on preda-
tion, trophobioses and nectarivory. The authors con-
cluded that trophic positions in ants may be better
measured by variation in δ15N rather than examining the
variability of plant substrates (Blüthgen et al. 2003).

Here, we follow on from this earlier work and ask the
following: (1) does experimental drought affect the diet
of these two ant species (as determined by stable iso-
topes)? (2) Is there a relationship between soil moisture
availability and stable isotope composition of the ant spe-
cies? We hypothesise that ants may become more preda-
tory in the drought experiment if nectar and honeydew
resources are less abundant on drought-stressed plants,
in which case δ15N and δ13C values are expected to be
significantly more enriched in comparison with ants col-
lected from non-treated sites. Furthermore, we hypothe-
sise that a similar pattern may be evident in ants in the
control treatment in response to seasonal changes in pre-
cipitation (measured via soil moisture).

MATERIALS AND METHODS

Study site

The study was located in a lowland tropical rainforest at
the Daintree Rainforest Observatory, Cape Tribulation,
north-eastern Australia (16�0602000S 145�2604000E, 50 m a.
s.l). This site experiences a mean annual rainfall of
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4900 mm year�1 and a pronounced dry season from April
to November and is located on rocky acidic, dystrophic
soils, with tree canopy heights ranging from 24 to 47 m
(Tng et al. 2016). Floristically, the forest is classified as
complex mesophyll vine forest and the 1-ha forest plot
where the drought experiment was established has
84 vascular tree species and >700 individual trees
(≥10 cm diameter-at-breast-height) (Laidlaw et al. 2007).

The Daintree drought experiment is a through-fall
experiment installed and maintained continuously since
May 2015 (Laurance 2015). The experiment comprises
one 0.6-ha control plot with no drought infrastructure
and two drought plots of �0.2 ha, all located next to each
other. Through-fall water removal was achieved by instal-
ling clear plastic panels and guttering at 1–2 m above the
forest floor. Slits were cut in the plastic panels to enable
trees to penetrate through the roofing. Leaf litter accumu-
lating on the plastic panels were relocated every few
weeks to the forest floor to maintain biogeochemical
inputs (Laurance 2015).

We examined the effects of the experiment on soil
water availability through the establishment of time
domain reflectometry probes in nine soil pits, placed at
depths from 0.1 to 1.5 m in five control and four drought
locations (S. Laurance & M. Liddell unpublished data).

Ant collection for stable isotope analysis

The two most common ant species A. gilberti and
O. smaragdina were hand-collected from the forest
understorey bi-monthly from May 2016 to May 2018.
Groups of ants (considered colonies) were located on the
ground, foliage and tree stems, avoiding edges of
the drought plots. For every ant colony detected, at least
10 worker ants were collected to make one sample. Over
the 2-year sample period, 46 colonies were collected for
O. smaragdina and 38 for A. gilberti. All samples were fro-
zen on their day of collection. The gaster of each ant was
cut off at the petiole and removed from the sample so
undigested food would not alter the measure of isotopic
composition of ant tissues (Feldhaar et al. 2010).

Stable isotope analysis

Ant samples were dried at 60�C for at least 48 h before
being weighed. Each sample was homogenised, placed in
tin capsules and analysed on an automated IsoPrime
isotope-ratio mass spectrometer. Stable isotope ratios are
expressed in ‰ using the conventional delta (δ) notation
as deviations from international standards (the IAEA
international standard of atmospheric N2 for nitrogen and
the Vienna-Pee Dee Belemnite equivalent for carbon).
The ratio of the heavier isotope to the lighter isotope
(13C/12C for carbon; 15N/14N for nitrogen) was estimated
by the equation:

δX¼ Rsample

Rstandard

� �
�1�1000

where X is the heavier isotope and R is the ratio of heavy
to light isotope.

Precision of this mass spectrometer for invertebrate
samples is 0.2‰, calculated as the 90% confidence inter-
val of differences between paired values from duplicate
samples.

We compiled plant isotope data from concurrent leaf
studies undertaken at the drought experiment (N. Vogado
and S. Laurance, unpublished data). Stable isotope (δ13C
and δ15N) samples come from eight canopy tree species
that have been part of long-term study on drought effects
on rainforests (Apgaua et al. 2015; Apgaua et al. 2016; Tng
et al. 2018; Vogado et al. 2020). These ecological domi-
nant species contribute >40% of the stand biomass due
to their large size and high relative abundance. A total of
150 sun-exposed leaves were collected from the canopy
(n = 82 control; n = 77 drought) and dried at 60�C for
7 days and then homogenised. All elemental and isotopic
analyses were conducted at the Advanced Analytical
Centre, James Cook University in Cairns, Australia. Isotope
composition for carbon and nitrogen were determined
using an elemental analyser (ECS 4010 CHNSO Analyzer;
Costech Analytical Technologies INC, Valencia, CA, USA)
fitted with a Costech Zero Blank Autosampler coupled
via a ConFloIV to a Thermo Scientific Delta VPLUS using
Continuous-Flow Isotope Ratio Mass Spectrometry
(EA-IRMS). δ13C and δ15N values are reported as parts per
million (‰) deviations from the VPDB and AIR reference
scales, respectively.

Data analysis

We examined the effect of the drought experiment on
δ15N and δ13C for the two ant species (O. smaragdina and
A. gilberti) with Student’s t-tests. The effects of drought on
the stable isotopes (δ15N and δ13C) of canopy trees were
determined with linear mixed effects models with vari-
ance estimated with restricted maximum likelihood
(REML) using the nlme package (v3.1-163; Pinheiro
et al. 2023). In the models, drought treatment was the
fixed effect and variability among tree species captured
as a random effect.

Furthermore, we assessed if drought affected seasonal
patterns in the ant isotope signatures using generalised
additive models (GAMs). GAMs assist in identifying sea-
sonal patterns in biological and climatological responses
using smoothed, nonlinear functions. These functions are
more sensitive than simple wave functions, and they can
take into account between-year seasonal variability
(Wood 2017). We applied univariate GAMs with Gaussian
family, attributing date of sampling as the predictor vari-
able to characterise seasonal trends in isotope signatures
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and soil moisture data from the drought and control
plots. The percent of deviance explained by fitted GAMs
helped to determine if time of sampling was a good pre-
dictor variable for ant isotope signatures. Finally, we
developed GAMs to explore the relationship between soil
moisture and ant isotope signatures, using simple Spear-
man’s rank correlation. All statistical analyses were per-
formed in R version 3.5.1 (R Core Team 2013) with GAMs
fitted using the mgcv package (Wood 2017).

RESULTS

We observed a significant effect of the drought experi-
ment on mean nitrogen signatures in both ant species
(Student’s t-tests, O. smaragdina, t = 7.147, p < 0.0001,
df = 45, Figure 1a; A. gilberti, t = 8.613, p < 0.0001,
df = 37, Figure 1b). Ant colonies from the drought
experiment were more enriched in 15N increasing on
average by +1.1‰ in O. smaragdina (mean ± SD,
δ15Ncontrol = 5.5 ± 0.7‰ vs. δ15Ndrought = 6.6 ± 0.5‰)
and +1.6‰ in A. gilberti (δ15Ncontrol = 4.6 ± 0.5‰
vs. δ15Ndrought = 6.2 ± 0.5‰). In contrast, no significant
difference was found for δ13C values between drought

and control colonies (Student’s t-tests, O. smaragdina,
t = 1.231, p = 0.225, df = 45, Figure 1c; A. gilberti,
t = 0.511, p = 0.612, df = 37, Figure 1d). Ant 13C ranges
were similar between colonies of the two species
(O. smaragdina δ13C control �24.5‰ to �22.3‰; A. gilberti
δ13Ccontrol � 25.2‰ to �23.1‰) and the drought and
control treatments.

Similarly, we observed a significant effect of the
drought experiment on δ15N in leaf samples (Table 1, lin-
ear mixed effects model, p < 0.001, Figure 2a); however,
no significant difference was found for leaf δ13C between
treatments (Table 1; Figure 2b). Leaf samples from
the drought experiment were more enriched in δ15N,

F I G U R E 1 A comparison of stable isotope signatures of two dominant ant species between the Daintree drought experiment and adjacent
control site for nitrogen (δ15N) (a) Oecophylla smaragdina (n = 47) and (b) Anonychomyrma gilberti (n = 39), and carbon (δ13C) (c) O. smaragdina
(n = 47) and (d) A. gilberti (n = 39).

T A B L E 1 Linear mixed effects model (REML) results examining the
effects of experimental drought on leaf stable isotopes (δ15N and δ13C).

Variable Fixed effect SD df t-value p-value

Leaf Intercept 0.392 150 6.442 <0.0001

δ 15N Drought 0.161 150 3.909 <0.001

Leaf Intercept 0.454 150 66.468 <0.0001

δ 13C Drought 0.191 150 0.306 0.759

Note: Models controlled for the random effects of tree species.

460 GELY ET AL.
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increasing on average by +0.6‰ (mean ± SD,
δ15Ncontrol = 2.8 ± 1.1‰ vs. δ15Ndrought = 3.4 ± 1.4‰;
Figure 2a), although it was highly variable between
species. Leaf carbon isotopes showed a similar range
between drought (mean ± SD, range, δ13Ccontrol = �30.1
± 1.4‰, �27‰ to �32.9‰) and control samples
(δ13Cdrought = �30 ± 1.3‰, �27.1‰ to �33.2‰) and
also varied between species (Figure 2b).

The trophic enrichment of δ15N of ants compared
with leaf samples was higher for O. smaragdina (control

+2.7‰ and drought +3.2‰) than for A. gilberti (control
+1.8‰ and drought, +2.7‰), but δ13C values were iden-
tical for both species and treatments (control �6.7‰ and
drought �6.6‰). Both ant species also showed dry sea-
son enrichment of δ15N in the colonies captured from the
control but not the drought treatments. Through a com-
parison of ant isotope signatures and the available soil
moisture over time, we determined with GAMs that time
of year was a good predictor for δ15N variations in the
control treatment (Table 2). Seasonal peaks in ant δ15N
(Figure 3a) correlated significantly (Table 3, P < 0.001)
with depressions in available soil moisture (Figure 3c) in
the control whereas the drought experiment maintained
consistently enriched levels of nitrogen in ants (Figure 3a)
and low soil moisture throughout the study. There were
no seasonal changes observed in ants’ δ13C in the control
or drought treatments (Figure 3b).

DISCUSSION

We found that experimental drought in a lowland tropical
rainforest resulted in significant enrichment of δ15N in the
two dominant ant species (+1.1‰ in O. smaragdina,
+1.6‰ in A. gilberti), but no change in δ13C. This drought-
induced elevation of 15N was also observed in both ant
species in the control treatment during the 2016 and
2017 dry seasons. Although we did not examine the iso-
tope composition of dietary components directly, we
compiled large concurrent isotope studies on rainforest
trees where we also observed a significant but relatively
small enrichment in leaf nitrogen in the drought (+0.6‰)
but not in control treatments. Because leaves generally
have higher nitrogen levels than sap, floral and extrafloral
nectaries (because they are primary sites for photosynthe-
sis and protein synthesis; Ueda et al. 2011), it is unlikely
that the observed 15N enrichment in the ant species is
due solely to plant responses to drought. Further, previous
studies from our study area have shown that the nitrogen
content of nectar and honeydew is within the range of

F I G U R E 2 A comparison of isotope signatures for (a) δ15N and
(b) δ13C of leaf samples (n = 159) collected from canopy tree species at
the Daintree drought experiment and adjacent control treatment.

T A B L E 2 Summary of the seasonal patterns in soil moisture and ant isotope values of Oecophylla smaragdina and Anonychomyrma gilberti as
expressed by the strength of the generalised additive models.

Variable edf F p Explained deviance (%)

Control treatment O. smaragdina δ 15N 6.998 11.00 <0.001 87.1

δ 13C 1.408 0.19 0.770 4.9

A. gilberti δ 15N 7.366 13.29 <0.001 90.3

δ 13C 1.130 1.73 0.170 12.7

Soil moisture 7.248 12.82 <0.010 96.8

Drought experiment O. smaragdina δ 15N 1 0.01 0.920 0.1

δ 13C 1 1.03 0.320 4.3

A. gilberti δ 15N 1 0.10 0.760 0.6

δ 13C 1.712 0.63 0.620 11.8

Soil moisture 6.965 51.77 <0.001 99.1

EXPERIMENTAL DROUGHT AND RAINFOREST ANTS’ DIET 461
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plants, and hence, they are unlikely to be significant
source of nitrogen to ants (Blüthgen et al. 2003). We
conclude, therefore, that relative to leaf δ15N values, the
trophic level enrichment of 15N in the drought experiment
of +2.7‰ and +3.2‰, for A. gilberti and O. smaragdina,
respectively, is consistent with these ants increasing their
dietary nitrogen from a higher proportion of prey items
(Mooney & Tillberg 2005; Tillberg & Breed 2004).

Dietary flexibility has been previously recorded in
O. smaragdina with colonies in young secondary forest
found to be significantly more enriched in nitrogen than
those in mature forests (Blüthgen et al. 2003). An increase
in ant predation was hypothesised in secondary forests
because of a lower availability of nectar and honeydew
(Blüthgen et al. 2003). Similar trophic shifts have been
observed in the invasive Argentine ant (Linepithema
humile) in California, where ants at the invading edge
were significantly enriched in δ15N compared with the
rear, due to ant diets being more prey-based at the front
of the invasion (Tillberg et al. 2007). Although subsequent
research has since found that post-invasion decline in tro-
phic position in Argentine ants was not a general phe-
nomenon, it is possible that flexibility in diet allowed for a
trophic position that was consistent with dynamic ecolog-
ical processes (Baratelli et al. 2023) or that diets change as
resource availability changes. Likewise, the seasonal
changes in 15N we observed in our study species in the
control sites are suggestive of dietary changes in response
to resource availability.

Nectar and honeydew are principal components of
O. smaragdina and A. gilberti diets (Blüthgen et al. 2004),
and because it is widespread and generally abundant, it is
considered the main reason for ant dominance in rainfor-
est canopies (Davidson et al. 2003). We did not measure
nectar and honeydew availability in this study. However,
numerous studies from the same site indicate that the
availability of plant-derived food such as flowering, extra-
floral nectaries and leaf production, decline in the dry sea-
son when plants are water limited (Blüthgen et al. 2003;
Boulter et al. 2006; Grimbacher & Stork 2009; Inkrot
et al. 2007). Likewise, plants in the drought experiment
have shown diminished productivity with reductions in
fruiting activity, photosynthetic rate and stomatal conduc-
tance (Tng et al. 2022; Vogado et al. 2020). This decrease
in plant productivity in response to water stress appears
to have been mitigated in part in the drought experiment
by an increase in rooting depth which we can infer from
the observed increase in leaf δ15N (Nel et al. 2018) and
predicted from modelling (Pivovaroff et al. 2021). Leaf
δ13C can enrich in drought-stressed plants from increased
stomatal closure (Farquhar et al. 1989) but was not found
in this study. Hence, the dry-season and drought-induced
changes in plant productivity observed to date have coin-
cided with our detection of nitrogen enrichment in ants
in the dry season and drought experiment. This finding
provides indirect support for the hypothesis that sap-
sucking insects may decline with increasing drought
stress (Gely et al. 2020); henceforth, we believe that a
fuller understanding would be achieved by direct obser-
vations of (1) different prey proportions being brought by
ants to drought and control nests and (2) changes in ant-
visitation and abundance of honeydew producing
trophobionts.

Thus far, forest dieback studies have focussed on the
direct effects of drought on plants and their interactions

F I G U R E 3 A time series of bimonthly isotopes samples for (a) δ15N
and (b) δ13C for two rainforest ant species (Oecophylla smaragdina and
Anonychomyrma gilberti) and (c) soil moisture (measured as volumetric
water content [VWC]) at the control treatment and drought experiment.
Solid lines are the generalised additive model predictions; grey areas are
the 95% confidence intervals.
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with herbivorous insects and disease (Anderegg
et al. 2015; Desprez-Loustaua et al. 2006; Gely et al. 2020;
Lantschner & Corley 2023). Indirect effects of climate
change on species interactions such as predator–prey
interactions are not well studied (Lord et al. 2017).
Predators are known to have disproportional impacts on
communities and ecosystems (Estes et al. 2011) and are
predicted to be highly vulnerable to climate change
because they not only need to respond to direct physio-
logical changes of changing climate they are also reliant
on changes throughout the food web (Voigt et al. 2003).
Our finding that omnivorous ants may become more
predatory in drought-affected forests has important impli-
cations for rainforest food webs and biodiversity and
deserves further investigation into foraging behaviour.
Given their large population size and territoriality (Dejean
et al. 2007), ants could outcompete other invertebrate
and vertebrate species and potentially excluding them
from some areas. Additionally, some studies have found
that drought leads to shrinking food webs and the loss of
species from high trophic positions, such as birds
(Campos-Cerqueira & Aide 2021; Roberts et al. 2019;
Woodward et al. 2012). A positive outcome of canopy
ants increasing their predatory behaviour would be a
reduction in drought-induced herbivory in which case
they could be potentially mediating the effects of climate
change on plants.

Contextualising the effects of species interactions on
ecosystem processes is inherently difficult because of the
difference in spatial scales. Nonetheless, invertebrates
potentially mediating the effects of drought on plants has
been previously documented in other taxa such as dung
beetles (Johnson et al., 2015) and termites (Ashton
et al. 2019) and is a topic worthy for further research
because species interactions are undoubtedly as impor-
tant to ecosystem function as environmental conditions.
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