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Pay it forward: refuse dump from leaf-cutting ants
promotes caterpillar digestive performance by
increasing plant nitrogen content
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Abstract. 1. The activity of soil-disturbing animals that increase soil nutrients can
affect the carbon : nitrogen (C : N) ratio of plants, which, in turn, may determine the
transfer of energy and nutrients through higher trophic levels. However, the strength and
sign of this indirect effect depend on whether enhanced nutrient substrates increase plant
foliar nutrients and/or plant defensive traits.

2. We investigated how the nutrient-rich refuse dumps of the leaf-cutting ant
Acromyrmex lobicornis, as a result of their direct effects on thistles, indirectly impact
the growth rate and digestive performance of a generalist chewing herbivore. We also
included the application of commercial fertilisers to test whether the enhanced soil
nutrients comprises the mechanism behind the impact of refuse dumps on the upward
cascade effects.

3. Thistles growing on nutrient-rich substrates (i.e. ant refuse dumps and fertilised soil)
had more and larger leaves, up to 80% lower C : N ratios, and higher physical defences
compared to plants growing on steppe soil. Caterpillars showed an enhanced digestive
performance and growth rate when feed on nutrient-rich plants and were able to adjust
the C : N ratio of their excretion to regulate the relative acquisition of nutrients.

4. The positive effect of nutrient-rich substrates on caterpillar feeding efficiency
suggest that the enhanced nutritional quality of the thistles could compensate for
the negative effects of the increased physical defences. The results of the present
study indicate how organisms that increase soil nutrient availability may diminish the
stoichiometric constraints at the base of food chains, enhancing the development and
growth rate of herbivores and, thus, indirectly mediating plant–herbivore interactions.

Key words. Acromyrmex lobicornis, Copitarsia gibberosa, ecological stoichiometry,
nutritional indices, soil nutrients.

Introduction

Soil nutrient enrichment can alter several plant tissue quality
traits, which, in turn, can affect the nutritional value of the plant
for herbivores (Kerslake et al., 1998; Stiling & Moon, 2005;
Hunter, 2016). The reduction in the carbon : nitrogen (C : N)
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ratio of plants generated by soil nutrient enrichment is expected
to indirectly enhance the survival, growth, and reproductive
rates of herbivores (Perkinns et al., 2004; Stiling & Moon,
2005; Huberty & Denno, 2006). However, a more nutritious
soil substrate may also improve plant anti-herbivore defence,
reducing tissue palatability for herbivores (Bryant et al., 1983;
Cipollini & Bergelson, 2001; Dyer et al., 2004). Therefore, the
indirect effect of enhanced soil nutrients on the performance of
herbivores may vary from positive to negative across herbivore
species and ecosystems.
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In arid and semi-arid regions, soil nutrients are important
limiting factors for plant growth (Noy-Meir, 1973; Hartley
et al., 2007); therefore, the activity of organisms promoting
nutrient-rich patches is of particular relevance (Mun & Whit-
ford, 1990; Eldridge & James, 2009; Farji-Brener & Werenkraut,
2017). By generating physical and chemical changes in the envi-
ronment that they inhabit, leaf-cutting ants are one of the most
prominent soil-disturbing animals known to positively affect
plant fitness (Farji-Brener & Werenkraut, 2015). In addition,
the soil nutrient hot-spots created by these ants (hereafter refuse
dumps) can also affect plant physical and/or chemical defence
traits, changing plant susceptibility to herbivores (Farji-Brener,
2007). Yet, how plants allocate the excess of resources gen-
erated by soil-disturbing animals among growth, reproduction,
and defence is not easy to predict because empirical evidence
has questioned the paradigm of a classical trade-off between
these functions (Koricheva, 2002; Agrawal, 2011; Neilson et al.,
2013) and supported scenarios where trade-offs, if present,
might be transient or context-dependent (Orians et al., 2010;
Sampedro et al., 2011; Hoque & Avila-Sakar, 2014).

Field studies conducted in the Patagonian steppe showed
that plants around nests of the leaf-cutting ant Acromyrmex
lobicornis have access to the nutrients of refuse dumps, growing
better and producing more seeds than plants far from ant
nests (Farji-Brener & Ghermandi, 2008; Lescano et al., 2012).
Among the most common colonisers of A. lobicornis nest areas
is the thistle Carduus thoermeri (Farji-Brener & Ghermandi,
2008), an exotic herb very abundant in disturbed areas that
also benefits from growing on ant refuse dumps (Farji-Brener
& Ghermandi, 2008; Farji-Brener et al., 2009). However, how
these changes in plants growing on refuse dumps might affect
the performance of herbivores that feed on this plant species
remains poorly explored. Given that C. thoermeri plants play
a key role supporting aphid and aphid-tending ant assemblages
(Farji-Brener et al., 2009; Lescano & Farji-Brener, 2011) and
are often damaged by caterpillars (M. N. Lescano and C.
Quintero, personal observations), understanding how herbivores
of this plant species are indirectly affected by the nutrient-rich
refuse dumps of A. lobicornis becomes critical for predicting the
potential invasion success of this exotic species and its role on
this ecosystem.

We experimentally examined how the enhanced nutrients
available in the A. lobicornis refuse dumps, as a result of their
direct effects on thistles, impact the growth rate and digestive
performance of Copitarsia gibberosa Pogue (Lepidoptera: Noc-
tuidae), a generalist chewing herbivore of economic importance
(Gould et al., 2005; Pogue, 2014). We performed a common
garden experiment aiming to test whether a nutrient-rich sub-
strate (ant refuse dumps) impacted growth, nutritional quality,
defensive traits, and levels of herbivory of C. thoermeri plants.
Additionally, we included the use of a commercial fertiliser as an
extra treatment to test whether the enhanced availability of soil
nutrients is the mechanism behind the impacts of refuse dumps
on the measured traits. Using leaves from those plants, we con-
ducted a laboratory experiment aiming to examine their effect on
caterpillar performance, measured as mass gain and feeding effi-
ciency. We expected contrasting results depending on whether
the excess of resources overall increased the quality/quantity

of leaves and/or modified their defensive traits. If plants grow-
ing in nutrient-rich substrates represent an enhanced resource
(e.g. more leaf nitrogen content and/or abundance of leaves), we
expected that caterpillars feeding on nutrient-enhanced plants
would show a better performance compared with those feed-
ing on plants growing on unmodified steppe soils. Conversely,
if enhanced nutrients trigger the production of more or better
defensive leaf traits, over and above nutritional value or even
in addition to increasing plant biomass and tissue quality, we
expected that caterpillars feeding on nutrient-enhanced plants
would diminish their food intake and/or show a lower perfor-
mance compared with those feeding on control plants.

Materials and methods

Study system

Acromyrmex lobicornis Emery (Formicidae, Hymenoptera) is
the only leaf-cutting ant species inhabiting the northwest Patag-
onian steppe (Farji-Brener & Ruggiero, 1994). As reported for
several leaf-cutting ant species (Farji-Brener & Werenkraut,
2015), A. lobicornis changes the physical and chemical prop-
erties of the soil around their nest mainly by the accumulation
of refuse dumps (Farji-Brener & Ghermandi, 2008; Farji-Brener
et al., 2010). Acromyrmex lobicornis collect vegetal material
from a wide variety of plants, which is used as a substrate for
growing a symbiotic fungus comprising the food for the ant
brood. The waste products from this activity are accumulated in
flat piles on the soil surface near the nest entrances. This organic
waste generates nutrient-rich patches around the nest, usually
colonised by exotic plant species that grow better and produce
more seeds compared with the typical nutrient-poor soils of the
arid steppes (Farji-Brener & Ghermandi, 2008; Farji-Brener &
Werenkraut, 2015).

The thistle C. thoermeri (Asteraceae) (nodding thistle) is an
exotic species abundant in the study area and one of the most
common species growing in the nutrient-rich refuse dumps of
A. lobicornis (Farji-Brener & Ghermandi, 2008). This species is
considered to be a noxious weed in pastures (Popay & Medd,
1995), although its presence in roadsides of the Patagonian
steppes may facilitate the abundance of native fauna (Lescano
& Farji-Brener, 2011). It is a monocarpic biennial herb that
grows in a flat rosette during its first year of life and then,
in the second year, it bolts and produces one or more stems
with distinct purple inflorescences. This fast-growing species
is capable of increasing its biomass when grown in appropriate
microsites (Shea et al., 2005; Farji-Brener & Ghermandi, 2008)
and has both physical and chemical anti-herbivore defences such
as sharp spines located on the leaf border (Lee & Hamrick, 1983)
and some flavonoids and alkaloids that act as chemical defences
against herbivores (Jordon-Thaden & Louda, 2003).

Copitarsia gibberosa Pogue is a noctuid moth found in west-
ern Argentina and throughout central Chile (Pogue, 2014) whose
larvae are polyphagous and feed externally on leaves, stems,
and fruits of many host plants (including numerous crops). The
genus Copitarsia (Lepidoptera: Noctuidae) includes 21 species
distributed from México throughout South America (Angulo
& Olivares, 2003); these species feed on a large number of
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fresh commodities (including alfalfa, apple, artichoke, aspara-
gus, beet, cabbage, corn, kiwi, onion, raspberry, strawberry,
tobacco, and wheat); thus, they are considered actionable
pests and a risk to agriculture (Gould & Maldonado, 2006;
Pogue, 2014). An adult female of Copitarsia spp. may produce
between 570 and 1640 eggs, depending on the quality of the
environment and the host plant (Rojas & Cibrian-Tovar, 1994).
Larvae complete five to six instars during development, reach-
ing up to 4 cm in length (Lopez-Avila, 1996), with pupation
occurring in the soil and adult moths being grey or brown
(Gould et al., 2005).

Experimental design

To determine the direct impact of nutrient-rich substrate on
plant performance and defence traits, as well as their indirect
effects on a generalist herbivore, we transplanted 30 second-year
rosettes of C. thoermeri naturally growing in non-nest soils
into individual pots. Each plant was placed in one of three
substrate treatments: non-nest soils (Control), soil from refuse
dumps of A. lobicornis (+ ant waste) or fertilised non-nest soils
(+ NPK) (n = 10 replicates per treatment). Initial rosette plants
were approximately 20 × 25 cm in diameter and there was no
difference in the number of fully developed leaves (between
five and 10) among plants in the three treatments (F2,27 = 0.88,
P = 0.42). Refuse dump material was collected in the field from
five selected nests of A. lobicornis, combined and then used to
fill 10 plastic pots (volume 7 litres). Substrate for non-nest soils
(i.e. nutrient-poor soils) was collected from five non-nest sites
near nests and combined to fill 20 plastic pots (volume 7 litres).
Half of these 20 pots with non-nest soil were controls (i.e.
Control treatment) and the other half were supplemented with
5 g of fertiliser 15 : 15 : 15 nitrogen : phosphorous : potassium
each (i.e. + NPK treatment). The fertiliser was applied twice
over the course of the experiment: 2.5 g at the beginning
and 2.5 g 1 week later. Quantitative analyses of the fertiliser
used indicated that it has approximately 12% nitrogen and
6.4% phophorous; hence, the total amounts of nitrogen and
phophorous added were 0.65 and 0.32 g, respectively, per
pot. Similar effects on plant traits and larval performance
between refuse dump and fertilised treatments would support
the hypothesis that the effect of refuse dumps is a result of
the enhanced availability of soil nutrients (rather than other
possible mechanisms). All plants were randomly placed in a
1.5 × 5 m plot, inside an open common garden where they grew
under natural daylight and temperature conditions and were
watered as needed. In addition, the plants were checked daily
and herbivores were eliminated when necessary.

Plant traits and defences

After 50 days, several leaf traits were measured to characterise
leaf quality for herbivores. For each plant, we counted the total
number of leaves and estimated the foliar area as the average
leaf area from nine leaves (three basal, three middle, and three
top). The leaf area from each leaf was calculated using the
formula for the area of an ellipse (area = 𝜋 × A × B, where

A is the semi-major axis and B is the semi-minor axis from
each leave). Also, we measured additional plant performance
traits (i.e. maximum height and number of inflorescences, see
Fig. S1) to compare our data with previous field studies. Plant
quality was measured as leaf nutritional value (C : N ratio and
water content) and leaf physical defences were evaluated as
leaf toughness, number of spines, and mean spine length. For
chemical analysis of vegetal tissue, a sample of two leaves from
each plant was collected and dried at 60 ∘C for 48 h up to
constant weight. Subsequently, each sample was crushed into
a fine powder with a mortar and pestle, and approximately
2–3 mg of dry weight (DW) was destined for elemental analysis.
Carbon and nitrogen concentrations in the tissues were measured
with a suitable analyser (Flash EA 1112; Thermo Scientific,
Waltham, Massachusetts). Also, the same samples were used to
calculate the leaf water content as: (wet mass − dry mass)/wet
mass) × 100. To estimate leaf toughness, as specific leaf area
(SLA), we collected a total of eight leaf disks (diameter 2 cm)
(cut with a cork borer) from four leaves (two basal and two
middle leaves) from each plant and calculated SLA as A/M,
where A is the area of the disks and M is their mass (Milla et al.,
2008). A lower SLA indicates higher leaf toughness because
SLA is inversely correlated with fiber content (Gras et al., 2005).
In the same four leaves, we counted the total number of spines
from the third or fourth leaf lobule and measured the longest
spine with a digital caliper. Plant performance and quality
were analysed using one-way analysis of variance (anova)
with substrate included as a fixed factor with three levels. A
posteriori comparisons among treatments were carried out when
appropriate, using Tukey’s test. The dependent variable C : N
ratio was log-transformed to meet the assumptions of anova,
whereas the total number of inflorescences was compared
among the three substrate treatments using Kruskal–Wallis
tests followed by a post hoc Dunn’s test because this response
variable failed to meet the normality assumptions of anova.

To evaluate overall susceptibility to herbivore damage among
plants growing in the different soil substrates, at the end of the
experiment, herbivorous insects were allowed free access to
all plants. After 10 days, we estimated natural herbivory levels
by visually assessing the missing area of nine random leaves
per plant (three basal, three middle, and three top leaves from
each plant). We calculated the percentage of area consumed
for each individual plant as the average of the nine measured
leaves, and then, we estimated the percentage of each plant’s
leaf area removed as the product of the percentage of leaf
area consumed and the foliar area of each plant. We compared
the amount of damage among the three substrate types using
Kruskal–Wallis tests.

Caterpillar performance and feeding efficiency

To determine whether plants growing on the different sub-
strates differentially affect the performance and feeding effi-
ciency of a generalist caterpillar, we set up a laboratory exper-
iment. We collected third-instar larvae of C. gibberosa, occur-
ring naturally around our experimental set up, and reared them
on naturally occurring C. thoermeri for 24 h. The next day,
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60 larvae were transferred, individually, to small, sealed plas-
tic containers (200 mm2), starved for approximately 6 h to clear
the gut, and then assigned randomly to feed on one of the three
diet treatments: C. thoermeri leaves from individuals growing
on non-nest soils (Control), refuse dumps of A. lobicornis (+
ant waste) or fertilised soils (+ NPK). To supply caterpillars
with a constant source of fresh leaves, we harvested three or
four undamaged leaves from each one of the 10 plants grow-
ing on each substrate (i.e. two basal and two middle leaves, each
plant was used to rear two independent larvae). Four nutritional
indices were calculated over an interval of 24 h according to
the standard gravimetric method (Waldbauer, 1968): consump-
tion index (CI), approximate digestibility (AD), efficiency of
conversion of ingested food (ECI), and efficiency of conver-
sion of digested food (ECD). Five measurements were collected
per replicate: initial and final food mass (fresh weight), initial
and final larval mass (fresh weight), and final faecal mass (dry
weight). For the final measurements, caterpillars were starved
for an additional 4 h before larval fresh weight and faecal dry
weight were measured. A separate subset of larvae and leaves
from each treatment diet was dried and weighed to obtain dry
weight conversion factors. Larval relative growth rate (RGR),
or dry mass increase per unit dry mass per day, was calculated
as [(W f − W i)/W i]/t where W f is final biomass, W i is initial
biomass and t is the total number of days (i.e. one in this case).
To avoid problems with the statistical analysis of ratios, all nutri-
tional indices were analysed using two-way analysis of covari-
ance (Raubenheimer & Simpson, 1992). In all cases, except for
CI, the numerator of the formula used to calculate each nutri-
tional index was the dependent variable, whereas the denomi-
nator was used as a covariate. In the case of CI, the covariate
was initial larval mass. In turn, variation in RGR was tested by
a one-way anova followed by Duncan’s post hoc test. In all
cases, diet treatment was included as fixed factor. Dependent
and covariate variables were square root transformed to meet
the assumptions of anova.

Finally, to determine whether caterpillars regulate the imbal-
ance in C : N ratios between their food source and their biomass
(stoichiometric homeostasis, sensu Sterner & Elser, 2002), we
carried out the elemental analysis of their excretions. The dried
frass obtained after the 24 h feeding experiment was used to
measure carbon and nitrogen concentrations with a suitable anal-
yser (Flash EA 1112; Thermo Scientific). A sub-sample of 10
larvae from each diet treatment was used, and 2–3 mg of faecal
material was used for elemental analysis. Data were log trans-
formed to meet the assumptions of anova and analysed using
one-way anova, with diet treatment as a fixed factor with three
levels, and a posteriori comparisons among treatments were car-
ried out using Tukey’s tests.

Results

Plant traits and defences

Nutrient-rich substrates (+ NPK and + ant waste) increased
plant biomass, as well as leaf nutritional quality and physi-
cal defences (Fig. 1); also, the effect of fertiliser (+ NPK) and
refuse dumps (+ ant waste) were statistical indistinguishable

in all cases, except the C : N ratio (Fig. 1d). Plants grown in
pots with refuse dumps and fertiliser showed approximately 1.4
times more leaves (F2,27 = 11.07, P < 0.0001) and a 1.6-fold
greater mean foliar area (F2,27 = 9.67, P < 0.005) than plants
grown on control soils (Fig. 1a,b). Similarly, nutrient-rich sub-
strates increased the number of inflorescences by approximately
four-fold compared with plants in control pots (F2,24 = 26.28,
P < 0.0001), although no differences in total plant height were
observed (F2,27 = 0.30, P = 0.74) (Fig. S1).

Plants grown on nutrient-rich substrates had approximately
7% less water than control plants (F2,27 = 18.34, P < 0.0001)
(Fig. 1c); however, leaf nitrogen content was approximately
four-fold lower on control plants (Fig. S2). This difference in
leaf nitrogen content explains the reduction in C : N ratios
by 72% and 83% in refuse dump and fertilised pots, respec-
tively (F2,27 = 112.29, P < 0.0001) (Fig. 1d). Lastly, in terms
of physical defences, plants growing on refuse dump and fer-
tilised soils showed an approximately two-fold higher leaf
toughness (i.e. approximately 50% lower mean SLA) and had
approximately 1.7 times more spines than plants grown in con-
trol soils (Fig. 1e,f). There was no difference in the length
of the longest spine across substrate types (mean ± SE: Con-
trol 3.9 ± 0.9, + ant waste 4.1 ± 0.22, and + NPK 6.2 ± 1.2;
F2,27 = 1.02, P = 0.37).

The accumulated natural leaf damage of C. thoermeri plants
was approximately 30% and did not depend on the treatment in
which plants grew (H2,30 = 0.73, P = 0.69) (Fig. 2a), although
there was a strong tendency for greater leaf area removed in
plants from refuse dump and fertilised soils compared with those
from control soils (H2,30 = 5.49; P = 0.06) (Fig. 2b).

Caterpillar performance and feeding efficiency

Nutrient-rich substrates led to a 60% increase in larval
RGR compared with larvae reared on leaves from control
plants (F2,46 = 8.51, P < 0.001) (Fig. 3a). This trend might be
explained by some measurements of caterpillar feeding effi-
ciency because two of these indices were affected by the diet
treatments (Table 1). Specifically, although leaf material con-
sumed (CI) and approximate digestibility (AD) did not vary sig-
nificantly among treatments (Fig. 3b and Table 1), the herbivore
efficiency with respect to conversion of ingested and digested
food (ECI and ECD) was approximately 50% and 40–90%
higher, respectively, for larvae feeding on leaves of refuse dump
and fertilised plants compared with those feeding on control
plants (Fig. 3c,d).

Also, nutrient-rich substrates significantly altered caterpillar
nutrient excretion. Specifically, the carbon content of the cater-
pillar excretions was slightly but significantly, higher on the
control plants (F2,27 = 3.98, P < 0.05); however, more impor-
tantly, the nitrogen content of caterpillar excretions reared on
leaves from enriched soils was approximately three-fold higher
compared with those reared on control plants (F2,27 = 23.84,
P < 0.0001) (Fig. 4b). Accordingly, nutrient-rich substrates sig-
nificantly decreased the C : N ratio of caterpillar excretions by
77% (F2, 7 = 60.13, P < 0.0001) (Fig. 4c).
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Fig. 1. Leaf traits (mean ± SE) of plants growing on non-nest soils (Control), refuse dumps of Acromyrmex lobicornis (+ ant waste), and fertilised
soils (+ NPK). (a) total number of leaves, (b) foliar area, (c) water content, (d) log leaf carbon : nitrogen (C : N) ratio, (e) specific leaf area (SLA,
with high values representing low leaf toughness), and (f) spine number. Different lower case letters indicate statistically significant differences among
substrates (analysis of variance, P < 0.05).

Discussion

The availability of soil nutrients affects the C : N ratio of plants,
which in turn determines the transfer of energy and nutrients
through the trophic levels (Elser et al., 2003). Hence, the activ-
ity of soil-disturbing animals that increases the availability of
resources for plants may trigger a bottom-up cascade, indirectly
affecting the physiology and fitness of primary consumers.
Although bottom-up cascades affecting primary consumers
have been assessed for soil-disturbing animals such as sea
birds (Kolb & Hambäck, 2015) and mound-building termites
(Dangerfield et al., 1998), few studies have reported the poten-
tial effects of bottom-up cascades triggered by leaf-cutting ants
(Farji-Brener et al., 2009; Lescano et al., 2012). The present

study demonstrated that the leaf-cutting ant A. lobicornis,
through their nutrient-rich refuse dumps, enhanced the per-
formance and nutritional quality of C. thoermeri, indirectly
improving the feeding performance of caterpillars. In particular,
we showed that C. thoermeri plants growing on ant-enriched
soils had approximately 50% more and larger leaves and up
to 80% lower C : N ratio. Interestingly, plants on nutrient
enhanced substrates were also better defended, with a 65%
higher spine number and doubled leaf toughness compared
with plants growing on common steppe soil. All measured plant
traits, except leaf C : N ratio, were similar between individ-
uals growing on refuse dump and fertilised pots, supporting
the idea that the enhanced availability of soil nutrients in ant
refuse dumps is the source of the improved plant traits; further
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supporting the limiting nature of soil nutrients in the Patagonian
steppes (Satti et al., 2003). Finally, ants and the refuse piles
that they produce had indirect, positive effects on a generalist
herbivore: C. gibberosa caterpillars reared on leaves from
nutrient-rich substrates had 60% higher relative growth rate and
enhanced digestive efficiencies of more than 40%. In addition,
the physiological cost of retaining nitrogen was reduced by
approximately three-fold when larvae were reared on leaves

from the nutrient-rich substrates compared with those reared
on leaves from steppe soil. Thus, by increasing heterogeneity
in plant traits, leaf-cutting ants can have a significant role on
herbivore population dynamic and community structure.

The upward cascade effect of soil nutrient enrichment will
be determined ultimately by how plants allocate the avail-
able resources. On the one hand, plants might allocate the
increased resources to reproduction and/or growth, favouring
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Table 1. Results of the one-way analysis of covariance for caterpillar nutritional indices as a function of diet treatment.

CI ECI AD ECD

Source d.f. F P d.f. F P d.f. F P d.f. F P

Covariate 1 0.61 0.43 1 1.81 0.18 1 807.12 < 0.0001 1 0.15 0.69
Diet treatment 2 1.41 0.25 2 8.59 < 0.001 2 2.11 0.13 2 8.71 < 0.001
Error 45 – – 45 – – 45 – – 45 – –

Significant effects are indicated in bold.
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Fig. 4. Nutrient content of caterpillar excretion from individuals reared on three different diet treatments: Carduus thoermeri leaves from individuals
growing on non-nest soils (Control), refuse dumps of Acromyrmex lobicornis (+ ant waste), or fertilised soils (+ NPK). (a) Percentage carbon content,
(b) percentage nitrogen content, and (c) log frass C : N ratio. Values are the mean ± SE and different lower case letters indicate statistically significant
differences among the diet treatments (analysis of variance, P < 0.05).

herbivores by increasing access to less protected, more abun-
dant resources (Forkner & Hunter, 2000; Stiling & Moon, 2005).
On the other hand, plants may allocate the increased resources
to enhance resistance traits, negatively affecting their herbi-
vores (e.g. spines, tough tissue, toxic compounds) (Coley &
Barone, 1996; Cipollini & Bergelson, 2001; Lou & Baldwin,
2004). However, this dichotomous scenario is not necessar-
ily the rule; instead, soil nutrient enrichment might improve,
more or less, all plant functions (i.e. growth, reproduction, and
defence), and so the consequences for herbivores will depend
on the relative importance of each of them. This last possi-
bility is supported by our results where C. thoermeri plants
growing on more nutritious substrates showed more biomass,
flowers, and physical defences compared with those grow-
ing on non-nest soils, as previously reported in field studies
(Farji-Brener, 2007; Farji-Brener & Ghermandi, 2008; Lescano
et al., 2012), and they also had higher nutritional quality.
Determining whether or not C. thoermeri thistles experience
a trade-off between growth and defence functions is beyond
the scope of the present study, and cannot be assessed com-
pletely because constitutive investment in chemical defences
was not assessed, nor did we measure induced defences
post damage.

Despite the large differences in thistle nutritional quality found
in the present study, accumulated natural herbivory levels were
similar across all three soil treatments (Fig. 2). One possibility,
beyond differences in herbivore abundance among treatments, is
that individual herbivores selecting less defended C. thoermeri
plants from the control soil treatment increased their intake rates
to compensate for poor diet quality, as seen in other systems

(Lee et al., 2003; Massey et al., 2006). Conversely, herbivores
predicted to increase the consumption of C. thoermeri from
nutrient-rich substrates in response to the increased tissue
quality (Pérez-Harguindeguy et al., 2003; Cebrian & Lartigue,
2004) might instead be limited by other plant traits, such as
higher levels of indigestible fibre or a higher diversity or quantity
of chemical defences (not measured in the present study).
Although all of these traits, operating simultaneously, might
have favoured intermediate levels of herbivory on different
quality plants, natural herbivory measurements do not allow us
to discriminate among the mechanisms underlying the feeding
efficiency of herbivores and, thus, manipulative experiments
become more informative.

According to stoichiometric theory, food consumed is a
package of elements that may or may not be in balance
with a consumer’s elemental requirements. This imbalance is
often greater at the base of food webs where the nutritional
quality of plants usually differs from the nutritional demands of
herbivores (Elser et al., 2000; Sterner & Elser, 2002; Hillebrand
et al., 2009). Consequently, herbivores have developed pre- and
post-digestive mechanisms to maintain their nutrient balance,
such as adjusting their ingestion rate or degree of food selectivity
(Plath & Boersma, 2001; Raubenheimer & Simpson, 2003),
assimilation (Sabat et al., 1999) or excretion (He & Wang,
2008) processes. These mechanisms may increase nutritional
gains, although often at the expense of higher energetic costs
(Relyea & Auld, 2004). Our laboratory experiments showed
that, although the ingestion rate was not adjusted, assimilation
and excretion processes varied in response to diet treatments.
In particular, caterpillar reared with leaves from C. thoermeri
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growing in control steppe soil pots did not show an increase in
consumption rates, as might be expected to compensate for the
poor quality of the diet (Raubenheimer, 1992; Behmer et al.,
2002). This lack of response could be explained by the fact
that increasing food consumption implies adjusting to excess
carbon, which is energetically expensive (Sterner & Elser,
2002). However, despite showing equal consumption rate among
treatments, nutrient-rich substrates had an indirect positive
impact on caterpillar growth rate, probably as a result of higher
digestive performance (enhanced ECI and ECD) when reared
on rich-soil plants, as documented in other systems (Giertych
et al., 2005). Although the influence of leaf quality on caterpillar
feeding efficiency could change with their developmental stage
(Lebigre et al., 2018; Quintero & Bowers, 2018), the results of
the present study suggest that the enhanced nutritional quality
of thistles growing on a better substrate would compensate for
the expected diminished efficiency of conversion of ingested
and digested food (ECI, ECD) as a result of enhanced physical
defences (Hochuli, 1996; Clissold et al., 2009), at least for the
larval stage investigated in the present study. Similarly, although
not measured, it could be that thistles growing on nutrient-rich
soils had higher levels of chemical defences; yet, the similar
and higher digestion efficiencies in refuse dump and fertilised
plants suggest that such changes did not take place or that any
changes in chemical defence were insufficient to affect digestion
efficiencies. By contrast, although defences might have played
a small role in affecting C. gibberosa caterpillar performance,
a higher nutrient quality appears to be the key trait favouring
caterpillar growth. Hence, as the nitrogen content of their food
increases, herbivores become more efficient in converting plant
material into body tissue (Schoonhoven et al., 1998); probably
as a result of the lower cost of retaining nitrogen when the diet
begins to be richer in this element.

Nitrogen is considered one of the most limiting macronutrients
for herbivorous insects and consequently, maintaining their
internal homeostasis under diets with lower nitrogen imposes
costs that can translate into reduced fitness (Elser et al., 2000;
Sterner & Elser, 2002). Herbivores can regulate their elemental
composition by increasing the excretion of excessive elements
and/or the retention of scarce elements (Sterner & Elser, 2002).
Our laboratory experiment showed that nitrogen content of
caterpillar excretions increased as the C : N ratio of their food
decreased (i.e. larvae reared on refuse dump and fertilised
leaves excrete three times more nitrogen compared with those
reared on control plants), suggesting that C. gibberosa is able
to adjust their excretion to regulate the relative acquisition
of nutrients, according to the excretion hypothesis (Sterner
& Elser, 2002). This suggests that enhanced-soil nutrients
bring leaf nutritional quality closer to larval requirements,
relaxing the need to retain nitrogen. Although the present
study examined the performance of a single larval stage under
laboratory conditions, our results are in accordance with the
inverse relationship between nitrogen excreted and C : N of the
food reported for other herbivores (Balseiro & Albariño, 2006)
and the increased retention efficiency demonstrated to mitigate
phosphorous deficiencies (DeMott et al., 1998). Thus, the higher
energetic costs of retaining nitrogen when it is scarce (Sterner &
Elser, 2002) may be diminished when caterpillars feed on plants

from nutrient-rich substrates, further explaining their increased
performance. This hypothesis is supported by both the higher
nitrogen content of excretions and the 60% higher RGR of C.
gibberosa larvae reared on refuse dump and fertilised plants
compared with those reared on control leaves.

In summary, we have shown that nutrient-rich refuse dumps
of the leafcutter ants A. lobicornis have a positive effect on
the nutritional quality of C. thoermeri plants, which indirectly
benefits a generalist caterpillar that feeds on those plants. In
particular, we show that the increase in soil nutrient availability
diminished the stoichiometric constraints at the base of the food
chain by bringing the C : N ratio of thistles closer to one that
satisfies herbivore requirements, with positive consequences for
larval development and growth rates. Although the outcomes
of this increased performance were not measured directly in
the present study, it is well established that there are strong
positive associations between larval size and adult fecundity
and fitness (Honěk, 1993). Moreover, given that specialist
herbivores may be less sensitive to host plant defences or could
make more efficient use of host nutrients (Coley et al., 2006),
we might be underestimating the actual role of nutrient-rich
refuse dumps on herbivore community dynamics. Therefore, the
present study highlights the important role played by the activity
of soil-disturbing animals, such as leaf-cutting ants, in indirectly
mediating plant–herbivore interactions.
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Figure S1. Mean ± SE number of general plant traits measured
in individuals assigned to different substrate types: non-nest
soils (NNS=Control), refuse dumps of Acromyrmex lobicor-
nis (RD=+ ant waste), and fertilised soils (FER=+NPK). (a)
Maximum height. (b) Inflorescences number. Different lower-
case letters indicate statistically significant differences among
substrates (one-way analysis of variance, P < 0.05).

Figure S2. Mean ± SE of nutrient content from leaves of Car-
duus thoermeri growing on three different substrates: non-nest
soils (NNS=Control), refuse dumps of Acromyrmex lobicor-
nis (RD=+ ant waste), and fertilised soils (FER=+NPK). (a)
Percentage carbon content. (b) Percentage nitrogen content.
Results of the one-way analysis of variance design (F2,27 = 0.74,
P = 0.78 and F2,27 = 53.61, P < 0.001, respectively). Different
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lowercase letters indicate statistically significant differences
among the diet treatments.
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