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Abstract

1.

 

We present evidence of how exotic grazers can indirectly change the nutrient avail-
ability on the soil surface by affecting the quality of refuse dumps of leaf-cutting ants
through changes in vegetation. Understanding the mechanisms involved in this process
is vital to propose proper control and restoration practices.

 

2.

 

In the Monte Desert of Argentina, we sampled seven paddocks with similar envi-
ronmental conditions but different stocking rates (individuals ha

 

–1

 

). In each paddock
we measured grazing intensity, plant species number and cover, leaf-cutting ant nest
density, leaf-cutting ant diet and the nutrient content of the external ant refuse dumps
and of the adjacent non-nest soils. We found higher content of N, C and P in refuse
dumps than in non-nest soils, but the strength of this effect decreased with an increase
in stocking rates. As stocking rate increased, plant richness and cover, the number of plant
species harvested by ants and the nutrient content of their refuse dumps all decreased.
Nest density was not affected by stocking rates.

 

3.

 

These results suggests that livestock reduce plant richness and cover through
grazing, affecting ant diet with the subsequent alteration of the nutrient content of their
external refuse dumps. A decrease in the nutrient quality of the refuse dumps may affect
plants that establish and grow on this substrate and the rate of nutrient cycling.

 

4.

 

Synthesis and applications

 

. We have shown that negative effects of exotic grazers on
plants may spread throughout native insect herbivores to affect soil nutrient availability.
These results can provide useful information to prevent soil impoverishment and restore
the nutrient content of soils in this managed system. A slight reduction in stocking rates
can restore the contribution of ants to soil fertility. Additionally, refuse dumps from
paddocks with low grazing levels should be employed as fertilizer to restore soil quality
in paddocks with high grazing intensities.
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Introduction

 

Besides the well-known direct effects on the native plant
species, introduced mammalian herbivores indirectly
generate substantial changes in other structural and
functional components of ecosystems (Milchunas 

 

et al.

 

1998). Grazing-induced structural changes of plant
assemblages generate concomitant changes in the
structure of other animal assemblages (Whitford 1997).
For example, the modification of vegetation by mam-
malian herbivores changed the structure of bird com-
munities in oak forests (DeGraf 

 

et al.

 

 1991), lizards in
deserts (Jones 1981), arthropods in woodlands (Abensperg-
Traun 

 

et al.

 

 1996), web spiders in forests (Miyashita

 

et al

 

. 2004) and ants in subtropical savannas and cool
temperate deserts (Bestelmeyer & Wiens 2001; Nash

 

et al

 

. 2001). In addition, mammalian herbivores, through
their effects on plants, can indirectly alter the quality
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and quantity of nutrients in the soil surface, a primary
component of nutrient cycling (Pastor & Cohen 1997;
Abril & Bucher 2001; Bardgett & Wardle 2003; Feely &
Terborgh 2005). However, these effects on structural
and functional components of ecosystems have been
usually studied separately.

Recent studies (Sirotnak & Huntly 2000; Bardgett
& Wardle 2003; Olofsson 

 

et al

 

. 2004; Semmartín 

 

et al

 

.
2004) showed that direct changes in structural compo-
nents of ecosystems caused by grazing may indirectly
alter ecosystem processes (e.g. nutrient cycling). Nev-
ertheless, the direct impact of introduced herbivores on
plants may cascade up through other native organisms
that use plants as food resources and whose activities
also affect nutrient cycling. To our knowledge, the role
of this indirect interaction between exotic grazers and
native insect herbivores and its effect on nutrient avail-
ability had never been investigated. Here we present
evidence of how livestock can indirectly change the
availability of nutrients on the soil surface by affecting
the quality of refuse dumps of leaf-cutting ants through
changes in vegetation.

Mammalian herbivores often enhance, but some-
times retard the rate of nutrient cycling, and the factors
that determine whether this net effect is positive or
negative are not clear (Pastor & Cohen 1997; Bardgett
& Wardle 2003). In general, the short-term effect of
browsing may accelerate the rate of litter decomposi-
tion and improve litter quality by increasing nutrient
availability through waste products (Ruess & McNaughton
1987; Frank & Evans 1997). Conversely, the long-term
effect of browsing may reduce litter decomposition
because selective foraging on plants that produce high-
quality litter may shift plant assemblages toward spe-
cies with low-quality litter (Pastor 

 

et al

 

. 1993; Sirotnak
& Huntly 2000). Therefore, the quality and quantity of
nutrients on the soil surface as direct or indirect con-
sequences of  browsing are key factors determining
the effect of  exotic grazers on nutrient cycling (Singer
& Shoenecker 2003; Semmartín 

 

et al

 

. 2004; Feely &
Terborgh 2005).

Browsing may indirectly affect other organisms that
feed on plants and also affect soil fertility and nutrient
cycling, including some insect species (Chapman 

 

et al

 

.
2003). Due to their abundance and rapid turnover
(short life span), insect herbivores may strongly influ-
ence soil nutrient availability and accelerate nutrient
cycling in several ways (Schowalter 1981). For example,
grasshoppers can speed up nitrogen cycling by chang-
ing the abundance and decomposition rate of  plant
litter (Belovsky & Slade 2000). Wastes from larvae
of the gypsy moth 

 

Lymantria dispar

 

 increased micro-
bial growth and N mineralization in soils (Lovett &
Ruesink 1995). Harvester ants alter soil chemistry and
soil biota by accumulation of organic debris (Wagner

 

et al

 

. 1997; Boulton 

 

et al

 

. 2003). However, leaf-cutting
ants are probably the most remarkable example among
all invertebrate herbivores in terms of  their capacity
to alter soil fertility and nutrient cycling.

Leaf-cutting ant activities generate microsites of
high soil nutrient content wherever they occur (Farji-
Brener & Illes 2000). They selectively collect large
quantities of fresh vegetation from a large area and
carry it to their nest chambers, where the plant material
is degraded by a mutualistic fungus. The waste material
from the fungal decomposition, dead ants and other
debris are removed from the fungus gardens to specific
external or internal disposal areas (hereafter, refuse
dumps). These refuse dumps are several times richer in
organic carbon and nutrients than the adjacent soils,
generating nutritive hot spots around the nest area (Farji-
Brener & Illes 2000). For example, soils surrounding
leaf-cutting ant nests have three to 80 times higher con-
centrations of C, N, P, Ca, Mg and K than non-nest soils
in tropical rainforests (Haines 1978; Moutinho 

 

et al

 

. 2003;
Wirth 

 

et al

 

. 2003), tropical savannas (Farji-Brener &
Silva 1995a) and temperate semideserts (Farji-Brener
& Ghermandi 2000). Moreover, this high availability of
nutrients generally increases plant abundance, diversity,
productivity and accelerates nutrient cycling around
the nest area (Lugo 

 

et al

 

. 1973; Haines 1978; Jonkman
1978; Farji-Brener & Silva 1995b; Farji-Brener & Illes
2000; Moutinho 

 

et al

 

. 2003; Wirth 

 

et al

 

. 2003; Farji-
Brener & Ghermandi 2004). The amount and/or the
quality of this important source of soil nutrients may
be affected by the activities of introduced livestock in
several ways. Livestock may reduce the number of ant
nests directly by trampling, or indirectly deplete the diet
of leaf-cutting ants through grazing which, in turn,
may affect the quality of refuse dumps.

In some dry areas of Argentina, the combined effects
of insufficient rainfall, poor soils and overgrazing have
produced important changes in vegetation and soil
fertility (Bucher 1987; Abril & Bucher 2001; Tadey 2006)
which, in turn, may affect the activity of leaf-cutting ants
as foragers and soil-nutrient improvers. Patagonian
semideserts have some characteristics that may enhance
the effects of interactions between introduced herbivores
and leaf-cutting ants on the availability of soil nutrients.
First, soil nutrients, together with water availability, are
limiting factors for plant establishment, growth and
reproduction (Satti 

 

et al

 

. 2003); thus any factor that
changes the size of the soil nutrient pool should have
important ecological consequences. Secondly, the low
plant abundance and the scarcity of palatable species in
this region force livestock to feed upon unpalatable or
less nutritional plant species (Golluscio 

 

et al

 

. 1998);
thus high grazing intensity may decrease the availability
of plants for other native herbivores. Thirdly, both types
of herbivores, livestock and leaf-cutting ants inhabit
the same areas and share preferences for some plant
species (Robinson & Fowler 1982; Pilatti 

 

et al

 

. 1997);
therefore, changes in plant biomass caused by high
grazing intensity can potentially affect the composition
of the leaf-cutting ant diet with negative consequences
on nest abundance and/or the nutrient content of their
refuse dumps. Finally, given that the debris of the only
leaf-cutting ant species of the Monte Desert (

 

Acromyrmex
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lobicornis

 

 Emery) has been characterized as nutrient-rich
in other similar habitats (Farji-Brener & Ghermandi
2000), changes in nest abundance and/or the nutrient
content of refuse dumps could affect the quantity and/
or quality of nutrients generated by leafcutters in the
study area.

We evaluated whether exotic livestock affect the
amount and/or the quality of  refuse dumps of  leaf-
cutting ants, an important source of  soil fertility in
NW Patagonia (Farji-Brener & Ghermandi 2000). We
hypothesize that livestock may affect the abundance of
refuse dumps directly, by trampling (i.e. reducing nest
density), or their quality indirectly by grazing. High
grazing intensity may reduce plant availability for
leaf-cutting ants, depleting their diet and hence affect-
ing the nutrient content of their refuse dumps (Fig. 1).
To study this possible sequence of  effects we used a
correlative approach (see Feely & Terborgh 2005),
analysing the effect of different stocking rates on plant
species richness and cover, leaf-cutting ant diets, ant
nest density and nutrient content of refuse dumps.

 

Methods

 

study site

 

The study area is located in NW Patagonia, in Neuquén
province (39

 

°

 

17

 

′

 

S, 68

 

°

 

55

 

′

 

W), Argentina. This is a tem-
perate arid region with a mean annual precipitation
between 80 and 300 mm. The mean annual temperature
is 15 

 

°

 

C, with a minimum temperature of –13 

 

°

 

C in winter
and a maximum of 43 

 

°

 

C in summer (El Chocón meteoro-
logical station).

The vegetation of this region belongs to the phyto-
geographical province of Monte (Cabrera 1953). It is
characterized by a xerophytic shrubland dominated by

 

Larrea cuneifolia

 

 (Cavanilles) and 

 

L. divaricata

 

 (Cavanilles)
associated with other xerophytic or aphyllous shrubs

such as 

 

Monttea aphylla

 

 (Miers) Berthan et Hooker,

 

Bougainvillea spinosa

 

 (Cavanilles) Heimerl, 

 

Chuquiraga

erinacea

 

 (Don), 

 

Prosopis alpataco

 

 (Philippi) and 

 

Atriplex

lampa

 

 (Gillies ex Moquin) D. Dietrich (Correa 1969, 98).
Grasses are scarce in this region (

 

<

 

 6% of cover) and are
represented mainly by 

 

Stipa

 

 species.

 

Acromyrmex lobicornis

 

 Emery is the only leaf-cutting
ant species that inhabits arid regions of Patagonia (Farji-
Brener & Ruggiero 1994), and its nests are important
components of this ecosystem. 

 

A. lobicornis

 

 nests reach
depths of 1 m, and on the soil surface the ants construct
a mound of twigs, soil and dry plant material, which
may reach a height of 0·5 m and width of 1 m. Inside
this mound, ants tend the fungus on which ant larvae
feed. Refuse material is removed from the internal
fungus garden and dumped onto the soil surface. This
refuse dump is deposited in a flat pile on the soil surface
near the mound, which makes it accessible to nearby
plants and seeds (Farji-Brener & Ghermandi 2000, 2004).

During the spring of 2001, paddocks with different
stocking rates and similar climatic, edaphic and phys-
iognomic characteristics were chosen to carry out our
study. Given the previous restrictions we found only seven
paddocks that satisfied all those requisites. Although
these paddocks showed discontinuous changes in stock-
ing rates (e.g. do not represent a continuous gradient of
individuals ha

 

–1

 

), they characterize well the stocking
rates of the region in general and were the best possible
scenario to achieve the objective of this work (Tadey 2006).
Livestock composition of the paddocks is a mixture of
goats (

 

∼

 

 50%), cattle (

 

∼

 

 40%) and horses (

 

∼

 

10%). Sampling
was performed between October 2002 and March 2004.
The maximum distance between paddocks was 42 km.
The paddocks varied in size from 4000 to 25000 ha,
were adjacent one to another, and had been grazed
for 20 

 

±

 

 5 years (mean 

 

±

 

 1 SE). This information was
obtained by interviewing the owners of each paddock
and was verified in the Sanitary Commission of Neu-
quén province. In each paddock, we sampled plants
and ant nests within an area of approximately 4 ha
located at 300 m from the road and far away (

 

>

 

 3 km)
from the stockpots. Within a paddock, livestock grazed
freely throughout the year and, because paddocks lacked
water points, grazing intensity was similar within each
paddock.

 

chemical analyses of refuse dumps and 
non-nest soils

 

To determine the chemical properties of refuse dumps
of leaf-cutting ants and non-nest soils along a gradient
of grazing intensity, we analysed organic carbon (C),
total nitrogen (N) and extractable phosphorus (P)
contents for samples collected from refuse dumps from
a total of 35 nests and adjacent non-nest soil. For each
paddock, we selected randomly five adult nests of 

 

A.

lobicornis

 

 (mound of 

 

∼

 

1 m of diameter) and samples of
the refuse dump and adjacent non-nest soil. Samples
from each substrate consisted of  four subsamples

Fig. 1. Causal model used to relate stocking rates with the
quantity (nest density) and quality (nutrient content of refuse
dumps) of nutrients available on the soil surface generated by
leaf-cutting ants. One-headed arrows represent directional
effects; two-headed arrows represent correlations between
pair of variables. Variables included are stocking rates (SR),
plant cover (PC), plant richness (PR), the number of plant spe-
cies in the leaf-cutting ants diet (LCA-D), ant nest density (ND)
and the nutrient content of the ant refuse dumps (NCRD).
Unexplained variability is indicated with vertical arrows.
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collected between 0 and 20 cm at both the refuse dump
and non-nest soil surfaces (~ 300 g each one). Non-nest
soils were sampled randomly ~ 3 m away from the nests
on bare soils. In total, we analysed 70 samples, 35 from
ant refuse dumps and 35 from non-nest soils, from the
seven paddocks. Refuse and soil samples were air-dried
and analysed in the laboratory. Organic carbon (C) was
obtained by the Walkley–Black method, total nitrogen
(N) determined by the Kjeldahl method using block
digester, and extractable phosphorus (P) by an extrac-
tion with buffered alkaline solution (0·5 NaHCO

 

3

 

; see
Bigham 1996 for methodological details).

 

grazing intensity, plant cover, species 
number and abundance of ant nests

 

To estimate the level of herbivory by livestock in each
paddock we located randomly 20 circular plots of 3 m
diameter (

 

∼

 

 7 m

 

2

 

). In each plot we identified each plant
to species level and quantified the percentage of graz-
ing intensity per plant as the number of browsed
branches/total number of branches. We also determined
plant cover (in percentage) and the number of plant
species (i.e. plant richness). In addition, to have an
independent estimate of grazing pressure, we located
randomly in each paddock ~ 45 plots of 6 m diameter
(

 

∼

 

 28 m

 

2

 

) and recorded the abundance of dung of different
mammalian species. These plots were also used to esti-
mate the density of 

 

A. lobicornis

 

 nests per paddock.

 

composition of leaf-cutting ant diets

 

To determine the plant species harvested by leaf-cutting
ants, we sampled a total of 40 

 

A lobicornis

 

 nests along
the seven paddocks. In each paddock we selected ran-
domly four to seven adult nests, and determined the
identity of all the plant species that were carried by the
ants to their nest. This methodology is employed widely
to determine the diet composition of leaf-cutting ants
(Farji-Brener 2001 and references therein). We observed
each nest a for total of 3–5 h for several periods of
15 min throughout the season of maximum foraging
activity, between November (spring) and March (autumn)
of 2002–03 and 2003–04. To estimate the total number
of plant species consumed by the leafcutters in each
paddock, we compiled the diet composition data for all
nests sampled in each paddock.

 

statistical analyses

 

The chemical properties of refuse dumps and non-nest
soil samples were analysed using two-way factorial
analyses of variance (

 

anova

 

s). Response variables were
C, N and P contents; substrate (refuse dumps and
non-nest soils) and paddock were considered fixed and
random factors, respectively. Paddock was considered
a random rather a fixed factor because our interest was
to test for the effect of ant nests on soil properties among
a grazing intensity in general, rather than answering

the more restricted question of whether ant nests had
an effect in these particular seven paddocks. Duncan

 

post-hoc

 

 comparisons of means were employed when

 

anova

 

 results were statistically significant (

 

P

 

 

 

<

 

 0·05).
In addition, principal component analysis was used to
order refuse and soil samples according to their chemical
characteristics. We also calculated the net contribution
of C, N and P in the soil surface generated by refuse
dumps as the difference, for each nutrient, between the
values of each refuse dump minus the values of the
adjacent non-nest soils sample. On the other hand, nest
densities were analysed by one-way 

 

anova

 

 considering
paddocks as a random factor.

We used a regression approach to determine the rela-
tionships between stocking rates, nest density, plant
cover and richness, the number of plant species con-
sumed by leaf-cutting ants and the net input of N, C,
and P generated from the refuse dumps. Dependent
and independent variables were selected, in each case,
following the relationships proposed in our hypothesis
(Fig. 1). First, we explored the pattern: the existence of
the relationship between stocking rates (independent
variable), nest density and the net input of nutrients
generated by the ants (dependent variables). Secondly,
we tested the following potential mechanisms or cause–
consequence relationships: (a) the effect of stocking
rates on plant species cover and richness; (b) the effect
of plant species richness and plant cover on plant spe-
cies richness consumed by leafcutters; and (c) the effect
of plant species richness consumed by leafcutters on
the net input of N, C and P of refuse dumps. In addition,
to determine the effect of plant cover on the number of
plant species consumed by the ants after controlling
for the effect of plant richness (and vice versa), we per-
formed partial correlations. Although other causal
relationships may be possible (e.g. leaf-cutting ants
theoretically could affect the number of plant species
consumed by livestock), we believe that the relatio-
nships proposed here and their sequence are the most
biologically plausible alternative to explain the
relationship between stocking rates and the nutrient
content of the ant refuse found in this system.

In order to avoid pseudoreplication (Hulbert 1984)
we used mean values per paddock (

 

n

 

 

 

=

 

 7) for plant cover
and richness, and for the net input of nutrients in the
regression analyses instead of using each individual sample
as an independent datum (e.g. 

 

n

 

 

 

=

 

 140 for plant cover
and richness). This approach offers more interpretable
biological information because statistically inde-
pendent experimental units (i.e. paddocks) are used as
replicates; however, this may increase the probability of a
type II error (i.e. failure to detect a real treatment effect,
or false negative results). Therefore, we predetermined
a 

 

P

 

 

 

<

 

 0·10 as our statistically significant level for the
regression analyses. This procedure is employed com-
monly when, as here, the degrees of freedom for the
analyses are limited (see Belovsky & Slade 2000;
Sankaran & Augustine 2004; Vázquez & Simberloff
2004). Similarly, we show the precise 

 

P

 

-values in all the
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cases. We performed linear, quadratic and exponential
regressions, but we present here only the best-fitting
model for each response variable. In all analyses,
inspection of  residuals was conducted to check for
normality and homoscedasticity. When residuals did
not follow the expected parametric pattern, data were
log-, square root- or arcsine–square root-transformed.

We also carried out a path analysis as a way to sum-
marize the relationships among the variables studied.
Therefore, we constructed a path model that matched
the hypothesized causal relationships presented in
Fig. 1. The small number of experimental units (seven
paddocks) prevented the use of structural equation
modelling (SEM) procedures because most of the
model selection criteria become unreliable at low sam-
ples sizes (Shipley 2000). However, path coefficients
can also be calculated as standardized regression coef-
ficients with conventional regression procedures (Mitchell
2001). Although this technique does not allow evaluation
of the overall goodness-of-fit of the model to the data,
it is useful to summarize relationships among a set of
variables in a logical way (e.g. Vázquez & Simberloff
2004). The statistical significance of the path coefficients
was tested by the 

 

t

 

-test for the parameter estimates in
the regression analysis. To avoid multiple tests with the
same purpose and to simplify the path diagram, we
tested the effect of the number of plant species in ant
diets on refuse nutrient content using the refuse axis
scores of the PCA analysis instead of estimating the
standardized regression coefficients for each nutrient
individually. The magnitude of unanalysed causes for
each dependent variable was estimated as (1 –

 

 R

 

2

 

)

 

1/2

 

(Mitchell 2001).

 

Results

 

stocking rates and grazing intensity

 

Both the percentage of grazed branches and the pres-
ence of faeces reflected well the gradient of stocking rates.
The percentage of browsed branches and the number of
faeces increased linearly with stocking rates (

 

R

 

2

 

 

 

=

 

 0·98;

 

F

 

1,5

 

 

 

=

 

 272; 

 

P

 

 

 

<

 

 0·001, 

 

R

 

2

 

 

 

=

 

 0·86, 

 

F

 

1,5

 

 

 

=

 

 30·6; 

 

P

 

 

 

=

 

 0·003,
respectively). Therefore, stocking rate was selected as
the estimator of grazing intensity and employed as the
independent variable in all regression analyses.

 

stocking rates,  soil parameters and 
nest densities

 

We found statistically significant differences among
paddocks, substrate type (refuse dumps and non-nest
soils) and in the interactions between them for all the
nutrients analysed (Table 1). Organic carbon (C), nitrogen
(N) and extractable phosphorous (P) concentrations
were higher in refuse dumps than in non-nest soils, and
these differences were stronger in paddocks with lower
stocking rates (Fig. 2, Table 1). Despite some variability
within paddocks, samples from refuse dumps were

Table 1. anova results testing the effects of substrate (refuse
dumps and non-nest soils) and paddock on organic carbon
(C), nitrogen (N) and extractable phosphorous (P) contents

Source d.f. MS F P

C Substrate 1  2560·0 412·4 <0·0001
Paddock 6  42·0 6·8 <0·0001
S × P 6  42·3 6·8 <0·0001
Error 56  6·2

N Substrate 1  8·2 232·5 <0·0001
Paddock 6  0·09 2·5  0·032
S × P 6  0·09 2·6  0·027
Error 56  0·03

P Substrate 11 141 461 121·9 <0·0001
Paddock 6 42 640 4·5  0·008
S × P 6 42 686 4·6  0·008
Error 56  9365·05

Fig. 2. Content of organic carbon (C), nitrogen (N) and
phosphorous (P) in refuse dumps (left axis) and non-nest soils
(right axis) in paddocks with different stocking rates (x-axis).
Note that each axis has different scaling. Error bars represent
± 1 SD. The same superscripts mean statistical homogeneous
groups (Duncan post-hoc comparisons). Trend lines are
shown to illustrate the significant interaction between
substrate × paddock (i.e. that refuse dumps are less nutrient-
rich in paddocks with high stocking rates). anova results
associated with this figure are presented in Table 1.
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always 1–2 orders of magnitude higher than non-nest
soil samples in all nutrients (C: 0·8–4·8 vs. 28–240 g kg–1;
N: 0·2–0·3 vs. 1·4–14·8 g kg–1; and P: 0·7–11·7 vs. 24–
571 mg kg–1, respectively, ranges considering all samples,
Fig. 2). Consequently, the PCA extracted only one factor
(axis) that explained 92% of the variance in the nutrient
content of samples from refuse dumps and non-nest
soils. This axis was correlated highly and positively
with all the elements analysed (r = 0·97 for C and N,
r = 0·94 for P, P < 0·001 in each case), and clearly seg-
regated non-soil samples (factor scores around –0·85)
from refuse dump samples (factor scores around 0·95).
Consistent with these results, the contribution of nutri-
ents from refuse dumps to the soil system was always
positive, with a net increment of 121 ± 16 g kg–1 for C,
7 ± 2 g kg–1 for N and 256 ± 49 mg kg–1 for P (mean ± 1 SE).
However, these increments decreased as stocking rates
increased for all the nutrients (see statistical homoge-
neous groups in Fig. 2). An increase in stocking rates
explained most of  the decrease in the net input of  C
(linear regression, F1,5 = 11·8, P = 0·01, β = –0·84, R2 = 0·71),
the decrease in the net input of N (linear regression, F1,5 =
14·6, P = 0·01, β = –0·86, R2 = 0·74), and the variance
in the net input of P (quadratic regression, F1,5 = 5·8,
P = 0·06, R2 = 0·74). The net increments in all nutrients
were the consequence of an increased nutrient content
in refuse dumps, and not the result of nutrient decline
in non-nest soil samples; none of the nutrients in non-
nest soil samples showed a significant relationship with
stocking rates (linear regression for stocking rates vs. C,
N and P; F1,5 = 0·54, F1,5 = 0·0008, F1,5 = 0·04, respec-
tively, P > 0·50 all cases, Fig. 2).

On the other hand, the density of A. lobicornis nests
showed differences among paddocks (F6,312 = 2·9,
P = 0·008). However, this difference was not related to
the stocking rates (linear regression, F1,5 = 0·04, P = 0·85).
The mean number of nests ranged between 0·17 and
0·50 per 28 m2, and only a paddock with an intermediate
stocking rate showed a high density of nests.

stocking rates and plant species 
cover, plant richness and leaf-
cutting ants  diet

As stocking rates increase, plant cover and plant rich-
ness/plot decrease strongly (both exponential fit, R2 = 0·95,
P < 0·05, t(4) = 2·8; R2 = 0·92, P = 0·036, t(4) = 3·1, respec-
tively, Fig. 3). The number of plant species harvested
by ants decreased linearly as stocking rate increased.
The increase in stocking rates explained most of the
decrease in the number of plant species harvested by
the leafcutters (R2 = 0·82, F1,  = 22·6, P = 0·004, Fig. 4).
This decrease in the number of plant species harvested
was explained by both the decrease of plant cover
(R2 = 0·87, F1,5 = 33·5, P = 0·002) and plant richness
(R2 = 0·84, F1,5 = 23·1, P = 0·004) (Fig. 4). However,
partial correlation analyses suggested that the effect of
plant species richness on the number of plant species
consumed by ants was mainly a consequence of plant

cover. After controlling for plant richness, plant cover
and plant species consumed by the ants were still cor-
related (r = 0·93–0·58), but after controlling for plant
cover the relationship between plant species richness
and plant species consumed by ants was diminished
substantially (r = 0·91–0·16).

leaf-cutting ant diet and net inputs 
of nutrients from refuse dumps

The levels of nutrients in the refuse dumps were asso-
ciated positively with the number of species harvested
by the leaf-cutting ants (Fig. 5). An increase in the number
of species consumed by the ants explained 57% and
47% of  the net increase in C and N, respectively (for C:
R2 = 0·57, F1,5 = 6·7, P = 0·04; for N: R2 = 0·47, F1,5 = 4·6,
P = 0·08, both linear fit). In addition, the net input of P
showed a quadratic relationship with the number of plant
species consumed by the ants, with a peak in eight plant
species, which corresponded to the paddocks with
moderate stocking rates (R2 = 0·74, F1,5 = 5·8, P = 0·06).

Path analysis summarized well the relationships
among the variables studied (Fig. 6). Livestock did not
affect the number of refuse dumps (i.e. nest density), but
reduced their quality. As stocking rate increased, plant
availability decreased which, in turn, depleted the number
of plant species harvested by ants. This diet reduction
decreased the nutrient quality of ant refuse dumps.

Fig. 3. Both the number of plant species per plot and plant
cover decrease exponentially as stocking rate increases. Each
point represents a different paddock. Error bars represent
± 1 SE. See text for regression statistics.
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Discussion

There are three major findings in this study: (1) external
refuse dumps of A. lobicornis are an important source
of soil nutrients in the Monte Desert; (2) the strength of
this soil-enrichment is influenced greatly by grazing
pressure of introduced mammalian herbivores; and (3)
the mechanisms responsible for this effect appear to be
unrelated to a direct effect of  livestock on ant nest
density (e.g. by trampling), but related to a reduction in
plant cover induced by livestock through grazing,
which affects leaf-cutting ant diet, and this alters the
nutrient content of external refuse dumps.

In the Monte Desert of Argentina, refuse dumps of
A. lobicornis may be considered as soil nutrient hot
spots. The concentration of N, C and P in refuse dumps
was one to two orders of magnitude higher than adja-
cent non-nest soils. Both the poor soil fertility of non-
nest soils and the high nutrient content of refuse dumps
were responsible for this effect. The non-nests soils
showed values of C, N and P lower than bare soils of
other semi-arid systems of Argentina (Farji-Brener &
Ghermandi 2000; Abril & Bucher 2001). In contrast,
refuse dumps of A. lobiornis showed nutrient contents
similar to or higher than those reported for debris of
other ant species, including leaf-cutting ants (Haines

Fig. 4. The number of plant species harvested by leaf-cutting
ants decreases linearly as stocking rate increases, and increases
when the number of plant species per plot and plant cover
increase. Each point represents a different paddock. See text
for regression statistics.

Fig. 5. Relationship between the net increment of organic
carbon (C), nitrogen (N) and phosphorous (P) generated by
the refuse dumps and the number of plant species harvested
by the ants. Each point represents a different paddock. Error
bars represent ± 1 SE. See text for regression statistics.

Fig. 6. Path analysis of causal relationship among variables
hypothesized to be involved in indirect effects of stocking
rates on the quantity (nest density) and quality (nutrient
content of refuse dumps) of nutrients available on the soil
surface generated by leaf-cutting ants. One-headed arrows
represent direct causal effects; two-headed arrows correlative
effects. For each effect path, coefficients are given and are
also represented by arrow line-thickness. Continuous lines
indicate positive effects; dashed lines indicate negative effects.
Significance of the path coefficients is indicated as follows:
*P < 0·05, **P < 0·001. Variables included in the model are:
stocking rates (SR), plant cover (PC), plant richness (PR), the
number of plant species in leaf-cutting ants diet (LCA-D),
nest density (ND) and the nutrient content of the ant refuse
dumps (NCRD). Unexplained variability is indicated with
vertical arrows.
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1978; Farji-Brener & Silva 1995a; Wagner et al. 1997;
Boulton et al. 2003; Moutinho et al. 2003; Wirth et al.
2003). Although the extent of differences between sites
on and off  ant nests may be somewhat magnified
because nutrient levels are typically quite low in unveg-
etated patches, the net nutrient input caused by A. lobi-

cornis in the Monte Desert can be considered one of the
most important contributions to soil fertility of leaf-
cutting ants.

Although water availability clearly influences the
structure and dynamics of arid regions, soil nutrients
have also been recognized as an important determinant
of plant growth and reproduction in these habitats
(Ritchie 2000; Augustine et al. 2003). Therefore, any
disturbances that enhance nutrient availability may be
considered a key ecological factor for these systems. In
the Monte Desert of Argentina, the nutrient-rich debris
of A. lobicornis nests may positively affect plant estab-
lishment and growth, soil water retention and the rate
of nutrient cycling. Although we did not measure these
effects, a large number of other studies showed that
refuse dumps of leaf-cutting ants decompose rapidly
and release nutrients for plant uptake, thereby having
a net positive effect on plant abundance, diversity
and productivity in habitats ranging from temperate
deserts to tropical rainforests (Lugo et al. 1973; Haines
1978; Jonkman 1978; Farji-Brener & Silva 1995b,a;
Moutinho et al. 2003; Wirth et al. 2003; Farji-Brener &
Ghermandi 2004). Moreover, in recent studies in a
Patagonian steppe, field and experimental evidence
showed that the external refuse of A. lobicornis improve
the establishment, growth and fitness of  several plant
species promoting the existence of a more diverse plant
community (Farji-Brener & Ghermandi 2000, 2004).
It is likely that the nutrient-rich refuse dump of A. lobi-

cornis positively affects plants and/or nutrient cycling
also in this study area. Research on these topics is
currently in progress.

Although refuse dumps increased the nutrient avail-
ability on soil surface in all the paddocks studied, the
strength of this effect depended on the stocking rates.
The net level of nutrients generated by refuse dumps
showed a strong decrease with an increment of grazing
intensity. An increment in the grazing intensity of only
0·06 individuals ha–1 determined a mean net decrease
of 80 g kg–1 of C, 3 g kg–1 of N and a 250 mg kg–1 of P in
the refuse dumps (see Fig. 2). The results of this work
offer a strong correlative evidence to understand the
mechanism responsible for this effect: livestock reduce
plant cover, affecting leaf-cutting ant diets which, in turn,
alter the nutrient content of their external refuse dumps.

The direct negative effect of introduced herbivores
on plant richness and cover is well known. Although
some plant species can eventually benefit from mam-
malian herbivory (Paige & Whitham 1987), there is
strong evidence that heavy grazing by livestock often
reduces plant fitness, abundance and richness world-
wide (Milchunas & Lauenroth 1993). In the semi-arid
regions of Patagonia, grazing by exotic livestock causes

an overall reduction of plant cover through the decrease
in abundance, or eventually the extinction, of palatable
species (Bertiller 1996; Bisigato & Bertiller 1997; Tadey
2006). We found the same pattern in the Monte Desert:
a subtle increase in grazing intensity was associated
with a decrease of ~ 50% on plant cover and a reduction
of two plant species per plot (Tadey 2006). This impov-
erishment of plant availability was not associated with
the density of leaf-cutting ant nests, precipitation, soil
fertility or other natural environmental variation. There-
fore, livestock appear to be the major cause of the reduction
on plant species richness and cover in the study area.

We found that as plant cover and richness decreased,
the number of plant species harvested by A. lobicornis

also decreased. The drastic decrease in plant cover
(70% to 20%), concomitant with the increment in graz-
ing intensity, seems to deplete the leaf-cutting ant diet
by reducing the chance of encounter between scout
ants and palatable plant species. Supporting this idea,
plant species that disappeared from the ant diet as
stocking rate increased were the same species that
decreased in cover with grazing intensity (e.g. Grindelia

chiloensis, Gutierrezia solbrigii, Junellia aspera, Schinus

johnstonii and Stipa sp.). In semi-arid areas of South
America, livestock and leaf-cutting ants both forage on
the most nutritive species and may interact indirectly
by exploitative competition (Robinson & Fowler 1982;
Bucher 1987). Consequently, high grazing intensity may
deprive leafcutters access to the most palatable species
(Robinson & Fowler 1982; Bucher 1987; Pilatti et al. 1997).

Previous studies have demonstrated that changes in
the composition and abundance of plant assemblages
significantly affect the composition of the diet of leaf-
cutting ants, including the ant species studied here
(Vasconçelos 1997; Franzel & Farji-Brener 2000). On
the other hand, the decrease of plant cover increased
the proportion of  bare soil where extreme soil tem-
peratures may limit ant foraging activity (Whitford &
Ettershank 1975). Temperature affects foraging activ-
ities through (1) its effects on oxygen consumption,
water loss and transport cost (Lighton & Feener 1989),
which reduces daily and seasonally leaf-cutting ants
foraging (Mintzer 1979); and (2) by increasing the
desiccation rate of the leaf fragments, as well-hydrated
leaves are important for fungal growth (Bowers & Porter
1981). Therefore, a reduction of plant availability due
to grazing and the associated increment of bare soil are
probable candidates to explain the reduction on plant
species harvested by this leaf-cutting ant species.

We found that changes in the number of plant species
harvested by ants greatly affected the nutrient content
of their refuse dumps (Figs 5 and 6). The nutrient con-
tent of refuse dumps made by leaf-cutting ants often
depends on the richness (i.e. different plant species) of
the plant material harvested (Wirth et al. 2003; Bucher
et al. 2004). In semi-arid regions of Patagonia exotic
livestock often prefer to forage on nutrient-rich plant
species (Bisigato & Bertiller 1997; Bertiller & Bisigato
1998).Therefore, the overall reduction in the more
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palatable plants may cause leafcutters to forage on the
relatively more abundant, but less nutrient-rich remain-
ing species. This shift toward less nutritive plant species
may impoverish the nutrient content of refuse dumps
(Wirth et al. 2003; Bucher et al. 2004). It is well known
that introduced herbivores affect directly and indirectly
the quantity and quality of soil nutrients (McNaughton
et al. 1988; Pastor et al. 1993; Pastor & Cohen 1997;
Sirotnak & Huntly 2000; Singer & Shoenecker
2003; Olofsson et al. 2004; Sankaran & Augustine
2004; Semmartín et al. 2004; Feely & Terborgh 2005).
However, and to the best of  our knowledge, this is
the first study that shows an indirect effect of exotic
grazers on nutrient availability that involves interactions
with native insect herbivores.

Overall, our results have both theoretical and applied
implications. First, they show how the negative impact
of exotics grazers on plants affect native insects and
how these effects spread along the trophic chain by indirect
interactions, impacting ecosystem attributes and func-
tioning. Secondly, they provide useful information to
prevent further soil impoverishment and to restore the
nutrient content of soils in this managed system. Man-
agement to prevent soil impoverishment should include
the reduction of stocking rates. A slight reduction in
stocking rates (only 0·03 individuals ha–1) may improve
100% the contribution of ants to soil fertility (see Fig. 2).
Additionally, refuse dumps could be employed as a
cheap and renewable fertilizer for plants already estab-
lished and damaged by livestock, and to restore soil quality.
In particular, the high nutrient level of ant debris from
paddocks with lower grazing intensities can be utilized
to improve the soil fertility of paddocks with higher
stocking rates.
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