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ABSTRACT 
Leaf-cutting ants (genera Atta and Acroniyrniex) are considered dominant herbivores of Neotropical forests. Hovv'ever, so far quantitative, long-term, and large- 
scale assessments of their impact on these ecosystems are rare, because the available assessment methods vv'ere laborious and/or destructive. We describe a rapid, 
nondestructive, and inexpensive method to estimate the long-term harvest oí Atta colombica colonies. Workers of yl. colombien dump the colony refuse (exhausted 
fungal substrate) outside the nest. A single trail connects the refuse pile and the nest. In contrast to the foraging activity, the refuse deposition rate (the number of 
deposited refuse particles per minute) is diurnally constant and varies little on subsequent days. The number of refuse particles deposited per day vv'as tightly correlated 
with the number of harvested fragments in nests of differing sizes (i? = 0.77, P < 0.0001). Therefore, the daily harvest of a particular colony can be calculated from 
short-term counts (5 min) of the refuse deposition rate at any time of the day. Combining these data vv'ith information on average fragment size (weight and/or area) 
allows the calculation of the total daily amount of biomass and/or foliage area harvested by the colony. This new method facilitates quantifying A. colombica herbivory 
on scales of populations and ecosystems, or over long-term scales. 

Abstract in Spanish is available at http://www.blackwell-synergy.com/loi/btp. 
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LEAF-CUTTING ANTS (ATTA SPR AND ACROMYRMEX SPR, FORMICIDAE) 

ARE CONSPICIOUS AND WELL-KNOWN INSECTS OF THE NEOTROPICS, 

due to their remarkable activity as herbivores and the huge economic 

damage they cause in plantations. The foragers of these ants cut 

fragments of leaves and other plant parts from a large variety of host 

plant species and carry them to their large subterranean nests, where 

a mutualistic fungus {Leucocoprinus gongylophorus, Basidiomycetes) 

is cuhured on these fragments (Weber 1972, Hölldobler & Wilson 

1990). The fungus produces carbohydrate- and protein-rich food 

bodies (gongylidia) at the hyphal tips, which the ants feed to their 

larvae. 

Leaf-cutting ants are perceived as the "prevalent herbivores" 

and "dominant invertebrates" of the Neotropics (Wheeler 1907, 

Wilson 1982). Although these quotes are cited frequently, they lack 

a sound quantitative base. Of the numerous publications on the 

harvest activity of leaf-cutting ants, only a few explicitly aim to 

quantify colony consumption or herbivory rate (for overviews see 

Lugo etal. 1973 and Fowler etal. 1990, but see Haines 1978, Wirth 

et al. 1997). Usually, only one or two colonies were studied and 

data were collected for a few days or weeks. The results, therefore. 

Received 19 September 2005; revision accepted I September 2006. 
Corresponding author; e-mail: herzh@si.edu 

are unlikely to be representative for the population, habitat, or 

ecosystem level. 

One reason for these shortcomings is the great effort required 

for data collection. Although the consumption rate for most herbi- 

vores can be concluded relatively easily from their biomass {e.g., 

Schowalter et al. 1981 [insects], Nagy 1987 [vertebrates]), the 

huge subterranean colonies of leaf-cutting ants elude this approach 

(Cherrett 1989). For leaf-cutting ants, two main approaches have 

been used in the past. The harvested biomass is extrapolated from 

the amount of exhausted vegetable substrate deposited as waste in 

the subterranean chambers using a conversion factor (Autuori 1947, 

Amante 1967, Jonkman 1977, Fowler et al. 1994). This method 

requires the destruction of the nest (and therefore the colony), 

and the excavation procedure is extremely laborious. Therefore, 

most researchers apply the activity method where counts of frag- 

ment laden ants entering the nest and average fragment weights 

are used to calculate the colony consumption rate (Fowler et al. 

1990). Because of the diurnal fluctuation of the harvesting activity 

{e.g., Hodgson 1955, Lewis etal. 1974, Waller 1986, Wirth etal. 

1997), such counts have to be conducted at short and regular in- 

tervals. Furthermore, they have to be performed simultaneously at 

all harvesting trails leading to the nest, which are often numerous. 

This method requires a considerable amount of effort, because data 
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collected automatically with photoelectric counters are not very 

reliable (Fowler et al. 1990). 

To determine herbivory rates at the population or ecosystem 

level, indirect methods like exclusion experiments, transect meth- 

ods, or remote sensing may be considered. Naturally, these are only 

practical in areas with a relatively thin and low canopy such as in 

studies of grass-cutting ant species (Fowler et al. 1986, 1990). 

Lugo et al. (1973) and Fowler et al. (1990) published colony 

consumption rates for numerous leaf-cutting ant species. However, 

untested assumptions concerning fragment weights and the dura- 

tion of annual activity were used for the calculations. In addition, 

single colonies may not be representative for the entire population. 

Quite often studies were conducted only on particularly big, "at- 

tractive" colonies, but the collected data were subsequently used for 

estimates at population or even at the landscape level, which could 

lead to erroneous overestimations (Fowler et al 1990). 

In this paper, we describe a simple and effective method for 

determining the consumption and herbivory rate of one of the most 

important leaf-cutting ant species of the Neotropics, Atta colombica. 

The method is based on the external refuse-dumping behavior of 

this species. Using this method, one can assess consumption and 

herbivory rates directly at the population level. We will describe this 

in a following paper (Herz et al. 2007). This enables comparisons 

among colonies, habitats, climatic conditions, and/or recordings of 

temporal variation. 

METHODS 

STUDY SITE AND CLIMATE.•The study was conducted on Barro 

Colorado Island (BCI), Panama (9°09' N, 79°51' W), which is 

covered by a diverse lowland tropical moist forest (Leigh et al. 1996). 

In the focal area of this study, the forest is in a late-successional status 

o{ ca 100 years of age (Foster & Brokaw 1996). BCI receives an 

annual precipitation of ca 2600 mm with a pronounced dry season 

from mid December until mid April (Windsor 1990). For details 

on the study area and its vegetation see Leigh et al. (1996). 

STUDY SPECIES.•Atta colombica Guérin (Formicidae) is distributed 

from Central America to Northern South America and is one of 

the dominant leaf-cutting ant species in that region. On BCI, it 

is the most abundant leaf-cutting ant species, occurring in about a 

100-ha area at a density of 0.5 colonies/ha (Wirth et al. 2003). It 

is highly polyphagous, harvesting leaves, flowers, fruits, and other 

plant parts (Wirth íí«/. 1997, Herz 2001). Typical for this species is 

an external refijse pile directly outside the nest where the exhausted 

plant material is dumped (Haines 1978). Workers remove shredded 

and exhausted substrate from the fungus culture, form little pellets, 

and transport them to the waste heap on a single trail (Hart & 

Ratnieks 2002, pers. obs.). 

REFUSE DEPOSITION RATE.•The refuse deposition rate (RDR) was 

assessed by counting the number of ants carrying refuse particles 

at the exit hole of the refuse trail. Ants carrying only a minute 

fragment (parts of disintegrated refuse particles) or dead ants were 

not included. Temporal variability of RDR was assessed at the scale 

of minutes, single and multiple days: For 10 colonies RDR was 

continuously counted for 10 min, recording individual values for 

each minute. Diurnal courses of RDR were measured for 20 colonies 

of a wide range of sizes: 5-min counts of RDR were taken at 1• 

1.5 h intervals for 24 h on selected days between June 1996 and 

December 1997. Nine diurnal courses were measured during the dry 

season and 11 during the wet season. Two additional diurnal courses 

of RDR of^. colombica on BCI were included from another study 

(Hodgson 1955: due to the characteristic refuse deposition behavior, 

the species he investigated can be re-identified as A. colombica). The 

total number of refuse particles carried within 24 h was calculated 

by integrating the curve of the diurnal course of RDR. Variation 

of RDR over several days was assessed for five colonies by taking 

5-min counts at the same time of the day for each colony for 8 to 

11 days. 

HARVESTING RATE.•Diurnal courses of foraging activity were ob- 

tained in parallel with the measurements of diurnal courses of RDR 

for the 20 colonies (see above). Immediately after the measurement 

of the RDR, the foraging activity of the colony was recorded by 

counting the number of ants carrying plant material on each forag- 

ing trail for 3 min (Wirth et al. 1997). Again, two additional diur- 

nal courses for A. colombica on BCI were included from Hodgson 

(1955). The total amount of fragments harvested by each colony in 

24 h was calculated by summing up the foraging rates of all trails at 

the respective nest, and integrating the curve of the diurnal course of 

total foraging activity. The regression equation between the number 

of refuse particles deposited and the number of fragments harvested 

was calculated for the 22 diurnal courses. 

TEST OF THE PREDICTIVE VALUE OF REFUSE DEPOSITION RATE FOR 

ESTIMATING THE DAILY HARVEST OF A POPULATION OF COLONIES.• 

The predictive value of a single RDR count for estimating the daily 

harvest (/.f., total amount of harvested fragments) oí A. colombica 

colonies was tested by comparing predicted values of daily harvest 

with counted values. Predicted values were obtained by selecting a 

single RDR count from each of the 22 diurnal courses in the dif- 

ferent colonies at random. From these single RDR counts, the total 

number of deposited refuse particles in 24 h was calculated for each 

colony assuming a constant RDR for the entire 24 h. Subsequently, 

these values and the empirically derived linear equation of the cor- 

relation (Fig. 4) were used to calculate the total amount of harvested 

fragments for each of the available 22 diurnal courses. 'Y^iS. predicted 

number of fragments was then compared with the counted number 

of fragments with linear regressions. This procedure was repeated 

10 times to determine the variance of the goodness of the fit. 

RESULTS AND DISCUSSION 

Refuse deposition rates (RDR) varied little throughout 24 h (Fig. 1), 

with an average coefficient of variation (CV) of 9.3 ±6.1 percent 

(± SD, A^= 22). Even throughout several subsequent days, RDR 

remained rather constant (CV of 7.1 ± 1.9%, N = 5; Fig. 2). In 

contrast, the rate of harvested plant fragments changed markedly 
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FIGURE 1. Examples for diurnal courses of harvesting and refuse deposition 

rates (RDR) for three different Atta colombien colonies on BCI. Shown are 

harvesting rate (number of plant fragments per time carried into the nest) on 

the individual trunk trails (open diamonds), the sum of these rates from all 

trunk trails (closed diamonds), and the deposition rate of refuse particles (closed 

circles). Further, the integrated total daily numbers of harvested plant fragments 

(//24h) and deposited refuse particles (Ä24h) ^re given for each diurnal course 

(see text). 

during a diurnal course (Fig. 1) and had a CV of nearly 100 percent 

(98.3 ± 30.9%, N = 22). Diurnally fluctuating harvest activity in 

leaf-cutting ants is well known and has been ascribed to avoidance 

of parasitic phorids, avoidance of unsuitable environmental condi- 

tions, and/or exploitation of leaves with a higher energy content, 

with photoperiod and/or temperature serving as proximate cues 

(Hodgson 1955, Waller 1986, Orr 1992, Braganca et al. 1998). 

Diurnal constancy of refuse worker activity in^. colombica carrying 

waste particles has also been observed before (Hodgson 1955, Herz 

2001, Hart & Ratnieks 2002). The causes for the lack of periodicity 

in refuse-dumping activity, and especially the contrast with harvest 

activity, remain unclear (Hart & Ratnieks 2002). 

At the scale of minutes, refuse-carrying ants left the nest at 

varying rates. RDR counts over a single minute deviated on average 

9.2 ± 8.2 percent from counts over 10 min (Fig. 3), with a maximum 

difference of 42 percent. In contrast, RDR based on 5-min counts 

deviated only by 3.62 ± 2.65 percent (range: 0.49-7.37%, A^ = 

10) from the 10-min counts. Therefore, 5-min counts of the refuse 
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FIGURE 2. Examples of refuse deposition rates (RDR) of three A. colombien 

colonies of different sizes on consecutive days (different symbols for each colony). 

Averaged daily number of harvested plant fragments (calculated according to eq. 

(1)) are also given for the three colonies. Missing counts are due to rainfall events 

at the time of scheduled measurement when counts were omitted. 

deposition rates are well suited for assessing the diurnal as well as 

the long-term deposition rate of ^. colombica colonies. 

Across 22 colonies investigated, the number of refuse particles 

deposited on the external refuse pile in 24 h and the number of 

harvested fragments in 24 h were tightly and highly significantly 

correlated (Fig. 4). The harvested plant fragments constitute the 

original source for the refuse material. Ants process the fragments in 

the nest and implant them into the fungus cuhure, the mutualistic 

fungus digests the substrate, and the ants then remove degraded 

material from the garden and carry it to the refuse heap. Hence, the 

refuse consists mainly of digested remains of the plant fragments and 

possibly some adhering fungal hyphae (H. Herz, pers. obs.). A tight 

correlation between the number and the biomass of imported and 

exported fragments is therefore not surprising. Such a physiological 

relation, expressed as a conversion factor, has been used previously to 

^ 
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FIGURE 3. Effect of counting time interval on the quality of the results. The 

curves shovv' average (zbSD; TV = 10; continuous line) and maximum (broken 

line) deviation of the measured refuse deposition rate (RDR) relative to a 10-min 

counting time interval. 
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FIGURE 4. Correlation between the integrated total daily number of harvested 

plant fragments and deposited refuse particles for 22 A. coionibica colonies on 

BCI. Also included are literature data for two colonies from Hodgson (1935) 

(squares). The regression equation is //24h = 0.6697 X Ä24h + 20472, ir = 

0.767, P < 0.0001, A^ = 22. Upper and lower 93 percent confidence limits 

(dashed lines) are described by the equations //24h = 0.4779 X Ä'24h + 6.2379 

X 10"^ X fi24h + 50391 and //24h = 0.8613 x Ä24h^ + 6.2379 x 10"^ x 

Ä24h ~ 9647, respectively. 

assess the amount of harvested biomass from the refuse biomass for 

leaf-cutting ant species with internal refuse chambers (see overview 

in Fowler etal. 1990). 

The diurnal constancy of RDR (Fig. 1) and its tight linear 

relationship with harvesting activity (Fig. 4) can be employed to 

estimate the amount of colony harvest from its RDR. The equation 

for calculating the amount of diurnally harvested fragments (Hjn^; 

fragments/24 h) from short-term determinations of the RDR (par- 

ticles/min) can be derived from the regression equation in Figure 4 

as 

/f24h = 964.4 X RDR + 20472. (1) 

Upper (//24h-uc) and lower (//24h-lc) 95 percent confidence limits 

for predicted /f24h can be calculated with equations (2) and (3), 

^24h-uc = 1.2976 X RDR^ + 688.2 x RDR + 50591 (2) 

^24h-ic = -1.2976 X RDR^ + 1240.6 x RDR - 9647. (3) 

When the number of fragments harvested by a colony in 24 h 

was calculated based on an RDR count randomly selected among 

the counts during a diurnal sampling period using this regression 

equation, the predicted values correlated highly significantly with 

the number of actually counted harvested fragments (Fig. 5). In 

10 random draws, the average ic of the correlations was 0.74 ± 

0.03 (minimum: 0.67, maximum 0.79), and all correlations were 

highly significant {P < 0.0001). Thus a short-term count of RDR 

at any time of the day can be used for the prediction of the diurnal 

harvesting rate. 
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FIGURE 3. Example for the correlations between predicted and directly 

counted daily number of harvested fragments (//24h) • For each of the 22 colonies, 

one refuse deposition rate (RDR) was randomly selected among the RDR counts 

during the 24-h sampling interval, and used for the prediction according to eq. 

(1). (P< 0.0001, W= 22). 

Combining the harvesting activity predicted from RDRs and 

characteristics of the harvested fragments, such as fragment weight 

and/or area, and the percentage of fragments that are leaves, allows 

one to calculate the long-term biomass and leaf area consumption 

and/or herbivory rate of ^. colombica at a colony, population, or 

ecosystem level (Herz et al. 2007). 

To estimate the daily biomass harvested by an A. colombica 

colony, the presented method requires four parameters: (1) average 

weight of a fragment; (2) RDR; (3) slope of the regression line; 

and (4) the j/-intercept of the regression line. The accuracy of these 

parameters influences the quality of the result at different degrees. A 

sensitivity analysis showed that changes of the j/-axis intercept had 

relatively little influence, in contrast to changes in the other three 

parameters (Table 1). 

The method presented here has the advantage that short-term 

harvesting activity fluctuations, caused by rain or a predominance of 

exceptionally light or heavy loads (Wirth et al. 1997), are balanced 

by the temporal buffer effect of the fungus gardens (Kaspari & Vargo 

1995, Fowler & Louzada 1996). Counts of the refuse particles, 

therefore, may reflect the overall herbivorial activity of a colony 

better than short-term counts of the harvesting rate (Wirth et al. 

1997). 

The method relies on the capacity to determine the refuse 

deposition rate, which is possible to do nondestructively in leaf- 

cutting ant species that dump their refuse externally (so far known 

from Atta colombica, A. mexicana, A. laevigata, Acromyrmex lan- 

dolti, Ac.  lobicornis, Ac.  lundi; Haines  1978, Marquez-Luna & 
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TABLE 1. Sensitivity analysis of the parameters of the proposed method to assess 

the amount of harvest of Atta colombíca. The relative changes of the 

predicted daily harvested biomass in response to various relative changes 

of the four parameters necessary for the calculation (average fra^nent 

weight, refuse deposition rate, slope, and j-intercept of the regression 

line, compare eq. (1)) are shown. 

Parameter changes (%) 

Change in 

calculated harvested 

biomass (%) 

(a) 5% increase of all parameters 

(b) 5% reduction of all parameters: 

(c) 100% increase of a single parameter: 

Fragment weight 

Refuse deposition rate (RDR) 

Slope of regression line 

jz-Intercept of the regression line 

+ 14.8% 

-13.5% 

+ 100% 

+82.3% 

+82.3% 

+ 17.7% 

Navarrete-Heredia 1995, Farji-Brener & Silva 1996, Jonkman 

1977, Claver 1990, Bücher & Marchesini 2004). However, the 

diurnal rhythm of refuse deposition has not yet been studied for 

any species other than A. colombica. 

The method presented in this paper allows assessment of the 

consumption rates of many colonies of ^. colombica in a relatively 

short time and at low cost. It thus allows reliable assessment the 

herbivory rate of this important Neotropical herbivore at the scale 

of populations, habitats, or ecosystems. 
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