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FIGURE 1. Weekly rainfall totals for Barro Colorado 
Island, Panama, during the sampling period (16 Novem- 
ber 1982-17 November 1983). 

erence for nitrogen-rich protein baits and if pref- 
erences were stable through time. 

METHODS 
SITE AND rmsEcrs.-This study was conducted 
on Barro Colorado Island (BCI) from 16 Novem- 
ber 1982 through 17 November 1983. Three tran- 
sects were chosen (each 500 m in length) that fol- 
lowed trails in the Hubbell-Foster permanent tree 
monitoring plot. One transect followed the Dray- 
ton trail, and the other two followed the Armour 
trail. Each transect consisted of 50 individually 
marked trees ca 10 m apart along the trail. Each 
tree was identified to species using the Hubbell- 
Foster database. Identities of individual trees in this 
study are available from the authors by request. 

The 1982-1983 dry season was the most se- 
vere, beginning earlier, lasting the longest, and hav- 
ing the least rain since 1929, when the Panama 
Canal Commission began keeping records. Using 
rainfall records, we defined the dry season as be- 
ginning in mid-November 1982 (corresponding 
with day 1 of this study, 16 November 1982) and 
lasting 22 weeks (corresponding approximately 
with day 155 of this study, 21 April 1983; Fig. 1). 
The remainder of this study was carried out during 
the wet season (day 156, 22 April 1983) through 
the last sampling day in this study (day 364, 17 
November 1983). 

Bm'rNG.-On each sampling day, 50 trees in a sin- 
gle transect were baited by using twine to attach 
one 15 ml clear plastic conical centrihge tube con- 
taining a blended mixture of honey and bananas 

and another 15 ml tube containing tuna ca 15 cm 
apart on the trunk at breast height. This is a con- 
venient location because ants from both arboreal 
and terrestrial assemblages will forage low on tree 
trunks (Longino & Colwell 1997). Morning trials 
were run between 0630 and 0830 h and evening 
trials between 1830 and 2030 h. The three tran- 
sects were sequentially sampled on different days, 
alternating between morning and evening in each 
block so that morning and evening samples were 
evenly dispersed throughout the year; i.e., the first 
three sampling dates were morning samples of tran- 
sects 1, 2, and 3, respectively and the second three 
sampling dates were evening samples of transects 
1, 2, and 3, respectively. This pattern was repeated 
throughout the study to yield a total of 33 trials. 
Of these 33, 6 morning and 6 evening trials were 
conducted during the wet season, and 12 morning 
and 9 evening trials were done during the dry sea- 
son. During the trials, tubes were left on the trees 
for approximately two hours, after which they were 
capped and brought back to the lab. 

IDENTIFICATION AND cLASSIFICATIoN.-The number 
and species of ants contained in the tubes were 
determined. Voucher specimens of all species have 
been deposited in the ant collection at Harvard 
University's Museum of Comparative Zoology. 
Species were classified as arboreal or terrestrial by 
observing the approach and departure directions of 
foragers at the baits during the study. Ants were 
considered arboreal if they nested in and foraged 
primarily on trees or in the canopy as revealed by 
following recruitment trails. Only two ground- 
nesting ants, Ectatomma tuberalaturn and Parapo- 
nera clavata, foraged primarily in the canopy and 
were classified as arboreal. Ants were designated as 
terrestrial if they nested and foraged primarily on 
the ground. 

Individual species that occurred on ten or more 
baits during the duration of the study were placed 
in one of three preference categories based on bait 
occupancy (protein, carbohydrate, or equal prefer- 
ences). A binomial test with a null model of equal 
preferences (probability of occurring on a protein 
bait = probability of occurring on a carbohydrate 
bait = 0.5) was used to evaluate if a species showed 
a distinct preference for one type of bait. A P-value 
of less than 0.05 was taken as evidence for a pref- 
erence. P-values and the proportion of carbohy- 
drate baits occupied throughout the study can be 
found in Appendix 1 for all species that occurred 
on ten or more baits during the duration of the 
study. 
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STATISTICAL ANmYsls.-Exp~oratory data analysis 
showed no effects of transect, time of day, or tree 
species on bait occupancy rates; these variables were 
not considered in subsequent analyses. To deter- 
mine whether or not there were differences in bait 
occupancy by arboreal or ground-foraging ants 
during each of the two seasons, we used two-way 
analysis of variance (ANOVA) with season (wet or 
dry) and assemblage (arboreal or terrestrial) as fac- 
tors and a season x assemblage interaction term. 
Tukey’s HSD correction for multiple comparisons 
was used to test for significant differences between 
groups within the two-way ANOVA. Because over- 
all bait preferences within an assemblage did not 
differ between the two seasons, Student’s t-tests 
were used to determine if mean bait occupancy dif- 
fered between carbohydrate- and protein-based 
baits for ants of both assemblages over the entire 
year. Pearson’s chi-square test was used to deter- 
mine if the distribution of species bait preferences 
differed among species in the two assemblages. 
Some authors have suggested that chi-square tests 
are not appropriate if any of the cells contains less 
than five observations, as in this case; however, Yar- 
nold (1 970) has shown that 2 X 3 cell chi-square 
tests are robust as long as the average expected cell 
frequency is not lower than a certain critical value. 
Yarnold’s (1970) critical value for 2 X 3 cell chi- 
square tests is calculated as [5(no. of expected cells 
< 5)/(no. of rows) (no. of cohnns)]. In our case, 
the average expected value was 4.67 and Yarnold’s 
(1970) critical value was 3.33. All analyses were 
performed using the JMP IN (SAS 1996) statistical 
package. 

RESULTS 
ASSEMBLAGE BASED PA-ITERNS IN FORAGING ACTIVI- 

n.-Fifty-eight of the 59 species collected at baits 
could be designated as either primarily arboreal or 
terrestrial. Ants from both assemblages foraged on 
tree trunk baits throughout the year (Fig. 2). To 
investigate seasonal effects on foraging, the mean 
number of baits occupied per sampling day by ar- 
boreal and terrestrial ants was compared between 
the two seasons (two-way ANOVA, fU model, F3,62 

= 27.97, P < 0.001). Bait occupancy differed sig- 
nificantly between the two assemblages (Fl, 62 = 
7.80, P = 0.007), and between the two seasons 
(Fl, 62 = 24.78, P < 0.001); there was a significant 
interaction between assemblage and season (Fl, 62 

= 58.58, P < 0.001). Comparing activity between 
seasons within an assemblage, arboreal ants occu- 
pied significantly more baits per sampling event 
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FIGURE 2. Occupancy of baits by arboreal ants was 
highest during the dry season and dropped precipitously 
at the onset of the wet season. Terrestrial ant activity was 
not significantly different between the seasons. 

during the dry season than the wet (Tukey’s HSD 
test, P < 0.05, mean no. of baits ? SE; dry = 
36.8 2 2.13 and wet = 13.0 ? 1.61). There was 
no difference in bait occupancy by terrestrial ants 
during the two seasons (Tukey’s HSD test, P > 
0.05, mean no. of baits ? SE; dry = 17.1 2 2.13 
and wet = 22.1 2 1.61). Comparing activity be- 
tween assemblages within a season, arboreal ants 
occupied significantly more baits per sampling day 
than terrestrial ants during the dry season (Tukey’s 
HSD test, P < 0.05, mean no. of baits 2 SE; 
arboreal = 36.8 ? 2.13, and terrestrial = 17.1 ? 
2.13). Conversely, terrestrial ants occupied signifi- 
cantly more baits per sampling day than arboreal 
ants during the wet season (Tukey’s HSD test, P 
< 0.05, mean no. of baits 2 SE; arboreal = 13.0 
2 1.61 and terrestrial = 22.1 2 1.61). 

BAIT PREFERENCES.-BeCaUSe within-assemblage bait 
preferences did not differ between the wet and dry 
seasons, the data for both seasons were combined. 
Overall, arboreal ants occupied significantly more 
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FIGURE 3. Arboreal ants preferred protein baits (tuna) 
over carbohydrate baits (honey + banana) ( t  = 2.33, P 
= 0.023, df = 63). Terrestrid ants preferred carbohydrate 
baits over protein baits ( t  = 3.97, P = 0.002, df = 64).  
Vertical bars = 1 SE. N = 33 sampling events over the 
course of the study. 

tuna baits than honey baits per sampling date, 
whereas the reverse was true for terrestrial ants (Fig. 
3). 

Arboreal and terrestrial species that were col- 
lected on at least ten baits throughout the study 
were classified by their preferences using a binomial 
test (protein preference, carbohydrate preference, 
or equal preferences; Appendix 1). A greater per- 
centage of arboreal species preferred protein baits 
(26.3% protein preference vs. 5.3% carbohydrate 
and 68.4% equal preferences for 19 species) and a 
greater percentage of terrestrial species preferred 
carbohydrate baits (33.3% carbohydrate preference 
vs. 0% protein and 66.7% equal preferences for 9 
species). A Pearson’s chi-square analysis revealed 
that there was a marginally significant difference in 
the distributions of preference between arboreal 
and ground ants (2 = 5.740, df = 2, P = 
0.0567). 

DISCUSSION 
Two patterns were apparent in this study. First, the 
foraging activity of arboreal and terrestrial ants as 
measured by baits on tree trunks differed between 
the two seasons. Second, at the assemblage level, 
arboreal ants preferred protein baits whereas terres- 
trial ants preferred carbohydrate baits. 

FORAGING AcTrvm.-Terrestrid ants occurred on 
baits at moderate levels throughout the study, oc- 
cupying slightly (but not significantly) more baits 
during the wet season. This pattern agrees with the 
activity patterns of the terrestrial assemblage pre- 
viously established on BCI. Levings (1983) and 
Kaspari and Weiser (2000) both found that terres- 
trial ant assemblages respond to desiccation stress 
between seasons and among sites within a season 
by reducing activity. Levings and Windsor (1984) 
suggested that terrestrial ants probably reduced 
their activity levels in response to a combination of 
resource limitation and increased desiccation risk 
because the density of most litter arthropods is pos- 
itively correlated with soil moisture both between 
seasons and years. Interestingly, a study of litter 
arthropods on BCI by Wheeler and k i n g s  (1 988) 
during the same 1982-1983 El Nifio event as this 
study showed that terrestrial ants followed the same 
moisture-correlated pattern of activity reported 
during previous dry seasons. With the onset of the 
wet season, however, all ant activity increased more 
quickly than expected, based on estimates from sev- 
eral years’ data. Extreme deviations in climate pat- 
terns can result in nonlinear effects on seasonal ac- 
tivity patterns of tropical ants. Our data, in agree- 
ment with previous studies, suggest that moisture 
is correlated with foraging activity in terrestrial 
tropical ants; however, our results do not allow us 
to determine what factors (h., microclimate, re- 
source availability, or competition) are responsible 
for the observed differences in activity. Because ter- 
restrial assemblages are generally made up of many 
opportunistic species with small- to medium-sized 
colonies that are often behaviorally subordinate, it 
is likely that the risk of desiccation and depressed 
resource availability combine to decrease terrestrial 
ant activity in the dry season (Levings & Trainello 
1981, k i n g s  1983, Jackson 1984, Andersen 
2000, Yanoviak & Kaspari 2000, Kaspari & Weiser 
2000). 

In our study, arboreal ants occupied baits on 
tree trunks with greater frequency than did terres- 
trial ants during the dry season, with a precipitous 
drop in activity at the onset of the wet season. Bait 
occupancy by arboreal ants during the wet season 
was ca 65 percent lower than during the dry season. 
This is in contrast to the pattern seen by Kaspari 
and Weiser (2OOO), who found that total ant activ- 
ity on baits placed at breast height on trees during 
the wet season was 20 percent higher than during 
the dry season. 

There are several possible explanations as to 
why our results do not agree with those of Kaspari 
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and Weiser (2000). The difference in activity on 
tree trunks in their study was due to species they 
classified as habitat generalists, species found in sev- 
eral locations (including the litter and foraging on 
low shrubs) rather than arboreal specialists. In our 
study, most of their habitat generalists would be 
classified as terrestrial. In agreement with Kaspari 
and Weiser (2000), our data showed a 29 percent 
increase in bait occupancy by terrestrial ants during 
the wet season, although this difference was not 
statistically significant. Explanations for the absence 
of an increase in arboreal ant activity during the 
dry season in Kaspari and Weiser’s (2000) study 
may include preference for the ingredients used in 
our baits (tuna and a mixture of honey and banan- 
as vs. peanut butter) and the duration of baiting 
(2 hours in our study vs. 1 hour). Another expla- 
nation may be differences in sampling. Kaspari and 
Weiser (2000) took their dry season samples only 
during two weeks in early December, whereas our 
dry season samples were taken throughout the en- 
tire dry season from mid-November until mid- 
April. In addition, our samples were taken contig- 
uously throughout the course of a single year, 
whereas their wet and dry season samples were tak- 
en in different years (1994 wet, 1997 dry). Lastly, 
because the 1982-1983 dry season was extremely 
dry due to an El Niiio event, the patterns observed 
in our study may be not representative of an av- 
erage dry-wet season cycle. 

The high level of arboreal ant activity on tree 
trunks in this study suggests that they extend their 
ranges and increase foraging intensity during the 
dry season. This expansion coincides with a drop 
in abundance of most canopy prey insect groups 
during the dry season (Jones 1987, Wolda 1988, 
Basset 199 1). In addition, carbohydrate-rich re- 
sources such as homopteran exudates, nectar, and 
fruits also drop in abundance from wet season lev- 
els (Wolda 1988, van Schaik et al. 1993). Like 
many other animals, arboreal ants may extend their 
foraging ranges when resource levels decline 
(Schoener 1983, Davies & Houston 1984). Be- 
cause arboreal ants increase their activity on tree 
trunks during the dry season when desiccation risk 
is high, desiccation stress is probably less important 
in regulating the activity of arboreal ants relative to 
terrestrial ants. This may be the result of several 
physiological mechanisms utilized by arboreal ants 
to resist desiccation stress more effectively than ter- 
restrial ants (Hood & Tschinkel 1990). Canopy ant 
communities are populated by aggressive, numeri- 
cally dominant species that form a mosaic of ter- 
ritories (Room 1971; Leston 1978; Majer 1976a, 

b, c; Levings & Trainello 198 1 : Jackson 1984; Lon- 
gino & Nadkarni 1990; Yanoviak & Kaspari 
2000). Arboreal ants may not be able to afford a 
reduction in activity levels during the dry season 
due to the risk of losing territory. Therefore, re- 
source limitation and competition in the canopy 
environment may necessitate the year-round main- 
tenance of territories among arboreal species, allow- 
ing them to harvest adequate amounts of nitrogen. 
Further studies of resource distributions and ant 
responses to resource addition and removal are 
needed to distinguish between these hypotheses. 

BAIT PmFEmNcEs-In addition to differences in 
seasonal activity patterns between the two assem- 
blages, arboreal ants preferred tuna baits to honey 
baits, particularly during the dry season, while ter- 
restrial ants slightly preferred honey to tuna baits 
throughout the year. When species were classified 
according to their preferences, a greater proportion 
of arboreal species preferred protein baits and a 
greater proportion of terrestrial species preferred 
carbohydrate baits. If ants choose baits based on 
the current needs of the colony (Holldobler & Wil- 
son 1990, Kaspari 1993), ants should prefer a cer- 
tain type of bait when the nutrients represented in 
that bait are most limiting in the environment. 
Thus, our results suggest that arboreal ants are pro- 
tein-limited, particularly during the dry season, and 
terrestrial ants are carbohydrate-limited. 

Our results agreed with the predictions of To- 
bin (1994) and Davidson (1997), and with the 
findings of Yanoviak and Kaspari (2000) and Kas- 
pari and Yanoviak (2001); we found the same pat- 
terns of preference on tree trunks as they found in 
the canopy and litter. Therefore, assemblage-based 
preferences for protein and carbohydrates are gen- 
eral and occur throughout the foraging range of 
each assemblage. 

While our data agree with the hypothesis that 
habit-based nutrient availability plays a central role 
in structuring ant assemblages, the importance of 
nutrient limitation remains to be tested. Without 
a well-resolved phylogenetic framework, broad 
comparisons of assemblages are difficult to inter- 
pret. Habitat-based factors may cause the observed 
differences in species activity patterns or preferenc- 
es, or these characteristics may have been present 
in species before they colonized the two habitats. 
The two hypotheses are not mutually exclusive, and 
some combination of them seems likely. It is in- 
teresting to note that similar patterns of commu- 
nity structure have been observed between arboreal 
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and ground assemblages in both the Old and New 
World tropics (Andersen 2000). 
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APPENDIX 1. 

% Total Yo Total 
baits baits 

Total occupied occupied 
Foraging baits in carbohy- Binomial 

Species location occupied evening drate P-value Bait preference 

Subfamily Dolichoderinae 
Azteca aurita Arboreal 15 40 40 0.607 Equal 
Azteca sp. 1 Arboreal 84 48 37 0.021 Protein 
Azteca sp. 2 Arboreal 11 9 27 0.227 Equal 
Azteca sp. 3 Arboreal 24 33 38 0.308 Equal 
Azteca sp. 4 Arboreal 14 57 50 1 Equal 
Azteca sp. 5 Arboreal 8 88 25 
Azteca sp. 6 Arboreal 15 33 27 0.119 Equal 
Azteca sp. 7 Arboreal 12 25 0.146 Equal 

Dolichoderus dcbilis Arboreal 7 14 14 
Tapinoma &lvum Arboreal 53 100 49 1 Equal 

Brachymyrmex sp. 1 Ground 34 59 59 0.392 Equal 
Camponotus ager Arboreal 1 100 100 
C. atriceps Arboreal 17 100 41 0.692 Equal 
C. linnaei Arboreal 2 50 0 
C. novogranadensis Arboreal 1 0 100 
C. serzkeivennir Arboreal 33 3 30 0.035 Protein 
C. simillimus Arboreal 2 100 50 
c. wc Arboreal 1 0 0 
Camponotussp. 1 Arboreal 2 0 50 
Paratrechina guatemahnrir Ground 37 76 73 0.008 Carbohydrate 

25 0 Azteca sp. 8 Arboreal 1 100 

Subfamily Formicinae 



356 Hahn and Wheeler 

APPENDIX 1. Continued. 

Yo Total Yo Total 
baits baits 

Total occupied occupied 
Foraging baits in carbohy- Binomial 

Species location occupied evening drate P-value Bait preference 

Subfamily Myrmicinae 
Cephalotes umbraculatuc 
Crematogaster brasiliensis 
C. curvispinosa 
C. distans 
C. erecta 
C. limata 
C. parabiotica 
C. virtima 
Crematogaster sp. 1 
Pheidole sp. 1 
Pheidok sp. 2 
Pheidok sp. 3 
Pheidok sp. 4 
Pheidok sp. 5 
Pheidok sp. 6 
Pheidok sp. 7 
Pheidok sp. 8 
Pheidole sp. 9 
Pheidok sp. 10 
Pheidoksp. 11 
Rogeria blanda 
R. scandens 
Soknopsis sp. 1 
Soknopsis sp. 2 
Soknopsis sp. 3 
Wasmannia auropunctata 

Subfamily Poinerinae 
Ertatomma ruidum 
E. tubernrkatum 
Odontomachw bauri 
0. hastam 
Pachycondyka carinulata 
I? stratinoh 
I? villosa 
Paraponera ckzvata 

Ps&mvrmexso. 1 
Subfamily Pseudomyrmicinae 

Arboreal 
Arboreal 
Arboreal 
Arboreal 
Arboreal 
Arboreal 
Arboreal 
Ground 
Arboreal 
Ground 
Arboreal 
Ground 
Ground 
Arboreal 
Ground 
Arboreal 
Arboreal 
Arboreal 
Ground 
Ground 
Ground 
Ground 
Ground 
Ground 
Arboreal 
Ground 

Ground 
Arboreal 
Ground 
Arboreal 
Ground 
Unknown 
Ground 
Arboreal 

Arboreal 

1 
19 
1 
2 
7 

62 
24 
10 
31 

1 
6 
1 
1 
7 

121 
6 

12 
91 
27 
27 
2 
2 

39 
1 

29 
95 

288 
67 
3 
1 
4 
3 
8 

22 

4 

0 
53 

100 
0 

25 
37 
38 
90 
48 

100 
100 
100 
100 
71 
48 
33 
33 
57 
59 
52 
0 

50 
38 
0 

32 
34 

21 
39 
67 

100 
0 
0 

33 
86 

0 

0 
47 

100 
0 

29 
34 
42 
30 
32 

100 
17 

100 
100 
57 
59 
33 
25 
37 
67 
67 

100 
100 
41 
0 

55 
54 

GO 
36 

100 
100 
100 
100 
88 
91 

1 

0.015 
0.541 
0.344 
0.071 

0.069 

0.146 
0.021 
0.089 
0.089 

0.337 

0.71 1 
0.006 

<0.001 
0.027 

<0.001 

Equal 

Protein 
Equal 
Equal 
Equal 

Equal 

Equal 
Protein 
Equal 

Equal 
Carbohydrate 

Carbohydrate 
Protein 

Carbohydrate 

.I 25 


