
the few egg clutches that exhibited low 
mortality in the current study indicate 
evolution of some tolerance of acidity, it 
is not at all likely that the process will 
proceed fast enough to keep pace with 
the cumulative effects of acid precipi- 
tation on salamander breeding sites (2). 
The significance of widespread failure of 
salamander reproduction will extend 
beyond the salamanders themselves; sal- 
amanders are important predators on dip- 
teran larvae in temporary pools (20) and 
an important source of energy for higher 
trophic levels in an ecosystem (21). Tem- 
porary ponds are also important breed- 
ing sites for many invertebrates, and 
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cially RNA, during cleavage. Similar cytological 
changes are produced by exposing eggs to acid 
or alkaline media [J. Brachet, The Biochemistry 
of Development (Pergamon, New York, 1960)]. 
If a similar locus exists in A. maculatum acid 
stress may cause its expression. Alternatively, 
the similarity of mutant and acid-induced abnor- 
malities may indicate only that they result from 
serious disruption of cellular or subcellular char- 
acteristics in early developmental stages. For 
example, cell surface charges are different in 
different germ layers of frog gastrulae and are 
differentially affected by acidity [H. E. Shaeffer, 
B. E. Shaeffer, I. Brick, Dev. Biol. 35, 376 
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16. Water in puddles of melted ice on the surface of 

ponds in April was usually 0.5 pH unit more 
acidic than water drawn from below the ice. In 
one pond melted snow and rain had collected in 
a small bay separated from the main pond by a 
dam of ice. Water in the bay waspH 4.0, in the 
main pond pH 5.5. A day later the ice dam had 
melted, allowing some pond water to flow into 
the bay, and its pH had risen to 5.0. 

17. Analyses of water from five ponds with pH's 
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absorb solar radiation and may be several de- 
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Hassinger, Herpetologica 26, 49 (1970); F. H. 
Pough, in preparation]. 

6. To reduce stress eggs were not lifted from the 
water or removed from the supports to which 
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pp. 82-87] as follows. 
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cinski and A. J. Brothers, Science 184, 1142 
(1974)]. Among these mutations, those designat- 
ed f, g, and v produce malformations that are 
generally similar to thoese seen among A. ma- 
culatum embryos exposed to low pH, although 
they differ in morphological detail and time of 
expression. In particular, v produces edema and 
stunted gills, is variable in its expression, and is 
affected by temperature [R. R. Humphrey, Dev. 
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Tool Use in a Social Insect and Its Implications for 

Competitive Interactions 

Abstract. Four species of myrmicine ants, Aphaenogaster rudis, A. treatae, A. 
tennesseensis, and A. fulva, use pieces of leaf, mud, and sand grains as tools to carry 
soft foods from distant sources to the colony. Tools are tended on the food and 
removed by colony members without regard to which individual brought the tool. 
Food is gathered more efficiently by tool use than by internal transport. Tool-using 
behavior may increase the competitive ability of A. rudis in an interspecific domi- 
nance hierarchy. 
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We report here what we believe to be 
the first case of tool use in a social insect 
and discuss the importance of this behav- 
ior in terms of competitive efficiency 
within an interspecific dominance hierar- 
chy. Tool use is defined (1) as the manip- 
ulation of an inanimate object, not inter- 
nally manufactured, with the effect of 
improving the animal's efficiency in alter- 
ing the position or form of some separate 
object. Only four genera of in- 
vertebrates, solitary wasps (Ammo- 
phila), ant lions (Myrmeleon), and worm 
lions (Vermilio, Lampromyia) are known 
to use tools (1, 2). We have observed 
tool use in four species of myrmicine 
ants, Aphaenogaster rudis, A. treatae, 
A. tennesseensis, and A. fulva; individ- 
uals of these species use pieces of 
leaves, dry mud, and small sand grains to 
transport soft food from a distant source 
to the colony. 

We first observed this behavior in A. 
rudis located in a woodlot in College Park, 
Prince George's County, Maryland. We 
placed small portions of jelly on index 
cards (7.6 by 12.7 cm) on the ground to 
attract ants. When individuals of A. rudis 
reached a sample of bait, they would 
leave after 5 to 60 seconds and return 
with pieces of leaves which they then 

We report here what we believe to be 
the first case of tool use in a social insect 
and discuss the importance of this behav- 
ior in terms of competitive efficiency 
within an interspecific dominance hierar- 
chy. Tool use is defined (1) as the manip- 
ulation of an inanimate object, not inter- 
nally manufactured, with the effect of 
improving the animal's efficiency in alter- 
ing the position or form of some separate 
object. Only four genera of in- 
vertebrates, solitary wasps (Ammo- 
phila), ant lions (Myrmeleon), and worm 
lions (Vermilio, Lampromyia) are known 
to use tools (1, 2). We have observed 
tool use in four species of myrmicine 
ants, Aphaenogaster rudis, A. treatae, 
A. tennesseensis, and A. fulva; individ- 
uals of these species use pieces of 
leaves, dry mud, and small sand grains to 
transport soft food from a distant source 
to the colony. 

We first observed this behavior in A. 
rudis located in a woodlot in College Park, 
Prince George's County, Maryland. We 
placed small portions of jelly on index 
cards (7.6 by 12.7 cm) on the ground to 
attract ants. When individuals of A. rudis 
reached a sample of bait, they would 
leave after 5 to 60 seconds and return 
with pieces of leaves which they then 

placed on the jelly. As leaf fragments 
accumulated, ants from the same colony 
tended them, adjusting the positions of 
the leaves or sometimes pulling the 
leaves off completely and repositioning 
them. By individually marking ants with 
small spots of paint, we were able to 
determine that a given individual may 
bring several leaves and that ants tend 
leaves brought by other ants. 

After 30 to 60 minutes, ants began to 
remove leaves from the bait and carried 
them directly back to the colony, once as 
far as 152 cm. These leaves were visibly 
covered with jelly, and we suggest that 
the ants are using these leaves as tools to 
transport large quantities of food (see 
Fig. 1). This behavior may have evolved 
from the tendency shown by many ant 
species to cover and protect distant food 
sources (3) or to cover immovable, dis- 
agreeable objects near the nest with dirt 
or debris (4). 

To determine what happens to tools 
taken into a colony, we set up a small 
colony of A. fulva in a transparent ant 
house. Ants placed tools on the jelly 
provided, and we observed an individual 
carry a tool from the jelly to the chamber 
containing the queen, eggs, and other 
workers. Several workers fed from this 
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tool at different times over the course of 
several hours by using their mandibles to 
scrape food from the surface. We were 
not able to determine if they were also 
able to obtain food which might have 
been absorbed by the tool. 

The types of tools used by A. rudis 
vary somewhat from colony to colony. 
Partially decayed pieces of deciduous 
leaves and pine needles are used most 
commonly in the main study area. Their 
size is quite variable, usually 2 to 5 mm 
in length or diameter. In addition to 
leaves, we have frequently observed 
ants using small pieces of dry mud or 
sand grains (1 to 4 mm in diameter) in the 
same manner. When selecting an object, 
ants search the ground near the bait 
(within 4 cm of the index card) and have 
been observed picking up and then drop- 
ping several objects before finding one 
that they carry back to the bait. To inves- 
tigate this selectivity in more detail, we 
carried out a series of 12 replicate experi- 
ments with a large laboratory colony of 
A. rudis. For each experiment, ants were 
presented with five potential tools of 
each of four types, dry mud chunks, leaf 
fragments, pieces of pine needles, and 
small sections of dry, decaying wood. 
All of these potential tools were approxi- 
mately the same size. Of the 240 items 
available, the ants used 43 mud chunks, 
25 pine needles, 24 wood sections, and 7 
leaf fragments. Mud chunks were select- 
ed significantly more often and leaf frag- 
ments significantly less often than ran- 
dom (level of significance a = 0.05; 
X2= 17.46 and X2 = 16.03, respective- 
ly). This preference for dry mud chunks 
may be related to the ease of manipulat- 
ion or to the amount of food that will 
adhere to the surface. The frequent use 
by A. rudis of leaf fragments in many 
field observations suggests that the rela- 
tive availability of different tools may 
also be an important factor in some 
areas. 

Aphaenogaster rudis feeds, in part, on 
dead insects (5), which could present a 
food source of an appropriate texture for 
tool use. To determine if ants would use 
tools to gather the body fluid of an in- 
jured animal, we squashed a large spider 
and placed it near a colony of A. rudis. 
The ants proceeded to put leaves on the 
spider's abdominal fluid in precisely the 
same way they had with the jelly. Aph- 
aenogaster treatae also used tools on the 
body fluids of coleopteran larvae and 
rotten fruit pulp. Hence it seems that our 
manipulations with jelly mimic a natural- 
ly occurring phenomenon. 

To determine if a significant amount of 
food adhered to the tools, we took 30 leaf 
pieces from A. rudis as they approached 
2 APRIL 1976 
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Fig. 1. (a) Aphaenogaster rudis carrying a tool (a piece of plant material) to the bait; (b) jelly bait 
with deciduous and coniferous leaf fragments (tools) in position, A. rudis placing another piece 
of leaf on the bait; (c) A. rudis on the bait adjusting a piece of leaf; (d) bait covered with tools 
and an A. rudis individual carrying a piece of leaf back to the colony. Scale: body length of A. 
rudis, 4.5 to 5.0 mm. 

a bait. These leaves were weighed in 
groups of five and then placed on the 
body fluid of squashed coleopteran lar- 
vae. After 30 minutes, these leaves were 
removed and reweighed. The net weight 
gain per leaf was 1.38 + 0.28 mg 
(N = 6). To evaluate the amount of food 
transported in relation to the size of A. 
rudis, ants were also weighed. The mean 
weight of an A. rudis worker was 
1.28 + 0.18 mg(N = 24). Thus, by using 
tools, an A. rudis worker may be able to 
transport an amount of food approxi- 
mately equaling its body weight back to 
the colony. To assess the ability of A. 
rudis to carry such foods internally, we 
captured ten ants as they approached a 
bait. These individuals were weighed, 
allowed to feed on the jelly for 1 hour, 
and then reweighed. The net weight gain 
per individual was 0.13 ? 0.03 mg. Tool 
use is thus a far more efficient way forA. 
rudis to transport certain foods than in- 
ternal transport. 

This behavior is apparently not an iso- 
lated phenomenon in A. rudis. In a 50- 
km radius of College Park, we have ob- 
served 46 A. rudis colonies in which 
more than two workers located the bait. 
All of these colonies exhibited tool-using 
behavior. One colony of A. treatae, five 
of A. fulva, and one of A. tennesseensis 
have also been located. All seven of 
these colonies exhibited tool use similar 
to that of A. rudis. 

The importance of tool use in A. rudis 
is particularly significant in light of their 
competitive interactions and dominance 
relationships with other ant species. In 
College Park, A. rudis coexists with 
many other ant species, the most abun- 
dant of which are Camponotus ferru- 
gineus, C. pennsylvanicus, Formica sub- 
servicea, and Prenolepis imparis. We 
have observed all of these species active- 
ly chase and exclude A. rudis from food 
sources, an indication that A. rudis is 
behaviorally subordinate. A subordinate 
may compete with a dominant in several 
ways (6). One method is for the subordi- 
nate to find resources more quickly and 
use them before the dominant species 
arrives. Other strategies may include 
stealth and small size by which aggres- 
sion from the dominant is avoided. We 
suggest that tool use may be another 
method that enables A. rudis to compete 
successfully with other species. 

Ants typically obtain soft foods by 
drinking, filling the crop, and carrying 
the food back to the colony internally. 
This procedure necessitates spending a 
considerable time at the bait. For ex- 
ample, undisturbed P. imparis workers 
will feed for 30 to 60 minutes at a time. 
When C. ferrugineus, C. pennsylvani- 
cus, or F. subservicea are present, they 
attack and chase away other ants, includ- 
ing P. imparis, thus making it infeasible 
for many species to utilize these food 
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sources. In contrast, an A. rudis individ- 
ual can approach the bait, place a leaf, 
and rapidly depart before it is encoun- 
tered. At a later time, it can return, 
quickly remove the leaf, and thus gain a 
portion of the resource with relatively 
low risk. Aphaenogaster rudis has been 
observed to place a leaf on a bait occu- 
pied by C. ferrugineus and later retrieve 
it when C. ferrugineus was on the oppo- 
site side of the bait. The behavior of A. 
rudis is similar when either C. pennsyl- 
vanicus or F. subservicea is present. 
Thus tool use allows A. rudis to obtain 
more food from such a source than it 
would obtain by drinking and thus in- 
creases its success in competing with 
these species. 

Aphaenogaster rudis is also subordi- 
nate to P. imparis unless the latter is 
greatly outnumbered. However, if A. 
rudis places leaf fragments on a food 
before being excluded, P. imparis may 
eat all the available food but ignore the 
leaves. When P. imparis departs, A. 
rudis may retrieve the leaves. On 12 
occasions, we have seen leaf-covered 
baits taken over by P. imparis. In such 
cases, the P. imparis individuals feed on 
the bait in their usual fashion. Occasion- 
ally, a leaf is knocked off the bait and a 
few individuals then glean some food 
from these pieces. Typically, however, 
the leaves are ignored and left at the bait. 
Presumably A. rudis could retrieve these 
at a later time, although this outcome has 
not been observed. Tool-covered baits 
have also been given to colonies of C. 
pennsylvanicus in the laboratory. Most 
of the food is eaten, but the tools and a 
moderate portion of the food under the 
tools are left and would thus be available 
for A. rudis. 

Tool use appears to be a maximally 
efficient way of utilizing some food 
sources, regardless of dominance rela- 
tionships. This behavior may be particu- 
larly adaptive for genera such as Aph- 
aenogaster which have a relatively small 
gaster in which to carry food (7). 
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Department of Zoology, University of 
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observed to place a leaf on a bait occu- 
pied by C. ferrugineus and later retrieve 
it when C. ferrugineus was on the oppo- 
site side of the bait. The behavior of A. 
rudis is similar when either C. pennsyl- 
vanicus or F. subservicea is present. 
Thus tool use allows A. rudis to obtain 
more food from such a source than it 
would obtain by drinking and thus in- 
creases its success in competing with 
these species. 

Aphaenogaster rudis is also subordi- 
nate to P. imparis unless the latter is 
greatly outnumbered. However, if A. 
rudis places leaf fragments on a food 
before being excluded, P. imparis may 
eat all the available food but ignore the 
leaves. When P. imparis departs, A. 
rudis may retrieve the leaves. On 12 
occasions, we have seen leaf-covered 
baits taken over by P. imparis. In such 
cases, the P. imparis individuals feed on 
the bait in their usual fashion. Occasion- 
ally, a leaf is knocked off the bait and a 
few individuals then glean some food 
from these pieces. Typically, however, 
the leaves are ignored and left at the bait. 
Presumably A. rudis could retrieve these 
at a later time, although this outcome has 
not been observed. Tool-covered baits 
have also been given to colonies of C. 
pennsylvanicus in the laboratory. Most 
of the food is eaten, but the tools and a 
moderate portion of the food under the 
tools are left and would thus be available 
for A. rudis. 

Tool use appears to be a maximally 
efficient way of utilizing some food 
sources, regardless of dominance rela- 
tionships. This behavior may be particu- 
larly adaptive for genera such as Aph- 
aenogaster which have a relatively small 
gaster in which to carry food (7). 

JOAN H. FELLERS 

GARY M. FELLERS 

Department of Zoology, University of 
Maryland, College Park 20742 

References and Notes 

1. J. Alcock, Evolution 26, 464 (1972). 
2. E. O. Wilson, Sociobiology: The New Synthesis 

(Harvard Univ. Press, Cambridge, Mass., 1975). 
A recent description tool use in the snails Tegula 
brunnea and T. funebralis does not fall within 
the definition of Alcock and hence is not includ- 
ed here [see P. J. Weldon and D. L. Hoffman, 
Nature (London) 256, 720 (1975)]. 

3. E. O. Wilson, personal communication. 
4. W. M. Wheeler, Ants: Their Structure, Devel- 

opment, and Behavior (Columbia Univ. Press, 
New York, 1910). 

5. M. R. Smith, U.S. Agric. Res. Serv. Tech. Bull. 
1326 (1965). 

72 

Nature (London) 256, 720 (1975)]. 
3. E. O. Wilson, personal communication. 
4. W. M. Wheeler, Ants: Their Structure, Devel- 

opment, and Behavior (Columbia Univ. Press, 
New York, 1910). 

5. M. R. Smith, U.S. Agric. Res. Serv. Tech. Bull. 
1326 (1965). 

72 

6. E. O. Wilson, The Insect Societies (Harvard 
Univ. Press, Cambridge, Mass., 1971). 

7. Several aspects of the foraging efficiency in rela- 
tion to competition and tool use are being exam- 
ined (J. H. Fellers, in preparation). 

8. We thank D. H. Morse for his encouragement. 
We are grateful to J. D. Allan, E. R. Buchler, D. 
E. Gill, D. H. Morse, E. O. Wilson, and two 

6. E. O. Wilson, The Insect Societies (Harvard 
Univ. Press, Cambridge, Mass., 1971). 

7. Several aspects of the foraging efficiency in rela- 
tion to competition and tool use are being exam- 
ined (J. H. Fellers, in preparation). 

8. We thank D. H. Morse for his encouragement. 
We are grateful to J. D. Allan, E. R. Buchler, D. 
E. Gill, D. H. Morse, E. O. Wilson, and two 

On 1 August 1975, at 2020 Greenwich 
mean time, an earthquake of magnitude 
ML = 5.7 (University of California, 
Berkeley), M, =L 6.1 (California Institute 
of Technology, Pasadena), and mh = 5.9 
(USGS National Earthquake Informa- 
tion Service) occurred in the Sierra Ne- 
vada foothills southeast of Oroville, Cali- 
fornia. The earthquake was felt strongly 
in Sacramento and was noticeable in 
Menlo Park, at a distance of 225 km. 
Taken together with the aftershocks, the 
Oroville earthquake is the most signifi- 
cant strain release episode in California 
since the 1971 San Fernando earthquake. 
The main shock epicenter (star in Fig. 1) 
was near the town of Palermo, 7 km 
south of Oroville and 11 km from the 
235 m high Oroville Dam. 

Because of the proximity of the earth- 
quake to the dam and the possibility that 

CHIC 

Fig. 1. Seismographic stations 
used in this study. Closed cir- 
cles are strong-motion seismo- 
graphs. Closed triangles are tele- 
metered short-period seismo- 
graphs installed by the U.S. 
Geological Survey after the 1 
August 1975 earthquake. Open 
triangles are seismographs op- 
erated since 1964 by the Cali- 
fornia Department of Water 
Resources. The approximate 
epicenter of the main shock is 
indicated by a star. Distribu- 
tion of aftershocks (August to 
October 1975) is indicated by 
the dashed line. The Oroville 
Dam is shown by the bar at the 
southwest corner of the reser- 
voir. 
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the seismicity was induced by the 4.3 
billion cubic meter reservoir, the U.S. 
Geological Survey (USGS) began deploy- 
ment of 16 high-gain telemetered seismo- 
graphs in the area on 2 August. The 
network was completed by 11 August 
and was augmented by data from a tripar- 
tite array of local stations, telemetered to 
Menlo Park through a data exchange 
with the California Department of Water 
Resources (CDWR). Ten strong-motion 
accelerographs were installed in the epi- 
central region within 48 hours of the 
occurrence of the main shock. The loca- 
tions of the five instruments installed by 
personnel of the California Institute of 
Technology and the USGS are shown in 
Fig. 1. Five additional instruments were 
installed by the California Division of 
Mines and Geology. One hundred sev- 
enty strong-motion accelerograms of 
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Oroville Earthquakes: Normal Faulting in the 
Sierra Nevada Foothills 

Abstract. Aftershocks of the Oroville, California, earthquake of I August 1975 
define a 16- by 12-kilometer fault plane striking north-south and dipping 60 degrees to 
the west to a depth of 10 kilometers. Focal mechanisms from P-wave first motions 
indicate normalfaulting with the western, Great Valley side downdropped relative to 
the Sierra Nevada block. The northward projection of the fault plane passes beneath 
Oroville Dam and crops out under the reservoir. 
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