
an 8 to 10 percent velocity decrease. If 
dilatancy precedes the quake, then a the- 
oretical treatment (14) based on paral- 
lel, vapor-filled cracks oriented vertical- 
ly for a normal-faulting mechanism 
yields only a 5 percent velocity decrease 
for the Tonga rays which arrive at WHA 
at 25? off the vertical. However, in- 
asmuch as both the depth of the anoma- 
lous zone and the degree of crack orien- 
tation are conjectural, the reported time 
delay is not unreasonable. 

If cracks are present and are indeed 
vertically parallel, a horizontal seismic 
wave traveling to WHA would experi- 
ence a maximum velocity decrease of 
about 17 percent (14). Local Hawaiian 
earthquakes could serve as sources for 
such horizontal paths, but increased rel- 
ative residual scatter is anticipated since 
waves incident to WHA and the refer- 
ence station will not, for this case, share 
a common ray path over the major part 
of the path length. 

The very localized (less than 20 km) 
horizontal extent of the anomalous zone 
is much smaller than estimates for thrust 
earthquakes reported in the literature 
(15); indeed, it encompasses only a small 
fraction of the aftershock zone. Perhaps 
this is characteristic of normal and 
strike-slip faulting and is responsible for 
the negative reports of velocity changes 
preceding earthquakes with nonthrust 
mechanisms. Such a small anomalous re- 
gion for a large earthquake could be ex- 
plained in terms of a very restricted zone 
of intense stress buildup (16) where the 
break initiated, whereas the rest of the 
much larger rupture surface remained at 
a lower stress state throughout the ob- 
served precursory period. Then, as for 
the case reported here, only the rare oc- 
currence of a large shallow earthquake 
beneath an existing, long-term seismic 
array will make possible the identifica- 
tion of a travel time delay small in both 
magnitude and horizontal dimension. 
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Ecologic factors affecting evolutionary 
rates in invertebrates have been the sub- 
ject of a great deal of discussion (1). Var- 
ious rate controls have been proposed, 
including feeding type (2), environmental 
tolerance (1, 3, 4), and population size 
(5). We discuss here how evolutionary 
rates may be influenced by larval dis- 
persal, in particular for Lower Tertiary 
Volutidae (Gastropoda). 

Larval dispersal has a significant effect 
on the geographic distribution of mol- 
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lusks (6, 7). Living species with long- 
lived planktonic larvae may regularly 
cross the Atlantic Ocean while those 
with short or no planktonic stages are 
unable to cross any oceanic basins. Even 
local geographic irregularities such as 
brackish water coves and inlets may be a 
barrier to dispersal (8). The pronounced 
effect of larval type on species biogeog- 
raphy has generated studies relating the 
dispersal of fossil invertebrates to modes 
of speciation (9) and evolutionary rates 
(4, 7, 10). 

The Paleocene-Eocene outcrops of the 
North American Gulf Coast provide a 
suitable framework for testing the effect 
of dispersal on species longevity. The 
stratigraphy has been extensively stud- 
ied and molluskan fossils are generally 
well preserved. 

In order to minimize the effect of fac- 
tors other than dispersal (factors such as 
feeding type or morphologic complexi- 
ty), a single family of gastropods, the 
Volutidae, was chosen for detailed 
analysis. Modern volutids are ecolog- 
ically and morphologically a relatively 
homogeneous group (all burrowing car- 
nivores-scavengers), and fossil species 
have an adequate proportion of both 
planktonics and nonplanktonics (living 
species have only nonplanktonic de- 
velopment). 

Larval development for each species 
was determined by the criteria of Shuto 
(9, 11), and of the 42 taxa in the study 
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controlled by a combination of developmental type and environmental tolerance. 
Larval dispersal may be an important factor in molluskan evolutionary rates. 
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Fig. 2. Geographic distributions of all species, using maximum range in one interva 
Solid line, nonplanktonics; dashed line, planktonics. 

area (12), 29 were found to have non- 
planktonic larvae, and 13 to have plank- 
tonic larvae. The stratigraphic range for 
each species was quantified by summing 
the durations of the geologic formations 
in which each was present (13, 14). In 
order to measure geographic ranges, a 
Paleocene-Eocene outcrop distribution 
map of the Gulf Coast was divided into 
geographic units approximately 75 km 
wide (+ 5 km, in order to keep major 
collecting areas within one unit). Each 
species was mapped as continuously 
present between its two most distant lo- 
calities within time-equivalent forma- 
tions. This range was quantified by 
counting the intervening geographic 
units. 

Under the above criteria, planktonics 
were found to have a mean species dura- 
tion of 4.4 million years, compared to 2.2 
million years for nonplanktonics. Geo- 
graphic distribution for a species cov- 
ered an average of 7.8 units for plankton- 
ics and 3.5 units for nonplanktonics. Val- 
ues for longevity and distribution for 
planktonics are significantly higher as 
determined by the Mann-Whitney U test 
(two-tailed test for large samples, 
z < .01 and .05 respectively; see Fig. 1). 
Paleogeographic maps compiled for 
maximum marine transgressions and re- 
gressions show recurrent delta formation 
during regressive periods in southeast 
Texas and the Mississippi River Valley 
(15). During periods of regression, non- 
planktonics tended to have their ranges 
restricted by these deltaic areas, while 
planktonics were generally able to dis- 
perse around them. In periods of delta 
submergence, both developmental types 

886 

tended to be widespread, altho 
planktonics retained a higher p 
of restricted ranges. When all r 
combined (Fig. 2), it can be , 

nonplanktonics have a restricte 
distribution well within the limil 
overall range, while planktonic 
have restricted distributions to 
edges of their normal range. Tl 
to corroborate Shuto's (9) ob 
that planktonic forms speciate 
edges of their distribution wi 
planktonics speciate within tI 
range. 

The broad distributions of r 
tonics during periods of subi 
and the restricted ranges of sor 
tonics indicate differences in 
mental tolerance among the 
Tolerance to environmental N 
(eurytopy) has been suggested 
an effect on species longevity a 
butions (3, 4). Species that are h 
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Fig. 3. Developmental type and en 
tal tolerance of each species with 
N, nonplanktonic; P, planktonic; S 
ic; E, eurytopic; m.y., million year 

erant of changes in environment (eu- 
rytopic) are able to cross barriers be- 
cause of their adaptability to extreme 
conditions. Such eurytopic forms tend to 

f ri have wide ranges and can cope with en- 
/vironmental disturbances, which result 

in greater species longevity. If some of 
the volutids are more eurytopic than oth- 

/ ers, then the simple model of larval dura- 
tion, biogeographic spread, and evolu- 
tionary rate is complicated by at least 
one other ecologic variable (eurytopy) 
that may affect species longevities. 

To include this variable, environmen- 
tal tolerance was estimated from relative 
abundance data that I collected, and 
from geographic distribution within a 
single 1- to 2-million-year time interval. 
The interval of maximum geographic dis- 
tribution for each species was used as a 
measure of its tolerance. A species pres- 
ent in several different sedimentary re- 

ii for each. 
gimes, or distributed over more than four 
geographic units in a single time horizon, 
was labeled eurytopic. A species pres- 

)ugh non- ent, at its maximum interval of distribu- 
roportion tion, in only one sedimentary type or in 
anges are four geographic units or less was called 
seen that stenotopic. A graph of larval type and 
d species environmental tolerance on longevity 
ts of their (Fig. 3) reveals that nearly all long-lived 
s tend to species are both planktonic and eurytopic 
)ward the (16). The majority of the short-lived 
his seems forms are both nonplanktonic and steno- 
servation topic. Intermediate species are mainly 
near the nonplanktonic-eurytopic or planktonic- 

hile non- stenotopic. This arrangement corre- 
heir total sponds to a model wherein environmen- 

tal tolerance and dispersal combine to 
lonplank- produce very long, very short, or inter- 
mergence mediate species durations. In other 
ne plank- words, two forces are at work: high dis- 
environ- persal and eurytopy both tend to extend 
volutids. species longevities, and low dispersal 

variations and stenotopy tend to curb them. When 
as having planktonic larvae and eurytopy occur to- 
nd distri- gether, species durations are greater 
lighly tol- than that expected from the independent 

influence of each factor. Similarly, when 
the two restraining forces, stenotopy and 
nonplanktonic larvae, are in operation 
together, species exhibit high turnover. 
Other combinations result in interme- 
diate species durations. 

If planktonic-eurytopic species of vol- 
utids are long-lived, why are there no 
planktonic volutids today? Figure 1 
shows that while at the beginning of the 
Paleocene planktonics and nonplank- 
tonics are about equally represented, the 

10 P 1 nonplanktonics steadily increase in num- 
ber with time, particularly during rapid 
sea-level fluctuations in the Upper 

vironmnt- Middle Eocene. Environmental changes longevity. 
,stenotop- of this sort may favor species groups that 
rs. can respond faster evolutionarily. It is 
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possible that the planktonics were out- 
competed by the nonplanktonics. 

Evidence presented here supports the 

hypothesis that larval ecology has an ef- 
fect on evolutionary rates. Along conti- 
nental shelves, nonplanktonic, low dis- 
persal species are easily isolated by local 
barriers during periods of regression. 
The subsequent increase in rates of ex- 
tinction and speciation decreases aver- 
age species longevity. Planktonic, high- 
dispersal species are less frequently iso- 
lated and tend towards long species du- 
ration. In any group of organisms, how- 
ever, evolutionary rates will be influ- 
enced by a number of factors. Within the 
ecologically and morphologically uni- 
form group of Lower Tertiary volutids, 
species longevities are primarily con- 
trolled by a combination of two factors, 
dispersal and environmental tolerance. 
Whether these factors control mollusks 
in general or even other families of gas- 
tropods is yet unknown, because many 
other ecologic controls must be taken in- 
to account. 

THOR A. HANSEN 

Department of Geology and Geophysics, 
Yale University, New Haven, 
Connecticut 06520 

References and Notes 

1. E. G. Kauffman, in Concepts and Methods of 
Biostratigraphy, E. G. Kauffman and J. E. Ha- 
zel, Eds. (Dowden, Hutchinson & Ross, 
Stroudsburg, Pa., 1977), p. 109. 

2. J. S. Levinton, Palaeontology 17, 579 (1974). 
3. E. G. Kauffman, in International Geological 

Congress, 24th Session, J. E. Gill, Ed. (Har- 
pell's Press Cooperative, Garden Vale, Quebec, 
1972), section 7, p. 174. 

4. J. B. C. Jackson, Am. Nat. 108, 541 (1974). 
5. A. J. Boucot, Evolution and Extinction Rate 

Controls, Developments in Paleontology and 
Stratigraphy (Elsevier, Amsterdam, 1975), vol. 
1. 

6. G. Thorson, Biol. Rev. 25, 1 (1950); R. S. Schel- 
tema, Biol. Bull. Woods Hole Mass. 140, 284 
(1971). 

7. R. S. Scheltema, in Concepts and Methods of 
Biostratigraphy, E. G. Kauffman and J. E. Ha- 
zel, Eds. (Dowden, Hutchinson & Ross, 
Stroudsburg, Pa., 1977), p. 73. 

8. R. v. Cosel and M. Blocher, Arch. Molluskenkd. 
107, 195 (1977). 

9. T. Shuto, Lethaia 7, 239 (1974). 
10. Jackson (4) and Scheltema (7) presented a model 

for the effect of larval dispersal on biogeography 
and evolutionary rates of transoceanic species. 
Species with long-lived planktonic larvae easily 
maintain gene flow between populations, which 
suppresses geographic isolation. Moreover, lo- 
cal environmental disturbances have little effect 
on the entire species population because of its 
wide distribution, hence extinction rates are 
lower. The result is that long-lived planktonic 
species have high longevity but low speciation 
rates. On the other hand, species with short- 
lived planktonic larvae may occasionally tra- 
verse a barrier such as an ocean basin, but are 
generally unable to maintain genetic communi- 
cation. Thus, populations diverge and geograph- 
ic speciation may result. Local environmental 
disturbances are likely to affect the entire spe- 
cies, giving rise to high extinction rates. In this 

possible that the planktonics were out- 
competed by the nonplanktonics. 

Evidence presented here supports the 

hypothesis that larval ecology has an ef- 
fect on evolutionary rates. Along conti- 
nental shelves, nonplanktonic, low dis- 
persal species are easily isolated by local 
barriers during periods of regression. 
The subsequent increase in rates of ex- 
tinction and speciation decreases aver- 
age species longevity. Planktonic, high- 
dispersal species are less frequently iso- 
lated and tend towards long species du- 
ration. In any group of organisms, how- 
ever, evolutionary rates will be influ- 
enced by a number of factors. Within the 
ecologically and morphologically uni- 
form group of Lower Tertiary volutids, 
species longevities are primarily con- 
trolled by a combination of two factors, 
dispersal and environmental tolerance. 
Whether these factors control mollusks 
in general or even other families of gas- 
tropods is yet unknown, because many 
other ecologic controls must be taken in- 
to account. 

THOR A. HANSEN 

Department of Geology and Geophysics, 
Yale University, New Haven, 
Connecticut 06520 

References and Notes 

1. E. G. Kauffman, in Concepts and Methods of 
Biostratigraphy, E. G. Kauffman and J. E. Ha- 
zel, Eds. (Dowden, Hutchinson & Ross, 
Stroudsburg, Pa., 1977), p. 109. 

2. J. S. Levinton, Palaeontology 17, 579 (1974). 
3. E. G. Kauffman, in International Geological 

Congress, 24th Session, J. E. Gill, Ed. (Har- 
pell's Press Cooperative, Garden Vale, Quebec, 
1972), section 7, p. 174. 

4. J. B. C. Jackson, Am. Nat. 108, 541 (1974). 
5. A. J. Boucot, Evolution and Extinction Rate 

Controls, Developments in Paleontology and 
Stratigraphy (Elsevier, Amsterdam, 1975), vol. 
1. 

6. G. Thorson, Biol. Rev. 25, 1 (1950); R. S. Schel- 
tema, Biol. Bull. Woods Hole Mass. 140, 284 
(1971). 

7. R. S. Scheltema, in Concepts and Methods of 
Biostratigraphy, E. G. Kauffman and J. E. Ha- 
zel, Eds. (Dowden, Hutchinson & Ross, 
Stroudsburg, Pa., 1977), p. 73. 

8. R. v. Cosel and M. Blocher, Arch. Molluskenkd. 
107, 195 (1977). 

9. T. Shuto, Lethaia 7, 239 (1974). 
10. Jackson (4) and Scheltema (7) presented a model 

for the effect of larval dispersal on biogeography 
and evolutionary rates of transoceanic species. 
Species with long-lived planktonic larvae easily 
maintain gene flow between populations, which 
suppresses geographic isolation. Moreover, lo- 
cal environmental disturbances have little effect 
on the entire species population because of its 
wide distribution, hence extinction rates are 
lower. The result is that long-lived planktonic 
species have high longevity but low speciation 
rates. On the other hand, species with short- 
lived planktonic larvae may occasionally tra- 
verse a barrier such as an ocean basin, but are 
generally unable to maintain genetic communi- 
cation. Thus, populations diverge and geograph- 
ic speciation may result. Local environmental 
disturbances are likely to affect the entire spe- 
cies, giving rise to high extinction rates. In this 
case, short-lived planktonic species have high 
extinction rates and high speciation rates (low 
longevity). 

11. Shuto's (9) criteria are size of embryonic whorl 
and shape and ornamentation of protoconch 
whorls. Primarily, a small and pointed apex in- 
dicates a planktonic larval stage while a large 
and blunt apex is characteristic of nonplanktonic 
forms. 

12. The volutid nomenclature of Palmer and Brann 

SCIENCE, VOL. 199, 24 FEBRUARY 1978 

case, short-lived planktonic species have high 
extinction rates and high speciation rates (low 
longevity). 

11. Shuto's (9) criteria are size of embryonic whorl 
and shape and ornamentation of protoconch 
whorls. Primarily, a small and pointed apex in- 
dicates a planktonic larval stage while a large 
and blunt apex is characteristic of nonplanktonic 
forms. 

12. The volutid nomenclature of Palmer and Brann 

SCIENCE, VOL. 199, 24 FEBRUARY 1978 

(14) was adopted. Only species that passed the 
following criteria were used: (i) a part of their 
range must include Alabama, Mississippi, Loui- 
siana, or Texas, (ii) only fully named species 
were used (for example, not Athleta sp.), (iii) 
species based on a single unique specimen or 
species poorly described and in which the sole 
type has been lost were disqualified, and (iv) all 
subspecies were included under the specific 
name. 

13. Published reports on nannofossils and plankton- 
ic foraminifera allow correlation of Gulf Coast 
Paleocene-Eocene stratigraphy with the new Pa- 
leocene time scale of J. Hardenbol and W. A. 
Berggren (Bull. Am. Assoc. Pet. Geol., in press). 
For a similar scale, see W. A. Berggren, 
Lethaia 5, 195 (1972). 

14. Species occurrences were taken from K. V. W. 
Palmer and D. C. Brann [Bull. Am. Paleontol. 
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Numerous studies have been con- 
cerned with the vegetation associated 
with copper mineralization in south-cen- 
tral Africa, namely, Shaba Province, 
Zaire (1, 2), and the "Copper Belt" in 
Zambia (3, 4) and Rhodesia (5-7). Sever- 
al plants have been described as "copper 
flowers" and are of considerable interest 
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48 (1965-66)] and L. Toulmin (Ala. Geol. Surv. 
Monogr. 13, in press). 

15. Maps were drawn from W. L. Fisher [Trans. 
Gulf Coast Assoc. Geol. Soc. 19, 239 (1969)], 
C. J. Mann and W. A. Thomas [ibid. 18, 187 
(1968)], and data compiled by the author from 
county geological reports. 

16. The single long-lived nonplanktonic-eurytopic 
species is a problematical form present in one 
formation in the Upper Paleocene and one for- 
mation in the Upper Middle Eocene. Whether it 
is truly a single species is questionable, but it 
passed all the criteria of (12) and so is included. 

17. I thank R. Dodge, E. Kauffman, D. Rhoads, N. 
Sohl, V. Tunnicliffe, and K. Waage for com- 
ments and criticism. Thanks go to J. B. C. Jack- 
son and R. Scheltema for discussion. 
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for mineral exploration. Typical copper 
flowers include Becium homblei (De 
Wild.) Duvign. et Plancke in Zambia and 
Rhodesia (3, 6, 7), Haumaniastrum ka- 
tangense in the vicinity of Lubumbashi, 
and H. robertii around Kolwezi in Shaba 
Province, Zaire (2). More recently, the 
copper and cobalt contents of African 
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Table 1. Copper concentrations (in micrograms per gram, dry weight) in Aeolanthus biformi- 
folius compared with values for other accumulator species in south-central Africa. 

Mean 
copper Refer- 

Species Location Organ con- 
centra- ence 

tion 

Aeolanthus biformifolius Shaba (lttoile) Basal leaves (1/7/77) 2,600 * 
A. biformifolius Shaba (ltoile) Basal leaves (2/2/77) 2,150 * 
A. biformifolius Shaba (lttoile) Flower stems (1/7/77) 3,500 * 
A. biformifolius Shaba (lttoile) Flower stems (2/2/77) 2,150 * 
A. biformifolius Shaba (lttoile) Corms (1/7/77) 2,600 * 
A. biformifolius Shaba (fltoile) Corms (2/2/77) 11,800 * 
A. biformifolius Shaba (lttoile) Corms (3/24/77) 13,700 * 
A. biformifolius Shaba (lttoile) Whole plant (2/2/77) 10,000 * 
A. biformifolius Shaba (lttoile) Whole plant (3/24/77) 13,700 * 
Ascolepis metallorum Shaba (Dikuluwe) Leaves 1,200 (2) 
Becium aureoviride Shaba (Niamumenda) Leaves 210 (2) 
B. homblei Zambia Leaves 324 (3) 
Crotalaria cornetii Shaba Leaves 12 (9) 
C. peschiana Shaba Leaves 268 (9) 
C. prolongata Zambia Leaves 15 (9) 
Eragrostis boehmii Shaba (Tilwizembe) Leaves 78 (2) 
Fimbristylis exilis Rhodesia (Copper Leaves 420 (7) 

King) 
Haumaniastrum homblei Shaba Leaves 74 (8) 
H. katangense Shaba Leaves 75 (8) 
H. robertii Shaba Leaves 662 (8) 
H. robertii Shaba (Mupine) Leaves 1,960 (2) 
Indigofera dyeri Rhodesia (Copper Leaves 890 (8) 

King) 
Pandiaka metallorum Shaba (Dikuluwe) Leaves 740 (2) 
Triumfetta dikuluwensis Shaba (Dikuluwe) Leaves 123 (2) 

*This study. 
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Aeolanthus biformifolius De Wild.: A Hyperaccumulator 
of Copper from Zaire 

Abstract. Aeolanthus biformifolius (Labiatae) from Shaba Province, Zaire, has 
been shown to be a hyperaccumulator of copper. The copper content of the total 
plant during the rest period after the rainy season was 1.3 percent (dry weight basis) 
and is easily the highest copper concentration ever found in living material. This 
species should be classified as a "copperflower" because of its exclusive occurrence 
over mineralized ground. 
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