
Eq. 1 averages the force over space only, 
not time, and the droplet spends more 
time in the lower half of the crater, 
where both the hydrostatic pressure and 
the surface tension force are greater 
(thereby suggesting that 0.5 a K < 1.0), 
and (ii) the submerged portion of each 
droplet (depicted in Fig. 2) is not com- 
pletely surrounded by water. These suc- 
cessful mechanical analyses have made 
no use of the air layer hypothesis of 
Jayaratne and Mason (3). 

As the normal incident momentum 
of a rebounding droplet stream is in- 
creased, eventually a point is reached 
above which no rebounds are observed. 
The threshold conditions for transition 
from rebounding to absorption were 
measured for various droplet sizes, and 
the results show that the incident normal 
components of momentum and energy 
increase with increasing droplet mass. In 
addition, the interdrop time interval in- 
creases monotonicallv with the incident 
normal component of momentum (Fig. 
3). The explanation of these data remains 
unclear; however, they are reproducible 
and consistent and indicate the interface 
conditions between the two regimes of 
behavior. 

Within the range of incident velocities 
and droplet diameters examined, single 
droplets were never observed to re- 
bound. In each single droplet test the 
droplet control shutter allowed typically 
four droplets to pass through, and the 
leading droplet (taken as a single droplet) 
and all succeeding droplets were always 
absorbed. Droplet impaction photo- 
graphs indicate large deceleration of the 
leading droplet in forming a crater so that 
this energy loss is sufficient to prevent 
the droplet from rebounding. Succeeding 
droplets, however, encounter a partially 
formed crater and thus must perform less 
work in the process of crater formation. 
The shaping of the crater continues, with 
each droplet losing all of its kinetic ener- 
gy upon absorption. Finally, an impact- 
ing droplet retains enough kinetic energy 
to escape from the surface, after which 
all impacting droplets with the same 
characteristics rebound. 
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Leaf Herbivores Decrease Fitness of a Tropical Plant 

Abstract. Damage by insect herbivores to neighboring individuals of the shrub 
Piper arieianum in a neotropical wet forest varies greatly. This differential damage 
has a genetic basis and results in a 2-year decrease in growth, seed production, and 
seed viability, with larger plants recovering before smaller plants. The results 
provide evidence that leaf herbivores represent a potentially strong selective force 
for the evolution of plant defenses. 

Theoretical considerations of herbi- gle measurements of herbivore damage 
vore-plant interactions assume that the to entire plants range from 3.93 to 49.65 
numerous mechanical and chemical percent (mean +- standard deviation, 
characteristics of plants that decrease 16.74 + 8.84 percent; n = 25 individ- 
herbivore feeding, growth, and survival uals) (8).  Statistically significant differ- 
have evolved as a direct result of selec- ences in herbivory between clones of P .  
tion imposed by herbivores (1, 2). How- arieianum strongly suggest that plant ge- 
ever, our understanding of the effects of notype differences influence this intra- 
leaf herbivores in plant evolution is ei- specific variation in herbivory (9). 
ther derived from agricultural systems or To relate intraspecific variation in her- 
correlational evidence of herbivore- bivory to possible differences in plant 
caused reductions in plant growth or fitness in P .  arieianum, I defoliated 
survival in nature (3, 4). Realistic experi- plants in late November 1980, 2 months 
ments are scarce (5). Studies of natural 
populations of the neotropical under- 
story shrub Piper arieianum C.DC. (Pi- 
peraceae) show a link between intraspe- 
cific variation in leaf damage and differ- 
ential reduction of plant fitness. Natural- 
ly high variation in herbivore damage 
between individual plants and clones ap- 
pears to be related to substantial long- 
term effects of simulated herbivore dam- 
age on growth, seed output, and associ- 
ated characters. 

Piper arieianum is a common under- 

before the main flowering peak of the 
species (10). I used a paper punch to 
damage leaves for 18 days (11). Within a 
plant, most leaves receive little natural 
damage, and a few sustain heavy dam- 
age. I simulated these naturally uneven 
patterns of herbivory by removing small 
amounts of leaf area from most leaves 
and heavily damaging the remaining few 
leaves. The total area removed was 0, 
10, 30, or 50 percent of the plant's total 
leaf area (12). To control for influences 
of plant size on the effects of defoliation, 

story shrub at the La Selva Biological I classified plants into three size catego- 
Station which is located in lowland tropi- ries (small, medium, or large) at the 
cal wet forest in northeastern Costa Rica beginning of the experiment (13) and 
(6) .  Loss of leaf area to herbivores in this 
species varies greatly between neighbor- 
ing plants. For individual plants over 
short time periods (2 to 3 months), leaf 
area loss attributable to herbivores other 
than leaf-cutting ants is low, but variance 
is very high: for nine census periods, the 
mean percentage of damage and stan- 
dard deviation ranged from 1.04 r 1.14 
to 6.63 -+ 15.31 percent (n  = 25 plants; 
extremes in individual plant damage, 
0.00 to 25.95 percent) (7). Because 
leaves live for 1.5 to 2.5 years these 
relatively small losses over short time 
periods can sum to large amounts of 
damage observable at any one time. Sin- 

randomly assigned individuals within 
each size category to a defoliation level 
(14). In addition, I completely defoliated 
30 medium-sized plants over 1 day by 
clipping the blade from the midrib of the 
leaf and removing the cut material from 
the vicinity of the plant; this simulated 
damage by leaf-cutting ants. 

Growth during the first year after defo- 
liation showed a statistically significant 
reduction (P < 0.05) in small- and medi- 
um-sized plants from which 30 percent 
or more of the leaf area was removed 
(Fig. 1A) (15). For the full 2 years after 
defoliation, small- and medium-sized 
plants with 230 percent defoliation 
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showed at least a 50 percent decrease in 
total growth compared to control plants 
(Fig. 1B). Large plants showed no signif- 
icant differences in growth at any treat- 
ment level for the first year or for the full 
2 years (Fig. 1, A and B). The plants that 
were completely defoliated showed a re- 
duction in growth over the 2 years that 
was similar to plants of the 30 and 50 
percent defoliation treatments (Fig. 1B). 
None died. After 2 years these fully 
defoliated plants had regained on aver- 
age two-thirds of their original leaf area. 

Seed production decreased with in- 
creasing defoliation for all plants during 
the first year (16) (Fig. 1C). The decrease 
for plants of all sizes with 230 percent 
defoliation was statistically significant 
(P < 0.05); plants with 100 percent defo- 
liation produced no seeds the next year. 
Reduced fitness due to lowered seed 
production was compounded by changes 
in seed viability and flowering time. With 
50 percent defoliation, seed viability was 
reduced by 25 percent compared to 
plants with 530 percent defoliation 
(P < 0.05) (17). The flowering peak of 
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the fully defoliated plants was delayed 
by up to 2 months after the main flower- 
ing of the species, resulting in reduced 
likelihood of pollination and a total ab- 
sence of fruit set in these plants (18). 

The direct effect of the leaf area loss 
was long lasting; removal of 30 percent 
or more of the original leaf area in the 
small and medium plants caused a signif- 
icant reduction in seed production in the 
second year after defoliation (Fig. ID). 
For large plants, the effect of leaf remov- 
al on seed production did not persist 
through the second year. 

The depression in growth in small 
plants after herbivore attack will prolong 
the time during which the damaged plant 
remains in a smaller size class. In this 
way, a single attack not only reduces 
immediate growth and seed output for a 
minimum of 2 years but increases the 
time during which subsequent attacks 
will have comparable effects. As such, 
single herbivore attacks may be extreme- 
ly detrimental to the lifetime seed output 
of a particular genotype. 

A probable explanation for the faster 

Small plants 

recovery of large plants after defoliation 
is that they have greater absolute 
amounts of leaf tissue and stem and root 
biomass than small and medium plants. 
This increased capacity to compensate 
for leaf area loss with increasing plant 
size suggests that there may be selection 
for decreases in defense as plants age. 
Seedlings, which are the most vulnerable 
stage of the plant life cycle, are known in 
some species to allocate proportionately 
more resources to defense than larger, 
more mature stages (19). 

Through their detrimental effect on 
growth and seed output, phytophagous 
insects of P, arieianum decrease the 
probability that an individual genotype 
will be represented in ensuing genera- 
tions. However, herbivore-mediated re- 
duction in plant reproductive output by 
itself is not sufficient evidence that her- 
bivorous insects shape the evolution of a 
plant's defense system. In addition, her- 
bivores must exhibit selectivity with re- 
gard to genetically based, intraspecific 
variation in these defenses. In P .  
arieianum, intraspecific variation in 

Medium plants Large plants 

0 103050 0 103050100 0 103050 0 103050 0 103050100 0 103050 

Leaf area removed (%) 

Fig. 1. The effects of varying levels of leaf area removal on growth and reproduction for three size classes of plants of Piper arieianum. (A )  Total 
growth (15) during the first year after a single defoliation. (B) Growth during the full 2-year period after defoliation. (C) Seed production (16) 
during the first year after defoliation. (D) Seed production during the second year after defoliation. Standard errors of the means are shown. 
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damage levels has a genetic basis (9). 
There is apparently continuous selection 
for defenses in this plant species to re- 
duce leaf area losses. 
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Elemental Anomalies at the Cretaceous-Tertiary Boundary, 
Woodside Creek, New Zealand 

Abstract. Iridium and 26 other elements were determined in shale from the 
Cretaceous-Tertiary boundary at the locus classicus lfor iridium anomalies) at 
Woodside Creek, New Zealand. Iridium, gold, copper, cobalt, chromium, nickel, 
arsenic, molybdenum, and iron were enriched in the basal 2 millimeters of the 8- 
millimeter shale parting as compared with the rest of the stratigraphic column. No 
other shale partings in the column had anomalous concentrations of any element 
when the data were expressed on a carbonate-free basis. The boundary material 
showed striking compositional similarities with the Stevns Klint Danish boundary 
shale. Elemental concentrations were in general much higher in the New Zealand 
material than in nonboundary shales from elsewhere in the world. The high 
concentration of iridium (153 nanograms per gram) in the basal layer of the 
boundary, together with the enrichment of other siderophile elements supports the 
idea of an extraterrestrial source for much of the material. The iridiumlgold ratio of 
2.1 is also in accordance with such a source. The iridium content of the basal layer is 
higher than for any other marine boundary shale obtained on land. The integrated 
iridium value is 187 nanograms per square centimeter of boundary surface. 

In a benchmark paper, Alvarez et al. 
(1) proposed that mass extinctions at the 
end of the Cretaceous had been caused 
by the impact of a large asteroid. As 
evidence of this, they reported a very 
large iridium anomaly at the Cretaceous- 
Tertiary (KIT) boundary in marine shales 
at Gubbio in northern Italy, Stevns Klint 
in Denmark, and Woodside Creek in 
New Zealand. No data were reported 
from New Zealand beyond the statement 
that the iridium concentration in the KIT 
shale was about 20 times that in the 
adjacent limestone. Alvarez et al. (2) 
later reported an integrated iridium ex- 
cess of 120 ng cm-* for this site. 

Iridium is a siderophile element that is 
rare in terrestrial material but much 
more abundant in chondrites and other 
extratkrrestrial bodies. Thus its presence 
at relatively high concentrations may 
well indicate an extraterrestrial source 
for the material studied. The report by 
Alvarez et al. ( I )  sparked a lively and 
continuing debate, which resulted in a 
conference at Snowbird, Utah (3), devot- 

ed entirely to this topic. In the ensuing 
debate a number of different sources for 
the iridium anomaly have been pro- 
posed: chondritic meteorites or asteroids 
(4), metal sulfide-cored meteorites (9, 
comets (6),  and terrestrial nonimpaction 
sources (7-10). 

We have determined the elemental 
content of a suite of marine carbonate 
rocks from the Woodside Creek section 
in South Island, New Zealand, in the 
course of which 27 elements were quan- 
tified. The purpose of this work was to 
determine similarities between the KIT 
boundary shale of this New Zealand for- 
mation and a KIT boundary shale from 
Denmark, and to compare a variety of 
shales from other parts of the world with 
our material in order to determine 
whether the Woodside Creek material 
did indeed have an anomalous composi- 
tion and was not merely reflecting the 
usual composition of marine shales. 

The KIT boundary in the narrow gorge 
of Woodside Creek in northeastern Marl- 
borough Province, New Zealand, was 




