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Parental Care and Clutch Sizes 
in North and South American 

Birds 
Thomas E. Martin,'s2* P. R. Martin,2 

C.R. B. J. Heidinger,2 J. J. Fontaine2 

The evolutionary causes of small clutch sizes in tropical and Southern Hemi- 
sphere regions are poorly understood. Alexander Skutch proposed 50 years ago 
that higher nest predation in the south constrains the rate at which parent birds 
can deliver food t o  young and thereby constrains clutch size by limiting the 
number of young that parents can feed. This hypothesis for explaining differ- 
ences in clutch size and parental behaviors between latitudes has remained 
untested. Here, a detailed study of bird species in Arizona and Argentina shows 
that Skutch's hypothesis explains clutch size variation within North and South 
America. However, neither Skutch's hypothesis nor two major alternatives 
explain differences between latitudes. 

The dependent young of parents risk being 
eaten by predators. Variation in this predation 
risk may be an important source of natural 
selection on the behavior and life history strat- 
egies of parents (I),although it often has been 
overlooked. For example, the evolution of 
clutch size has long been attributed to food 
limitation rather than to nest predation in birds 
living in northern temperate climates (2). Yet 
nest predation may explain clutch size variation 
within (3) and among (4) latihldes. These con- 
trasting views of food limitation versus nest 
predation could be resolved by an untested 
hypothesis proposed by Alexander Skutch in 
1949 (5).Skutch argued that predators use pa- 
rental activity to find nests, creating a predation 
cost that constrains the rate at which parents can 
visit nests to feed their young and thereby con- 
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strains clutch size by limiting food delivery 
rates. 

Skutch's hypothesis is important for three 
reasons. First, it proposes a mechanism where- 
by nest predation may create food limitation by 
constraining the rate of food delivery. This 
mechanism could then resolve alternative find- 
ings that food limitation (2) and nest predation 
(3)influence clutch size evolution in north tem- 
perate latihldes (1). Second, it suggests that 
parental care tactics (food provisioning) may be 
shaped by nest predation, a selection pressure 
that has been largely overlooked even though 
parental care is widely studied (6).Finally, this 
hypothesis is a widely invoked explanation for 
the small clutch sizes of tropical and Southern 
Hemisphere birds (4) which commonly lay 
about half as many eggs as their north temper- 
ate counterparts (2, 7). Yet the theory underly- 
ing this hypothesis remains undeveloped and 
untested' 

Here we develop the theory underlying 
Skutch's hypothesis and test it with extensive 
data and original sampling methods in large, 
intact, north temperate and subtropical South- 

~ ~ l ~ , 
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ern Hemisphere bird communities. In partic- 
ular, we examine two questions: (i) Does nest 
predation influence parental care tactics and 
constrain food deliverv? (iii Do rates of food 
delivery and nest predation explain variation 
in clutch sizes among species within and 
between North and South America? 

With respect to parental care, Skutch's hy- 
pothesis assumes that higher parental visitation 
rates incur a predation cost. so that individuals 
with greater activity suffer higher nest preda- 
tion. This cost is expected to favor the evolution 
of reduced visitation rates in species or geo- 
graphic regions where predation risk is higher. 
Parents should attempt to compensate for re- 
duced visitation (8 ) by increasing the load of 
food brought per trip. However, as long as the 
food delivery rate (food load times visitation 
rate) is positively correlated with the visitation 
rate and the visitation rate is constrained by nest 
predation, then Skutch's hypothesis that nest 
predation constrains food delivery will be sup- 
ported. Clutch size is expected to be determined 
by the rate at which food is delivered to the 
young. So if food delivery is constrained by 
nest predation and clutch size is detern~ined by 
food delivery rate, then clutch size should de- 
crease with nest predation. 

We tested these predicted relationships by 
studying birds in large intact forests in Arizona 
and subtropical Argentina (9). We found and 
monitored 1331 nests in Argentina and 7284 
nests in Anzona (1 0). Mean clutch size varied 
from 1.83 to 6.75 eggs among our study species 
and differed between latitudes; the clutch sizes 
of passerines at our Argentina site (-7 Z SE = 

2.58 i 0.1 1, n = 23 species) were similar to 
those in the humid tropics [2.41 i 0.06, n = 
2 17 species (1 1)] but were much smaller than at 
our Arizona site (4.61 -t 0.24, n = 21 svecies). 
Smaller mean clutch sizes in southern latitudes 
could possibly reflect effects of taxa that are 
unique to these regions and that differ in their 
ecology from those of north temperate areas 
(12). To increase the strength of inference for 
our comparisons between latitudes, we con-
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ducted the first study to focus on species that 
were paired by phylogeny and ecology and 
represented a range of ecological types across 
multiple families (Table 1). Our eight pairs of 
species showed the classic pattern of much 
smaller clutch sizes in the south (Fig. l), dem- 
onstrating that this pattern is not due to phylog- 
eny and that these species provide a strong basis 
for comparative tests of nest predation and pa- 
rental care between latitudes. 

All of the parental care predictions underly- 
ing Skutch's hypothesis (5) are strongly sup- 
ported by our results (Fig. 2). Individuals with 
increased parental activity incurred greater pre- 
dation costs during incubation (13); three war- 
bler species in Arizona made more trips at nests 
that were depredated than at nests that were 
successful during incubation (Fig. 2A). Such 
predation responses to parental activity depend 
on predators being diurnal and visually oriented 
(14). Major predators in Arizona (red squirrels, 
chipmunks, and Steller's jays) are diurnal and 
visually oriented in their hunting (15). Obser- 
vations and video data in Argentina show diur- 
nal birds as the most important predators, as has 
been noted in other shldies in southern latihldes 
(16). Thus, diurnal predators are a reasonable 
source of selection on parental care behaviors. 

Nest predation rates differ among species 
because of nest sites and habitat (3), and species 
that experience greater nest predation visited 
nests td feed nestlings at lower rates (Fig. 2B). 
Lower visitation rates were partly compensated 
by delivery of larger food loads per trip (Fig. 
2C), but were insufficient to make up for the 
decrease in food delivery rate that occurs with 
decreased visitation rate (Fig. 2D). Consequent- 
ly, nest predation constrained the rate of food 
delivery (Fig. 2E). Thus, data from North and 
South America provide strong support for 
Skutch's hypothesis that nest predation con- 

-Arizona -Argentina
5 1 

Pairs of species 
Fig. 1. Mean clutch sizes for species paired 
between Argentina and Arizona (26) were 
smaller in Argentina than in Arizona (paired t 
test, t = 9.75, P < 0.001). Clutch sizes are 
based on nests where clutch sizes were con-
firmed after initiation of incubation. Species 
pair labels are defined in Table 1. 

strains parental care tactics and rates of food 2 and 3) while also confirming recent evidence 
delivery. (3) that nest predation is more important than 

Clutch size was positively related to food food limitation for explaining clutch size vari- 
delivery rate within North and South America ation within latitudes. 
(Fig. 3A), as predicted by Skutch (5).Yet clutch Although Skutch's hypothesis and nest pre- 
sizes were even more strongly related to nest dation can explain variation in clutch size with- 
predation rates in each community (Fig. 3B), in each community, they cannot explain differ- 
which suggests that nest predation may influ- ences between latitudes. Smaller clutch sizes in 
ence clutch size through additional mechanisms Argentina (Fig. 1) predict that nest predation 
beyond Skutch's hypothesis. Thus, we provide should be greater and food delivery should be 
some verification of Skutch's hypothesis (Figs. lower under Skutch's hypothesis. However, 

Table 1.Our studies focused on species that were paired by phylogeny and ecology between a northern 
mixed forest in Arizona and a subtropical yunga forest in Argentina (9) and included large sample sizes. 
Species pair labels in the right column correspond to species labels in Figs. 1 and 4. 

Arizona species Nests Argentina species Nests Species pair 
(n) (n) label 

Parulidae (ground nest, foliage- or hover-glean/flush-chase) 

Vermivora virginiae 258 Basileuterus signatus 34 Parulid 1 

Vermivora celata 472 Basileuterus bivittatus 91 Parulid 2 

Cardellina rubifrons 271 Myioborus brunniceps 36 Parulid 3 


Turdidae (shrub/subcanopy-nesting, ground forage) 

Catharus guttatus 475 Catharus diyas 49 Catharus 

Turdus migraton'us 351 Turdus rufiventris 130 Turdus 


Tyrannidae (niche nest, flycatching/hover-glean) 

Empidonax difficilis 423 Empidonax euleri 47 Ernpidonax 


Emberizidae (shrub nest, ground forage) 

Pipilo chlorurus 177 Atlapetes torquatus 153 Emberizid 1 


Emberizidae (ground nest, ground forage) 

Junco hyemalis 512 Arremon flavirostris 58 Emberizid 2 


Fig. 2. (A) Visitation A -Successful o Argentina 
rate (trips per hour) of -Depredated
parents t o  the nest dur- 5 1 

ing incubation in Arizo- 
na (25) for three war- 
bler species (vevi = 
Vermivora virginiae; 
caru = Cardellina rubi- 
frons; vece = Ver-
mivora celata) at nests 
that were depredated vevi caru vece 
versus those that were Warbler species Ln (visitation rate) 
successful during incu- 
bation. The number of 
trips was higher (F = 
41.2, P < 0.0001; two- 
factor analysis of vari- 
ance with species and 
nest fate as factors) at 
nests that were depre- 
dated than at nests 
that escaped predation 
during incubation. fB) 
The k i t a t i on  rate 'oi Daily predation rate Ln (visitation rate) 
species to  feed nest-
lings (27) decreased wi th  increased daily nest predation -
rates (28). The relationship remained strong (r = -0.90, P $ 16 
< 0.001) when phylogeny was controlled (29). (C) Food 
load (30) decreased for parents of species that  visit the 
nest more often. The illustrated correlation was not im- 
proved by controlling for body mass or latitude. The 
relationship remained significant (r = -0.53, P = 0.016) 8 
when phylogeny and body mass were controlled (29). (D) O 

The food delivery rate (food load times visitation rate) 
increased wi th  visitation rate among species; r = 0.84, P 3 0.00 0.02 0.04 0.06 
< 0.0001 when phylogeny was controlled (29). (E) The Daily predation rate food delivery rate decreased wi th  increased daily nest 
predation rates (28) among species; r = -0.79, P = 0.001 
when phylogeny was controlled (29). 
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Daily predation rate 

Fig. 3. (A) Clutch size relative to food delivery 
rate (food load times visitation rate). Clutch size 
is positively related to food delivery rate within 
each latitude (rp = 0.77, P < 0.001; partial cor-
relation is obta~nedfrom analysis of covariance 
with food delivery as a covariate and latitude as a 
main effect; r = 0.66, P = 0.001 when phylogeny 
is controlled). Clutch size is not related to food 
delivery rate between latitudes (r = 0.29, P = 
0.20; r = -0.23, P = 0.3 when phylogeny is 
controlled). (B)Clutch size relative to daily nest 
predation rates (28). Clutch size is strongly relat-
ed to nest predation within latitudes, but not 
between latitudes; for any given daily predation 
rate, clutch size was always smaller in Argentina 
than in Arizona. The Arizona data include seven 
hole-nesting species, whereas we only obtained 
clutch size data for two hole-nesting species in 
Argentina. The negative relationship in Argentina 
would increase with the addition of hole-nesters, 
because these species have lower predation rates 
and larger clutches than the open-nesters (31),as 
seen for Arizona. When phylogeny is controlled 
(29), the relationshipsremain significant (Arizona: 
r = -0.66, P = 0.003; Argentina: r = -0.50, P = 
0.031). 

predation rates were reduced in Argentina as 
compared with Arizona (Fig. 4A), and visita-
tion rates for feeding young were nearly double 
in Argentina as compared with Arizona (Fig. 
4B). Given the smaller number of young in 
Argentina (Fig. l), the numbers of trips per 
nestling in Argentina were nearly triple those in 
Arizona (Fig. 4C). Moreover, food loading was 
higher than in Arizona (Fig. 4D), yielding sub-
stantially higher food delivery rates in Argenti-
na than in Arizona (Fig. 4E). Such results con-
tradict Skutch's hypothesis (5 ) ; the smaller 
clutch sizes in Argentina (Fig. 1) are associ-
ated with higher rather than lower food de-
livery rates (Fig. 4, B through E), so that 
clutch size was not related to food delivery 

Fig. 4. Paired compar- -Arizona -Argentina -Arizona -Argentina
isons [paired t tests s 0,06 .-
(26)] controlled for Lm 
phylogeny and ecolo- c 
gy. (A) Daily predation 0.04 
rates (28) were lower 
in Argentina than in 0.02 
Arizona (t  = 3.05, P 2 
= 0.011). (B)The rate 3 0.00 
(trips per hour) at " 
which Darents visited- -

the neit to feed their 
young (27) was higher 3 20 
in Argentina than in $ 
Arizona (t  = 2.70, P 0 m 
= 0.018). (C) The rate 

%I0 
at which parents visit- '3 - 5 
ed the nest to feed 5 
nestlings (27) was di-
vided by the number *Qbk\ib24b'+*",b*",~~+b2@ c*e.(*.b c a 
of young to give the Q+Q* qa +-.4'p0+-.v0 
number of feeds per 6 %  % 

nestling per hour. This Pairs of species 

rate was greater in Argentina than in Arizona (t  = 3.34, P = 
0.008). (D) Food loads (amount of food) brought by parents 
per visit (30) were larger in Argentina than in Arizona (t  = 
2.21, P = 0.035). (E) Food delivery rates, an index of the 
quantity of food delivered per hour, were greater in Argentina 
than in Arizona (t  = 6.89, P < 0.001). Species pair labels are 
defined in Table 1. 

across latitudes (Fig. 3A). Thus, food deliv-
ery rate cannot explain differences in clutch 
sizes between latitudes. 

Nest predation is not causing clutch size 
differences between latitudes via some other 
mechanism, because smaller clutch sizes in Ar-
gentina were not associated with higher nest 
predation rates (Figs. 3B and 4A). Thus, our 
results firmly reject nest predation as an expla-
nation for small clutch sizes in Argentina, and 
this conclusion appears to apply broadly; nest 
predation rates at high-elevation tropical sites 
(17) are very similar to our Argentina rates and 
are not different from north temperate systems, 
as also found for some Australian sites (7, 18). 
Nestling feeding rates also are similar or even 
greater for high-elevation tropical species than 
for related species in Argentina (17). Yet clutch 
sizes at these elevations remain small (11, 17). 
Nest predation, therefore, cannot explain the 
small clutch sizes of high-elevation tropical 
sites either (8). Moreover, nest predation may 
have been overestimated in many southern 
studies because many were conducted in dis-
turbed areas, which can cause increased nest 
predation from increased abundance of meso-

Pairs o f  species 

maintainspopulationsat or near carrying capac-
ity, which causes increased food limitation (20). 
Both hypotheses thus depend on food limitation 
being greater in the south, which yields predic-
tions that both nest visitation rates and food 
loading should be less in the south (8).How-
ever, we observed the opposite (Fig. 4), so that 
clutch size was not related to food delivery rate 
between latitudes (Fig. 3A). The greater deliv-
ery of food to fewer young in the south may 
reflect the effects of other factors such as lower 
food quality or increased parasite loads (21). 
Nonetheless, these two major alternative hy-
potheses for latitudinal patterns in clutch size 
are not supported. A less studied hypothesis 
proposes that small southem clutch sizes result 
from reduced adult mortality, favoring reduced 
reproductive effort andlor allocation of greater 
investment to fewer young (8 , l l ) .The inability 
of the most widely invoked hypotheses to ex-
plain latitudinalpatterns in clutch size illustrate 
that alternative hypotheses, such as adult mor-
tality, deserve more attention, and that current 
theories of clutch size evolution need major 
revision. 

predators (19).Taken together, all of these stud- References and Notes 
ies show that our results apply more broadly '. T.E. Maltin' curr. Ornithol. 9, 163 (1992). 

2. D. Lack, lbis 90, 25 (1948); The Natural Regulation of 
and that nest predation cannot explain small Animal Numbers IClarendon. Oxford. 19541: ECO~OO-. ~- ,, - >  

southern clutch sizes. ical Adaptations fAr Breeding in Birds (Methuen, Lon-

the inability of nest predation to ex- don. 1968); D. A. Roff, Evolution of Life Histories 
(Prentice-Hall, New York, 1992).

plain latitudinalpatterns, 'Iternative 3. T.  Slagsvold, Oecoloqia 54, 159 (1982);T. E. Martin, 
need greater attention. Food limitationand Ash- Ecol. ~ o n o q r .65, 701 (1995); T. E. artin in and I .  

mole's hypothesis (20) are widely invoked as ClOben, Nat. lo28 (1996).
4. For data in the tropics, see Skutch (5, 7 7,  17); D. W.

major 'Iternatives Ashmole's hypoth- Snow. I. Ornithol. 119. 227 (1978); G. Kulesza. lbis~,
esis assumes that low seasonality in the south 132, 407 (1990); and S. Sargent, Wilson ~ ~ 1 1 .105, 

1484 25 FEBRUARY ZOO0 VOL 287 SCIENCE www.sciencemag.org 



REPORTS 

285 (1993). For data in the Southern Hemisphere, see 
C. L. MacLean. Cimbebasia 2, 163 (1974); D. Robin- 
son, Emu 90.40 (1990); and R. E. Major, Emu 91, 236 
(1991). 

5. A. F. Skutch, lbis 91, 430 (1949). 
6. T. H. Clutton-Brock, The Evolution of Parental Care 

(Pr~nceton Univ. Press, Princeton, NJ, 1991). 
7. 	1. Rowley and E. Russell, in Bird Population Studies: 

Relevance to Conservation and Management, C. M. 
Perrins, 1.-D. Lebreton, C. J. M. Hirons, Eds. (Oxford 
Univ. Press, Oxford, 1991). pp. 22-44. 

8. T. E. Martin, 1.Avian Biol. 27, 263 (1996). 
9. The Arizona site was at 34'N 	 in high-elevation (2500 

m) mixed conifer forests. This site is in the center of an 
extensive tract of forest with minimal human impact 
and containing large predators, including black bears, 
mountain lions, bobcats, coyotes, and foxes [T. E. Mar- 
tin, Ecology 79, 653 (1998)l. The Argentina site was at 
26"s in the center of El Rey National Park, a large park 
that contained large predators, including all large cats 
such as jaguars, mountain lions, and ocelots. The pres- 
ence of large predators is important because their loss 
can allow increases in mesopredators that can increase 
nest predation rates (79). 

10. Nests 	were located using parental behavior and 
checked every 1 to 4 days to  determine the fate of 
clutches and whether parents were successful in 
fledging at least one young or failed because of 
predation or other causes, following the method of 
T. E. Martin and C. R. Ceupel [I. Field Ornithol. 64, 
507 (1993)). 

11. A. F. Skutch, Ornithol. Monogr. 36, 575 (1985). 
12. P. Harvey and M. D. Pagel, The Comparative Method 

in Evolutionay Biology (Oxford Univ. Press, Oxford, 
..-.,
1991). 

13. Incubation was 	used for this test, because parents 
and young do not make noise during this period, 
allowing clear tests of the influence of parental ac- 
tivity. During the nestling period, the begging noise 
of young could influence predation rates indepen- 
dently of parental activity [D. Haskell, Proc. R. Soc. 
London Ser. B 257, 161 (1994); 1. Briskie, P. R. Martin, 
T. E. Martin, Proc. R. Soc. London Ser. B 266, 2153 
(1 999)]. 

14. 	1. 1. Roper and R. R. Coldstein, j. Avian Biol. 28, 11 1 
(1997). 

15. T. E. Martin, Proc. Natl. Acad. Sci. U.S.A. 85, 2586 
(1988); Nature 380, 338 (1996). 

16. H. A. Ford, Emu 99,91 (1991); R. E. Majoretal., Oikos 
69, 364 (1994); L. N. H. Taylor and H. A. Ford, Wildl. 
Res. 25, 587 (1998). 

17. A. F. Skutch, Pacific Coast Avifauna 	 no. 34 (1960); 
Publ. Nuttall Ornithol. Club no. 7 (1967); Publ. Nut- 
tall Ornithol. Club no. 10 (1972); Publ. Nuttall Orni- 
thol. Club no. 19 (1981). 

18. T. B. Oatley, Ostrich 53, 206 (1982); R. A. Noske, Emu 
91, 73 (1991); 1. Rowley, M. Brooker, E. Russell, Emu 
91, 197 (1991); A. Dyrcz, Emu 94, 17 (1994). 

19. Y. Oniki, Biotropica 11, 60 (1979); 1. P. Cibbs, Oikos 
60, 155 (1993); J. Terborgh, Ecology 78,1494 (1997). 

20. N. P. Ashmole, ibis 103, 458 (1963); M. L. Cody, 
Evolution 20, 174 (1966); J. C. Z. Woinarski, Proc. 
Ecol. Soc. Aust. 14, 159 (1985); Y. Yom Tov, lbis 136, 
131 (1994). 

21. R. E. Ricklefs, Proc. Natl. Acad. Sci. U.S.A. 89, 4722 
(1992). 

22. T. E. Martin and C. K. Chalambor,Am. Nat. 153, 131 
(1 999). 

23. A. P. Moller and T. R. Birkhead, Evolution 	48, 1089 
(1994). 

24. A. Purvis and A. Rambaut, Comp. Appl. Biosci. 11,247 
(1995); T. E. Martin and J. Clobert, Am. Nat. 147, 
1028 (1996). 

25. From 1993 to  	1998, birds were videotaped during 
both incubation and nestling periods with video cam- 
eras for the first 6 hours of the day, beginning 0.5 
hours before sunrise, as described in (22). This pro- 
tocol standardized both time of day and sampling 
duration. All video recordings during the nestling 
period were made within 1 to  2 days of the time 
when primary feathers broke their sheaths to control 
for stage of development. The number of trips per 
hour was averaged over the 6 hours of monitoring for 
each nest (22). 

26. This study was designed to  allow paired comparisons 

of traits between latitudes (Figs. 1 and 4) using paired 
sample t tests. Paired comparisons are a strong way 
to  compare between latitudes because they can con- 
trol for both phylogeny and ecology (Table 1). Paired 
comparisons use contrasts between extant species 
that do not require estimates of branch lengths and 
make no assumptions about modes of character evo- 
lution (72, 23). When phylogenetic paths cross, the 
average for nodes that do not cross is used (24). As a 
result, the two Basileuterus species are averaged and 
compared to the average of the two Vermivora spe- 
cies for all paired comparisons, yielding six paired 
comparisons. 

27. Visitation rates were quantified as described in (25). 
The number of trips per hour was calculated for each 
nest and then averaged across all nests within a species 
to obtain the mean for each species. A minimum of six 
nests (6 hours each) was used (22), but many more 
nests were sampled per species in most cases. 

28. Daily predation rates represent the probability per 
day that a nest is depredated [C. L. Hensler and 1. D. 
Nichols, Wilson Bull. 93, 42 (1981)l. Only species 
with n > 20 nests were used. 

29. Relationships among species were 	examined while 
controlling for phylogeny by means of independent 
contrasts (3, 12). Controlling for phylogeny is impor- 
tant because behaviors may be similar in closely 
related species (72). A phylogeny was constructed 
using recent phylogenetic information (3). We calcu- 
lated linear contrasts for each node in the phylogeny 
using the Comparative Analysis by Independent Con- 
trast program [A. Purvis and A. Rambaut, Comp. Appl. 
Biosci. 11, 247 (1995)l. These independent contrasts 
were used to  examine correlations that were forced 
through the origin (72). 

30. Food loading was measured as the size of visible food 

in the bills of parents arriving at the nest of nestlings 
that had broken their primary feather sheaths within 
1 t o  2 days. A small (4 cm) remote telephoto camera 
lens (Microvideo) was placed within 1 m of nests to  
allow high-resolution closeup video images and mea- 
surement of food loading. The load size was estimat- 
ed by measuring bill size and using i t  to calibrate the 
area of digital video images of load size obtained 
from video footage using CRABITII. Area was used to  
estimate load size. 

31. Hole-nesting species typically have lower predation 
rates and larger clutches than do open-nesting birds 
(3). Five species in Argentina that nested in holes or 
in complex protected nests (Piculus rubiginosus, Syn- 
allaxis superciliosa, Syndactyla rufosuperciliata, Tro- 
golodytes aedon, and Troglodytes solstitialis) had dai- 
ly predation rates from 0 to  0.018 (? = 0.0066 + 
0.003). which is much lower than rates for the open- 
nesting species (Fig. 38). However, we lacked clutch 
size data for three of these species. 
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Translocation of C. elegans 

CED-4 to Nuclear Membranes 


During Programmed Cell Death 

Fangli Chen,'*t Bradley M. Hersh,'* Barbara Conradt,'$ 

Zheng Zhou,' Dieter Riemer,' Yosef Cr~enbaum,~ 
H. Robert Horvitzl 

The Caenorhabditis elegans Bcl-2-like protein CED-9 prevents programmed cell 
death by antagonizing the Apaf-I-like cell-death activator CED-4. Endogenous 
CED-9 and CED-4 proteins localized to mitochondria in wild-type embryos, in 
which most cells survive. By contrast, in embryos in which cells had been 
induced to die, CED-4 assumed a perinuclear localization. CED-4 translocation 
induced by the cell-death activator ECL-1 was blocked by a gain-of-function 
mutation in ced-9 but was not dependent on ced-3 function, suggesting that 
CED-4 translocation precedes caspase activation and the execution phase of 
programmed cell death. Thus, a change in the subcellular localization of CED-4 
may drive programmed cell death. 

Programmed cell death is important in regulat- 
ing cell number and cell connections and for 
sculpting tissues during metazoan development 
( I ) .When misregulated, programmed cell death 
can contribute to various disease states, includ- 
ing cancer, autoimmune disease, and neurode- 
generative disease (2). Many of the central 
components of the cell death machinery have 
been identified through genetic studies of the 
nematode Caenorhabditis elegans (3). Loss-of-
function mutations in any of the genes egl-I, 
ced-3, or ced-4 or a gain-of-function mutation 
in the gene ced-9 block programmed cell death. 

Loss-of-function mutations in ced-9 cause ste- 
rility and maternal-effect lethality as a conse- 
quence of ectopic cell death and can be sup- 
pressed by ced-3 and ced-4 mutations but not 
by egl-1 mutations, suggesting that ced-9 acts 
upstream of ced-3 and ced-4 and downstream 
of egl-I. CED-9 is a member of the Bcl-2 
family of cell-death regulators (4 ) ,  and the 
EGL-1 protein contains a BH3 (Bcl-2 homolo- 
gy 3) domain and can physically interact with 
CED-9 (5).ced-3 encodes a caspase (6 ) ,while 
CED-4 is similar to mammalian Apaf-1, an 
activator of caspases (7). CED-4 can bind 
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