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Many variations of the method are pos-
sible. The activity and affect descriptors used
to describe episodes should fit the particular
topic of investigation. Interactive question-
naires offer further opportunities to tailor
the affect terms to the respective episode;
for example, when the individual identifies
an episode as an interaction with customers
rather than with family members, different
descriptors could be presented. Other varia-
tions could make the method more practical
for adoption in conventional surveys. Our
preliminary work suggests that much of the
benefit of the DRM in producing accurate
emotional recall could be retained if re-
spondents are asked to retrieve specific re-
cent episodes of a designated type (e.g., “the
last occasion on which you went out to
dinner”). When samples are large and inter-
viewing time is scarce, the allocation of dif-
ferent situations to subgroups of respondents
makes it possible to achieve comprehensive
coverage of situations while minimizing re-
spondent burden. In conjunction with time-
use data obtained from other sources, affect
profiles of the main activities in which peo-
ple engage could be integrated to produce a
duration-weighted assessment of the expe-
rience of the population and of subgroups.
The DRM or its variants could also con-
tribute to the development of an account-
ing system for the well-being of society, a
potentially important tool for social policy
(32, 33).
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Conditional Use of Sex and
Parthenogenesis for Worker and
Queen Production in Ants
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The near-ubiquity of sexual reproduction in animal species has long been
considered a paradox because sexually reproducing individuals transmit only
half of their genome to their progeny. Here, we show that the ant Cataglyphis
cursor circumvents this cost by using alternative modes of reproduction for
the production of reproductive and nonreproductive offspring. New queens
are almost exclusively produced by parthenogenesis, whereas workers are
produced by normal sexual reproduction. By selectively using sex for somatic
growth and parthenogenesis for germline production, C. cursor has taken
advantage of the ant caste system to benefit from the advantages of both

sexual and asexual reproduction.

The main advantage of asexual reproduction
is that it confers a twofold advantage over
sexuality by allowing, generation by genera-
tion, the transmission of twice the number of
genes to offspring (/, 2). However, asexual
reproduction is also associated with both
short-term and long-term disadvantages, in-
cluding a lower genetic diversity of offspring
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and a reduced rate of adaptive evolution of
species (3, 4). The nature and the degree of
the cost associated with asexual reproduction
is expected to vary across taxa, depending on
the biology of the species and the type of
environment in which they live (/-3).

In ants, as in other Hymenoptera, females
are usually produced by sexual reproduction
and are diploid, whereas males develop from
unfertilized eggs and are haploid (3). The
diploid fertilized eggs can develop into either
new queens (gynes) or workers, with the de-
velopmental switch generally under environ-
mental control (). In the Cape honey bee and
five ant species, however, unmated workers
may reproduce by thelytokous parthenogene-
sis (6—11); that is, they may produce female
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offspring from unfertilized eggs. While con-
ducting a population genetic study of one of
these species, the ant Cataglyphis cursor, we
discovered that not only unmated workers but
also mated queens can use thelytokous par-
thenogenesis. Pedigree analyses indicated that
queens use automictic parthenogenesis with
central fusion where two of the four products
of meiosis merge. Unlike workers, queens use
this mode of reproduction specifically to
produce new queens.

Cataglyphis cursor is a common ant in the
dry forests of Europe. Colonies usually
contain a single queen and up to 3000
workers. Only few colonies produce gynes,
and the number of gynes produced per colony
is small. This is because C. cursor has an un-
usual mating system whereby gynes mate near
the parental nest before leaving the colony
with adult workers to initiate new colonies 3.2
to 11.3 m away (/2). Previous studies also
indicate that C. cursor workers can produce
both gynes and workers parthenogenetically in
colonies that have lost the mother queen (7).

We collected 38 large colonies in South-
ern France and genotyped 532 workers at
four highly polymorphic microsatellite loci
(expected heterozygosities, 0.833 to 0.944)
(13). The genotypes indicated that 35 of
these colonies contained a single reproduc-
tive queen (monogyny), whereas three colo-
nies contained offspring from at least two
queens. Analysis of lab-raised worker prog-
eny (n = 437 freshly eclosed workers) from
12 queens showed that they had mated with
an average of 5.6 + 1.3 males (range, 4 to 8).

A detailed analysis of the 35 monogynous
colonies showed that most of the workers in
these colonies could only have been pro-
duced by sexual reproduction. Overall, 476
of the 489 workers (97.3%) genotyped in the
35 colonies harbored, at one or several loci,
alleles that were not present in the mother
queen and came from one of the queen’s
mates. It is impossible to determine whether
the 13 workers harboring only alleles iden-
tical to those of their mother were fathered
by a male that had no allele distinct from
those of the queen or whether they had been
parthenogenetically produced. Because the
four microsatellite loci were highly poly-
morphic, the probability of mating with a
male harboring no diagnostic allele at any of

Table 1. Proportion of gynes homozygous for a
given locus when the mother was heterozygous at
that locus. The sample size for each locus is
indicated.

Percentage of

Locus Sample size

gynes homozygous
Ceurll 53 57
Ccur46 47 46.8
Ccur58 47 34.0
Ccur63b 41 17.1

the four loci was low, ranging from 0.0001
to 0.013 across colonies according to the
queen’s genotype. Thus, of the 476 workers,
only one was expected to have no diagnostic
alleles if they were all sexually produced.
Hence, it is likely that some or all of the 13
workers with no diagnostic paternal allele may
indeed have been asexually produced (the
estimated proportion of asexually produced
workers is 2.5% when corrected for the
probability of nondetection of paternal alleles).

A total of 56 gynes were produced by 10
of the 35 monogynous colonies. In contrast
to workers, most of these gynes (54 of 56)
had alleles at the four loci that could all be
attributed to the queen (Fig. 1A), hence these
gynes had been produced by parthenogene-
sis. The alternative explanation, that these 54
gynes had been fathered by a male having no
diagnostic alleles, can be ruled out. Queens
and males came from the same gene pool, as
indicated by a lack of significant difference
in allele frequencies for the four loci (Fisher
exact test, all P> 0.05) and the workers’ Fis
value (an index of observed versus expected
homozygosity), which was not significantly
different from zero (Fis = 0.011 £0.015, n =
35 colonies; two-tailed # test, = 0.691, P =
0.494). This, together with the high allelic
diversity, resulted in a very high probability
to detect a male’s genetic contribution.
However, none of the gynes produced in
nine of the 10 colonies had any diagnostic
allele, even though the likelihood of such a
matched mating was lower than 0.013 in
each of the nine colonies (range, 0.0001 to
0.013). Overall, the probability that all the
fathers of the gynes produced in the nine
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colonies had no diagnostic alleles was P <
1028, Indeed, the genotypes of workers in
these nine colonies confirmed that all or
most of the males that mated with the queens
had diagnostic alleles at one or more loci
(Fig. 1B). The outcome of the vast majority
of gynes being produced by parthenogenesis
was that the relatedness between queens and
gynes was very high (r = 0.864 £ 0.046, n =
56 gynes) and significantly greater (P <
0.001) than the theoretical value of 0.50
expected under sexual reproduction.

Most of the 54 parthenogenetic gynes were
neither genetically identical to each other
within a colony nor genetically identical to
their mother queen. The discrepancies resulted
from gynes being homozygous at some loci
where the mother queen was heterozygous. In
all cases, the gynes were homozygous for one
of the two maternal alleles. This is the ex-
pected pattern under automictic parthenogen-
esis with central fusion. Because two of the
four products of meiosis merge, the offspring
have the same genotype as their mother for
the loci that did not cross over, whereas the
offspring is homozygous for one of the two
maternal alleles if crossing-over did occur
(14, 15). The frequency of transition from
heterozygosity is expected to vary across loci
depending on their distance to the centromere
(15). Consistent with this prediction, the
frequency of transition from heterozygosity
to homozygosity varied significantly across
the four loci, presumably reflecting differences
in the distance between each locus and the
centromere (Table 1; x2 = 25.53, P < 0.0001).

The expected outcome of automictic par-
thenogenesis is a gradual increase in homo-

A Fig. 1. Respective pro-
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zygosity over time (/6). Indeed, the overall
level of homozygosity was significantly
higher in gynes than in workers (Fig. 2;
Fisher’s exact test on the number of homo-
zygous versus heterozygous loci in gynes and
workers: P < 0.0001). Accordingly, F statis-
tics revealed a significant excess of homo-
zygosity in gynes (F = 0.396 + 0.12, P < 0.001)
and queens (F'= 0.255 £ 0.051, P <0.001) but
not in workers from the same colonies (F =
0.002 £ 0.016, P = 0.45). By increasing the
levels of homozygosity, parthenogenesis
should result in reduced queen survival and
fitness, much like inbreeding does. However,
the fitness effect might be limited for ant
queens because they stay in the protected
environment of the nest, except during colony
founding. Even at this stage, the intensity of
this cost should vary according to the mode of
colony founding, with selection against more
homozygous queens being higher in species
where queens start a new colony on their own
and lower in species, such as C. cursor, where
queens do not go through a stage of indepen-
dent colony founding (12).

In addition, two processes appear to
counteract the process of genetic homogeni-
zation induced by automictic parthenogene-
sis. The first is the occasional production of
gynes by sexual reproduction. The overall
production of such gynes was 3.6% (2 of 56)
in the 10 colonies studied. The second
process is the occasional queen production
by worker parthenogenesis. Because workers
are usually produced by sexual reproduction,
their contribution to gyne production will
contribute to the maintenance of heterozy-
gosity in gynes and queens, just as under
queen sexual reproduction.

Although C. cursor queens do not require
mating to produce diploid offspring, they
have retained sexual reproduction to produce
workers, which suggests that sexual repro-
duction has important benefits for colony
function. The observed mating frequencies in

this species lie on the high end of the
continuum of mating frequencies reported
in ants (/7). A possible explanation is that
genetic input from an increased number of
mates compensates for the negative effect of
high queen homozygosity on colony genetic
diversity. Parthenogenetic production of work-
ers at the level observed for gynes would
lower colony genetic diversity, which could
lead to reduced defense against parasites, less
efficient division of labor, and a decreased
range of environmental conditions that a colo-
ny can tolerate (/8—20). These costs are akin
to those thought to lead to the instability of
parthenogenetic reproduction in nonsocial or-
ganisms (2). Multiple mating lowered the
overall relatedness of nestmate workers to » =
0.42 (SEjsciknite = 0.02, n = 35), a value well
within the range of values reported in other
ants (27). Thus, the high queen mating
frequency may cancel out reduced genetic
diversity at the colony level stemming from
the relatively high queen homozygosity.

Using alternative modes of reproduction
for the queen and worker castes may also
enhance cooperation within the social group
by aligning the interests of queens and
workers. Parthenogenetic production of
gynes by queens reduces conflict with work-
ers because, just like queens, workers are
significantly more closely related (1 = 2.31,
df = 43, P = 0.03) to the parthenogenetic
gynes (r = 0.59, SE;,cmire = 0.07, n = 10)
than they would be to sexually produced
gynes or to gynes produced parthenogeneti-
cally by other workers (these two values are
identical to the relatedness between workers,
r=0.42). As a result, workers should police
the reproduction of other workers (22). The
almost complete lack of worker-produced
gynes in colonies containing a queen is
consistent with this idea.

Conditional use of parthenogenesis for
queen production might also occur in other
ants, yet it may remain unnoticed because it

100% {1
2

75%- 1 3
2
5 ,
g 0,
= 50%
g
5 7

1 19 22 17
25% 16 | |16
9
28 | |12 B 1| | 14
12
0% : . 1

20 26 57 83 95 96

Colonies

Fig. 2. Overall homozygosity detected in gynes (white) and workers (black) at all four loci, for each
of 10 colonies. The sample size for each colony is indicated above the bars.

primarily occurs in dependent-founding spe-
cies where it is most difficult to detect. In
ants there is a strong association between the
mode of colony founding and the number of
queens, with dependent colony founding
being almost exclusively restricted to species
with high numbers of queens per nest (23, 24).
The likelihood of detecting parthenogenesis
with genetic markers is low in such species
because it is very difficult to determine the
maternity of female offspring. As a result,
only a handful of studies in highly polygynous
ants are sufficiently detailed to have enabled
the detection of parthenogenesis.

This study shows that by taking advan-
tage of the social caste system, C. cursor
colonies can benefit from the advantages of
both sexual and asexual reproduction. By
using alternative modes of reproduction for
the queen and worker castes, queens can
increase the transmission rate of their genes
to their reproductive female offspring while
maintaining genetic diversity and social
cohesion in the worker population. These
findings, together with those of other recent
genetic studies (25-29), indicate greater
flexibility of the ant reproductive and social
systems, thus providing an ideal ground to
test various evolutionary predictions.
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Simon N. Stuart,’* Janice S. Chanson,’ Neil A. Cox,’
Bruce E. Young,? Ana S. L. Rodrigues,? Debra L. Fischman,?
Robert W. Waller®

The first global assessment of amphibians provides new context for the well-
publicized phenomenon of amphibian declines. Amphibians are more threat-
ened and are declining more rapidly than either birds or mammals. Although
many declines are due to habitat loss and overutilization, other, unidentified
processes threaten 48% of rapidly declining species and are driving species
most quickly to extinction. Declines are nonrandom in terms of species’
ecological preferences, geographic ranges, and taxonomic associations and are
most prevalent among Neotropical montane, stream-associated species. The
lack of conservation remedies for these poorly understood declines means
that hundreds of amphibian species now face extinction.

Scientists first became concerned about wide-
spread amphibian population declines when
they met in 1989 at the First World Congress
of Herpetology. Historical data indicate that
declines began as early as the 1970s in the
western United States (/, 2), Puerto Rico (3),
and northeastern Australia (4). Subsequent re-
ports revealed the severity of the declines. At
one site in Costa Rica, 40% of the amphibian
fauna disappeared over a short period in the
late 1980s (5). Sudden disappearances of mon-
tane species were noted simultaneously in
Costa Rica, Ecuador, and Venezuela (5-8).
In some regions, many declines took place in
seemingly pristine habitats (/—8). These
reports were initially received with some skep-
ticism because amphibian populations often
fluctuate widely (9), but tests of probabilistic
null models showed that the declines were far
more widespread and severe than would be
expected under normal conditions of demo-
graphic variation (5). This finding, in addition
to many further reports of declines in the
1990s (8, 10-13), was pivotal in convincing
most herpetologists that amphibian declines
are nonrandom unidirectional events.
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The lack of a comprehensive picture of
the extent and severity of amphibian declines
prompted us to conduct the TUCN-The
World Conservation Union Global Amphib-
ian Assessment (GAA) to gather data on the
distribution, abundance, population trends,
habitat associations, and threats for all 5743
described species of amphibians (74, 15).
From this information, we used the IUCN

REPORTS

Supporting Online Material
www.sciencemag.org/cgi/content/full/306/5702/1780/
DC1

Materials and Methods

References

21 September 2004; accepted 5 October 2004

Red List Criteria (/6) to determine the level
of threat to every species. The raw GAA data
are publicly available (/4). The results
demonstrate that amphibians are far more
threatened than either birds (/7) or mammals
(18), with 1856 species (32.5%) being glob-
ally threatened [that is, listed in the IUCN
Red List Categories (/6) of Vulnerable,
Endangered, or Critically Endangered], as
compared with 12% of birds (1211 species)
(I17) and 23% of mammals (1130 species)
(18). At least 2468 amphibian species
(43.2%) are experiencing some form of
population decrease, whereas only 28 (0.5%)
are increasing and 1552 (27.2%) are stable;
1661 (29.1%) species have an unknown trend.

Many amphibian species are on the brink
of extinction, with 427 species (7.4%) listed
as Critically Endangered (CR) (the IUCN
category of highest threat), as compared with
179 birds (1.8%) (/7) and 184 mammals
(3.8%) (18). The level of threat to amphib-
ians is undoubtedly underestimated because
1294 species (22.5%) are too poorly known
to assess [Data Deficient (DD)], as compared
with only 78 birds (0.8%) (/7) and 256
mammals (5.3%) (/8). A significant propor-
tion of DD amphibians is likely to be
globally threatened. Analysis of trends in
population and habitat availability indicates

Table 1. Habitat preferences and biogeographic affinities of rapidly declining and enigmatic-decline
amphibians in relation to all amphibian species (75). Rapidly declining species are those that now qualify
for listing in a IUCN Red List Category of higher threat than they would have had in 1980. Enigmatic-
decline species are rapidly declining species that have shown dramatic declines, even where suitable
habitat remains, for reasons that are not fully explained.

Total number
of species (%)

Habitat preferences

Number of rapidly
declining species (%)

Number of enigmatic-
decline species (%)

Forest 4699 (81.8)
Savanna 487 (8.5)

Shrubland 814 (14.2)
Grassland 953 (16.6)
Flowing water 2650 (46.1)
Marshes/swamps 760 (13.2)
Still water bodies 2030 (35.3)

Artificial terrestrial habitats 1304 (22.7)
Tropical lowland habitats 3392 (59.1)
Tropical montane habitats 2714 (47.3)

Biogeographic realms

Afrotropical 951 (16.6)
Australasian/Oceanic 561 (9.8)

Australia and New Zealand 219 (3.8)
Indomalayan 938 (16.3)
Nearctic 331 (5.8)
Neotropical 2,825 (49.2)
Palearctic 451 (7.9)

365 (82.6) 187 (90.3)***1
7 (1.6)¥**] 0 (0.0)%**|
47 (10.6)*] 14 (6.8)***|
81 (18.3) 39 (18.8)
277 (62.7)***1 164 (79.2)***1
43 (9.7)%] 14 (6.8)**

107 (24.2)***|
40 (9.0)***|

212 (48.0)**]

251 (56.8)***1

28 (13.5)%**|
22 (10.6)***|
79 (38.2)***|
155 (74.9)***1

28 (6.3)**| 1 (0.5)%**]
36 (8.1) 23 (11.1)
32 (7.2)**%1 23 (11.1)%%¢
59 (13.3) 1 (0.5)%**]
24 (5.4) 9 (43)

279 (63.1)***1 174 (84.1)%%%1
34 (7.7) 2 (1.0)%*|

*P < 0.05, **P <0.01, ***P <0.001 (27).

1Significantly higher than average; |significantly lower than average.
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