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modern war and recognized its futility. In the
face of rapid change, the future is hard to pre-
dict. If the large sums of income from natural
resources and foreign aid are applied to devel-
opment during this time of relative peace, the
people of Enga will have more to lose and may
continue to turn away from war. However, there
is a burgeoning population of discontented youths,
and politics are heating up as multinationals in-
vest billions to extract the resources of an other-
wise poorly developed PNG. Perks for those in
power are many. In some areas, gangs are already
serving the interests of politicians (30); a new
round of warfare could erupt over the politics of
tangible resources. If this happens, local institu-
tions founded on principles of kinship, respect,
and restorative justice will not suffice, and the
Enga may find themselves in another cycle of vi-
olence as the scale of their society increases. This
was true for many societies in the past (5, 44)
and is still the case for societies in similar tran-
sitions today.

References and Notes
1. M. Hvistendahl, Science 333, 552 (2011).
2. H. Urdal, Int. Stud. Q. 50, 607 (2006).
3. P. Wiessner, State, Society and Governance in Melanesia,

discussion paper 2010/3, Canberra, Australia (2010).
4. R. Kelly, Warless Societies and the Origin of War (Univ. of

Michigan, Ann Arbor, 2000). Kelly proposes that a key
characteristic of war is “social substitution,” that any
member of the enemy force is a legitimate target.

5. S. Pinker, The Better Angels of Our Nature (Viking,
New York, 2011).

6. L. H. Keeley, War Before Civilization (Oxford Univ. Press,
Oxford, 1996).

7. A. Lawler, Science 336, 829 (2012).
8. D. P. Fry, The Human Potential for Peace (Oxford Univ.

Press, Oxford, 2005).
9. B. S. Hewlett, M. E. Lamb, Hunter-Gatherer Childhoods

(Transaction/Aldine, New York, 2005).
10. S. Hrdy, Mothers and Others (Harvard Univ. Press,

Cambridge, MA, 2009).
11. M. Konner, The Evolution of Childhood (Harvard Univ.

Press, Cambridge, MA, 2010).
12. R. Lee, The Dobe Ju/’hoansi (Harcourt Brace, New York, 1992).

13. C. Boehm, Blood Revenge (Univ. of Pennsylvania Press,
Philadelphia, PA, 1984).

14. K. F. Koch, War and Peace in Jalemo (Harvard Univ.
Press, Cambridge, MA, 1974).

15. A. Strathern, P. Stewart, Peace-Making and the
Imagination (Univ. of Queensland Press, St. Lucia,
Australia, 2011).

16. M. E. McCullough, Beyond Revenge (Jossey-Bass,
San Francisco, 2008).

17. F. de Waal, The Age of Empathy (Harmony Books,
New York, 2009).

18. R. Nesse, in Evolution, Culture and the Human Mind,
M. Schaller et al., Eds. (Lawrence Erlbaum Associates,
Philadelphia, PA, 2010), pp. 137–150.

19. C. Boehm, Moral Origins (Basic, New York, 2012).
20. M. Meggitt, The Lineage System of the Mae Enga of

New Guinea (Barnes and Noble, New York, 1965).
21. M. Meggitt, Blood Is Their Argument (Mayfield, Palo Alto,

CA, 1977).
22. Materials and methods are available as supplementary

materials on Science Online.
23. P. Wiessner, J. Anthropol. Res. 62, 165 (2006).
24. C. Ballard et al., The Sweet Potato in Oceania

(Oceania Monograph 56, University of Sydney, Centatime
Printers, Sydney, 2005).

25. P. Wiessner, A. Tumu, Historical Vines (Smithsonian
Institution Press, Washington, DC, 1998).

26. P. Wiessner, Curr. Anthropol. 43, 233 (2002).
27. B. Knauft, Oceania 60, 250 (1990).
28. R. Gordon, M. Meggitt, Law and Order in the New Guinea

Highlands (University of New England Press, Hanover,
ME, 1985).

29. M. Goddard, Substantial Justice (Berghahn Books,
New York, 2009).

30. J. Ketan, The Name Must Not Go Down (Pacific Studies,
Fiji, 2004).

31. S. Dinnen, Law and Order in a Weak State (Univ. of
Hawaii, Honolulu, HI, 2000).

32. P. Alpers, Gun-Running in Papua New Guinea
(Small Arms Survey, Graduate Institute of International
Studies, Geneva, 2005).

33. R. W. Wrangham, M. L. Wilson, Ann. N.Y. Acad. Sci.
1036, 233 (2004).

34. Police keep highways open during wars, maintain
order in towns and around the Porgera gold mine, attend
compensation ceremonies, and provide security during
elections.

35. D. W. Young, Our Land Is Green and Black (Melanesian
Institute, Goroka, Papua New Guinea, 2004).

36. P. Gibbs, Catalyst 34, 3 (2004).

37. S. Garap, Women for Peace (Research School of Pacific
and Asian Studies, Australian National University,
Canberra, 2004).

38. F. Merlan, A. Rumsey, Ku Waru: Language and Segmentary
Politics in the Western Nebilier Valley, Papua New
Guinea (Cambridge Univ. Press, Cambridge, 1991).

39. K. Jameson, P. Wiessner, in Values and Violence,
I. Karawan. W. McCormack, S. Reynolds, Eds. (Springer,
New York, 2010), pp. 189–204.

40. “Drinking Coca-Cola” is derived from sharing of sugar
cane, a gesture of civility in Enga culture.

41. G. Clark, A Farewell to Alms (Princeton Univ. Press,
Princeton, NJ, 2007).

42. D. North, Institutions, Institutional Change and
Economic Performance (Cambridge Univ. Press,
Cambridge, 1990).

43. A. Greif, Institutions and the Path to a Modern Economy
(Cambridge Univ. Press, Cambridge, 2006).

44. A. Lawler, Science 336, 832 (2012).

Acknowledgments: Many participated in the research on Enga
warfare over 25 years. A. Tumu, W. Tumu, L. Kyalae, L. Yongape,
A. Yongapen, and B. Letakali worked on aspects of the research
for the past 10 to 25 years; to them we are most grateful. Thanks
go S. Hrdy for valuable discussion, to the anonymous reviewers,
and to V. Goodman for assistance with data analysis. We are
indebted to the Enga Provincial Government for continued interest
in our work and payment of salaries at the Enga Take Anda. This
research was partially supported by a research award from the
University of Utah. The data set containing information on tribal
wars from 1991 to 2011 is given in the supplementary materials.
It includes case number, district, year of onset of the war, triggering
incident, and number of deaths. Names of warring clans and
districts have been removed to meet confidentiality requirements.
Transcripts from OMS court sittings and the corresponding
data set are not included, because it is not possible to remove
identifiers from these recent, serious and sensitive cases. Details
on how individual researchers can obtain access to certain
materials that cannot be made public are provided in the
supplementary materials.

Supplementary Materials
www.sciencemag.org/cgi/content/full/337/6102/1651/DC1
Materials and Methods
Supplementary Text
Table S1
References (45–49)
Database S1

8 March 2012; accepted 1 August 2012
10.1126/science.1221685

Adaptive Sleep Loss in Polygynous
Pectoral Sandpipers
John A. Lesku,1*† Niels C. Rattenborg,1† Mihai Valcu,2† Alexei L. Vyssotski,3 Sylvia Kuhn,2

Franz Kuemmeth,4 Wolfgang Heidrich,4 Bart Kempenaers2‡

The functions of sleep remain elusive. Extensive evidence suggests that sleep performs
restorative processes that sustain waking brain performance. An alternative view proposes that
sleep simply enforces adaptive inactivity to conserve energy when activity is unproductive. Under
this hypothesis, animals may evolve the ability to dispense with sleep when ecological demands
favor wakefulness. Here, we show that male pectoral sandpipers (Calidris melanotos), a polygynous
Arctic breeding shorebird, are able to maintain high neurobehavioral performance despite greatly
reducing their time spent sleeping during a 3-week period of intense male-male competition
for access to fertile females. Males that slept the least sired the most offspring. Our results
challenge the view that decreased performance is an inescapable outcome of sleep loss.

Sleep is a prominent yet enigmatic part of
animal life (1). In humans, and other mam-
mals, sleep restriction and fragmentation

diminish waking neurobehavioral performance
(such as attention, motivation, sensory-motor pro-
cessing, and memory), often with adverse con-

sequences for the individual and society (2–5).
Sleep loss even impairs the performance of innate
behavioral displays (6). These findings suggest
that sleep performs essential restorative processes
that sustain adaptive brain performance (1). An
alternative view posits that sleep may be simply a
state of adaptive inactivity that conserves energy
when activity is not beneficial (7). This adaptive
inactivity hypothesis proposes that the marked
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variability in sleep duration observed across the
animal kingdom reflects varying ecological de-
mands for wakefulness, rather than different
restorative requirements. According to this hy-
pothesis, animals can evolve the ability to dis-
pense with sleep when ecological demands favor
wakefulness.

Sexual selection has led to the evolution of
costly morphological, physiological, and behav-
ioral traits (8). In polygynous species, in which
postzygotic paternal investment in young is ab-
sent, male reproductive fitness is determined
exclusively by access to fertile females. For a poly-
gynous male to maximize his fitness, he must
successfully engage in competitive displays and
physical fights with other males and in courtship
displays with females. Although the time avail-
able for engaging in visual displays is limited by
day length at lower latitudes, it is seemingly un-
limited for species that breed in the high Arctic,
where the Sun never sets during the mating pe-
riod. However, under these conditions the need
for sleep might limit the time available for pur-
suing and displaying to fertile females. As such,
strong sexual selection may favor an ability in
males to forgo sleep without experiencing dimin-
ished neurobehavioral performance (9, 10). Such

Fig. 1. Behavioral and mor-
phological traits of polygy-
nousmale pectoral sandpipers
contributing to reproductive
success. (A) Male flight dis-
play characterized by throat
inflation and hooting sounds.
(B) Male (left) engaged in
precopulation ground display
to a female; illustration of
sexual size dimorphism. (C)
Males engaged in territorial
ground display. (D) Males en-
gaged in physical fight. (E)
Male standing vigilant. (F)
Males engaged in aerial chase.
[CREDIT: (A) to (D) and (F)
Wolfgang Forstmeier, Max
Planck Institute for Ornithol-
ogy; (E) B.K.]
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Fig. 2. Activity levels of male and female pectoral sandpipers during the
breeding season. (A and B) Shown is the coefficient of variation (CV;
SD/mean) of iTag signal strength (11). Episodes of activity are marked in
red, and episodes of inactivity are marked in blue. For males, the number of
fertile females present is indicated for each day. The period when females
were fertile (yellow) and the post-fertile period (orange) are shown. For the
female (B), this reflects her individual status whereas elsewhere [(A) and (C)]
it reflects the status of all females on the study site (95%upper quantile). (C)
Sex difference in the proportion of activity during the period when fertile
females were present (males) or during a female’s fertile period (yellow), and
in the post-fertile period (females incubating; orange). Box plots denote
median, 95% CI (notches), 1st and 3rd quartile (hinges), 99.3% of data
(whiskers), and outliers (dots). Males are significantly more active in both
periods. Statistical details are available in table S2.
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flexibility in sleep needs could challenge the
view that a fixed amount of daily sleep is needed
to maintain performance.

We examined the relationship between time
spent awake and reproductive output in male
pectoral sandpipers (Calidris melanotos). The
species is characterized by strong sexual size di-
morphism (Fig. 1B and table S1) and a poly-
gynous mating system without pair bonds. Males
spend large amounts of time defending their
territory against intruders and displaying to or
chasing females. Male territories vary in size de-
pending on density (fig. S1). Breeding males en-
gage in display flights over females (Fig. 1A and
audio S1) and in ground displays, a behavior that
precedes copulation (Fig. 1B and movie S1). Fe-
males are very reluctant to copulate (11). Males
often engage in territorial interactions, including
parallel walks and physical fights with other
males (Fig. 1, C and D). Males remain vigilant
for intruders and females (Fig. 1E) and engage in
aerial chases of females, often in direct compe-
tition (Fig. 1F). Males and females associate only
temporarily for courtship and copulation; incu-
bation and chick rearing are done exclusively by
the female (12).

We studied a population of pectoral sand-
pipers on the Arctic tundra when females were

fertile and post-fertile (incubating). We recorded
the activity pattern of virtually every residentmale
pectoral sandpiper and a representative sample
of females using a radiotelemetry-based system
developed for this study (11). The system also
recorded interactions betweenmales and females.
These data showed that males were more active
than were females during both the fertile and
post-fertile period (n = 149 individuals,P < 0.001)
(Fig. 2, A to C, and table S2). Male activity de-
clined once fertile females were no longer avail-
able (P < 0.001) and approached the level of
female activity during the fertile period (Fig. 2C
and table S2). The overall level of activity varied
considerably across males, even when fertile fe-
males were available (Fig. 2C). In the most ex-
treme case, amalewas active >95%of the time for
a period lasting 19 days.

Using a recently developed datalogger (13),
we obtained combined electroencephalogram
(EEG) and neck electromyogram (EMG) record-
ings from males on their territory (11). These
recordings allowed us to determine whether in-
active males actually spent more time sleeping
than did active males or simply spent more time
sitting quietly while awake. Sleep typically oc-
curred in brief bouts between periods of activity
(Fig. 3A). As in other birds (14, 15), wakefulness

and sleepwere associatedwith high and lowEMG
activity, respectively (Welch t test, t13.9 = 14.4,
P < 0.001) (Fig. 3B). Indeed, the sandpipers
rapidly transitioned from active wakefulness to
sleep without engaging in quiet wakefulness
(Fig. 3A). Consequently, inactivity and activity
are valid proxies for sleep and wakefulness in
this context, respectively. As suggested from the
activity recordings, time spent sleeping varied
considerably across males (Fig. 3C), with the
shortest sleeping 2.4 hours and the longest 7.7
hours (5.2 T 0.5, mean T SEM, n = 11 males).
The total time males spent sleeping was corre-
lated with the number of sleep episodes [corre-
lation coefficient (r) = 0.79, t9 = 3.9, P = 0.004],
mean duration of individual sleep episodes (r =
0.59, t9 = 2.2,P= 0.057), andmaximum sleep bout
duration (r = 0.66, t9 = 2.6, P = 0.027) (Fig. 3D).
We also examined the EEG for signs of deeper
(more intense) sleep in short-sleepingmales. As in
mammals, avian non–rapid eyemovement (REM)
sleep-related EEG slow wave activity (SWA) in-
creases as a function of the duration and intensity
of prior wakefulness (16) and therefore may re-
flect sleep need and intensity. Despite experiencing
more fragmented sleep, the males that slept the
least showed the greatest SWA (r = –0.60, t9 =
–2.27, P = 0.049) (Fig. 3E), suggesting that they

REPORTS

Fig. 3. Short, fragmented, but deeper sleep in extremely active males. (A) EEG
and EMG signs of wakefulness (red) and non–REM sleep (blue) in a pectoral
sandpiper. (B) EMG activity (mean T 95% CI) was highest during wakefulness,
reflecting virtually continuous movement. (C) Large variation in the amount of

EEG/EMG–defined wakefulness across birds. (D) Short-sleeping males had fewer
and shorter sleep episodes relative to long-sleepers. (E) SWA during non–REM
sleep was greater in short-sleepingmales, but SWE was not, suggesting that short-
sleeping males experienced a deficit in sleep despite sleeping more deeply.
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compensated, at least partially, for sleep loss
by sleeping deeper. To determine whether the in-
crease in sleep intensity compensated fully for the
lost sleep, we next calculated slow wave energy
(SWE; mean SWA × number of non–REM sleep
epochs), ameasure of cumulative non–REM sleep
that accurately tracks sleep need during chronic
sleep restriction (17). Short-sleeping males should
show greater SWE than that of long-sleeping
males if they compensated completely for sleep
loss by sleeping deeper; however, we did not find
an inverse correlation between sleep duration and
SWE (r = 0.22, t9 = 0.70, P = 0.50). Consequent-
ly, short-sleeping males still experienced a deficit
in sleep.

We examined the relationship between male
activity during the fertile period and the number
of male-female interactions (telemetry-based) and
resulting paternity (using microsatellite markers)
(11). The number of different females with which
a male interacted (Fig. 4A) and the total number
of interactions with females (Fig. 4B) were pre-
dicted by the amount of time males were active
(n = 73 males, P < 0.01 and P = 0.017, respec-
tively) (table S3). Moreover, time spent active
was significantly correlated with the number of
females with which a male sired young (n = 73

males, P = 0.004) (Fig. 4C) and with the total
number of young he sired (P = 0.004) (Fig. 4D).
Indeed, the males that sired the most young were
among the most active.

To determine whether there are long-term
costs associated with sleep restriction and frag-
mentation during the breeding season, we ex-
amined the return rate and reproductive success
of males across years. Males rarely returned to
the study site (n = 13 out of 640 males across
6 years). Nonetheless, the probability of return
was 10% higher [confidence interval (CI) 95%: 0
to 20%] for successful males than for males that
did not sire offspring (generalized linear model
with binomial error, two-tailed test, P = 0.08), a
trend opposite to that expected if short-sleeping
males experienced reduced survivorship. More-
over, 58% of the returning males were successful
in siring at least one offspring in the second year,
compared with only 20% of other males in the
population (Fisher’s exact test, P= 0.005). This
suggests that reproductively successful males
either survive better across years than do unsuc-
cessful males or show greater fidelity to areas
where they have successfully reproduced.

Reduced sleep has been described in caged
white-crowned sparrows (Zonotrichia leucophrys

gambelii) andSwainson’s thrush (Catharusustulatus)
exhibiting nocturnalmigratory restlessness (14, 18).
However, in contrast to pectoral sandpipers, which
only compensated partially for sleep loss by sleep-
ing more deeply, songbirds compensated for sleep
loss at night by increasing the time spent drowsy
and sleeping during each day. Furthermore, sleep
loss was associated with decreased performance
on certain cognitive tasks (19), and the relation-
ship between sleep duration and reproductive out-
put was not addressed. Similarly, in dolphins the
relationship between extended periods of con-
stant swimming with environmental awareness
and reproductive success has not been deter-
mined (20, 21).

Three pieces of evidence suggest that the
amount of wakefulness is under strong sexual
selection. First, males were more active than were
females when females were fertile. Second, the
total time a male was active during the fertile
period was a strong predictor of his reproduc-
tive output. Third, the relationship between activ-
ity and reproductive output is probably directly
related to competition for access to fertile females
because a male’s reproductive success was strong-
ly related to the proportion of time he was ob-
served showing territorial or courtship behavior
(table S4). Moreover, male activity was also a
good predictor of the total number of interactions
with females, and of the total number of different
females with which a male interacted.

The recent discovery of sleep-like neuronal
activity occurring locally in the cortex during
wakefulness in sleep-deprived rats (5) raises the
possibility that the “missing” sleep occurred in a
similar manner in short-sleeping male pectoral
sandpipers. This is unlikely, however, because
local sleep only occurred while the rats were im-
mobile, and performance on a foraging task was
impaired if local sleep occurred in the motor
cortex shortly before the task. The high repro-
ductive success of our short-sleeping males sug-
gests that they were not similarly impaired.

Male pectoral sandpipers forgo sleep to en-
sure paternity, exactly as the adaptive inactivity
hypothesis predicts. However, if sleep is expend-
able, why do some males sleep more than others
when fertile females are available? Although de-
feated males may give up and resort to sleeping
to save energy, the energy saved by sleeping
instead of sitting quietly awake (22) would need
to offset the potential cost of increased predation
risk during sleep (23). Moreover, the increase in
sleep intensity in short-sleeping males suggests
that sleep serves a restorative function. In this case,
long-sleeping males may lack genetic traits that
enable short-sleeping males to maintain high per-
formance on little sleep. Indeed, interindividual
variation in neurobehavioral vulnerability to sleep
loss was recently linked to genetic polymorphisms
in humans (24). If there is a genetic basis to male-
male variability in sleep duration and resulting
neurobehavioral performance in pectoral sand-
pipers, then the persistence of the long-sleeping
phenotype suggests that it may be equally suc-
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cessful over the long term. However, our limited
across-season data suggests that short-sleeping
males may actually perform better than do long-
sleeping males over the long term, suggesting on-
going sexual selection instead. Ultimately, a greater
understanding of potential short- and long-term
costs of reproductive sleep loss in pectoral sand-
pipers may provide insight into the evolution of
this extreme behavior, as well as the ongoing
debate over the functions of sleep (25) and its
relationship to health and longevity in humans
(26, 27).
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Mutations in the neverland Gene
Turned Drosophila pachea into an
Obligate Specialist Species
Michael Lang,1 Sophie Murat,1,2 Andrew G. Clark,3 Géraldine Gouppil,1 Catherine Blais,2

Luciano M. Matzkin,4 Émilie Guittard,2 Takuji Yoshiyama-Yanagawa,5,6 Hiroshi Kataoka,6

Ryusuke Niwa,5 René Lafont,2 Chantal Dauphin-Villemant,2 Virginie Orgogozo1,2*

Most living species exploit a limited range of resources. However, little is known about how tight
associations build up during evolution between such specialist species and the hosts they use. We
examined the dependence of Drosophila pachea on its single host, the senita cactus. Several amino
acid changes in the Neverland oxygenase rendered D. pachea unable to transform cholesterol into
7-dehydrocholesterol (the first reaction in the steroid hormone biosynthetic pathway in insects)
and thus made D. pachea dependent on the uncommon sterols of its host plant. The neverland
mutations increase survival on the cactus’s unusual sterols and are in a genomic region that
faced recent positive selection. This study illustrates how relatively few genetic changes in a
single gene may restrict the ecological niche of a species.

Losses of enzymatic activities are frequent
during evolution (1). For example, humans
lost the ability to produce nine amino

acids and six vitamins, for which we rely on our
diet (2). The reasons for such losses are un-
known, but it is generally believed that “super-
fluous” metabolic activities were lost by chance
during evolution (3). We examined the depen-
dence of the fly Drosophila pachea on the senita
cactus (Lophocereus schottii), a plant species en-
demic to the Sonoran desert (northwestern Mex-
ico and southwestern United States). In insects,
developmental transitions and egg production are
regulated by the steroid hormone ecdysone (4).

However,D. pachea has lost the first metabol-
ic reaction in the ecdysone biosynthetic path-
way, i.e., the ability to convert cholesterol into
7-dehydrocholesterol (7DHC) (Fig. 1A) (4–7).
The senita cactus, which D. pachea requires as
a host (5), does not contain common sterols and
is the only plant in the Sonoran desert (7) known
to produce D7-sterols such as lathosterol (6).
D. pachea flies do not reach the adult stage if not
raised on senita cactus, but supplementing stan-
dard food with senita cactus or with 7DHC fully
restoresD. pachea viability and fertility (5), indi-
cating that D7-sterols are essential compounds
required for D. pachea development and surviv-

al. Interestingly, D. pachea appears to depend on
the senita cactus solely for its sterols, as we raised
D. pachea on an artificial diet supplemented with
7DHC for more than 4 years (~60 generations)
with no apparent defect (8).

Conversion of cholesterol into 7DHC is cat-
alyzed by the evolutionarily conserved Rieske-
domain oxygenase Neverland (NVD) in insects
and nematodes (9, 10). To investigate whether
mutation(s) in nvd are responsible for D. pachea
dependence on its host cactus, we sequenced the
nvd coding region (8) from D. pachea and the
three most closely related species—D. nannoptera,
D. acanthoptera, and D. wassermani—which feed
on other cacti (11) (tables S1 and S2 and fig. S1).
No stop codon or insertions/deletions were found
in the D. pachea sequence, but the ratio of rates
of nonsynonymous substitution (dN) over synon-
ymous substitution (dS) is significantly higher in
the branch leading toD. pachea (table S3 and fig.
S2).We noticed that several amino acids showing
high conservation across insects and vertebrates
are different inD. pacheaNVD (Fig. 1, B and C).
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