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Trait-mediated trophic cascade creates
enemy-free space for nesting hummingbirds
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INTRODUCTION
A “trait-mediated trophic cascade” can be triggered when apex predators cause changes in mesopredators’ behavior or other traits, with
subsequent effects on lower trophic levels. The magnitude of such
cascades has likely decreased in response to declines in top predator
densities because of global change, yet the nature of these indirect
effects has not been characterized for most terrestrial food chains
(1, 2). Furthermore, rigorous empirical studies of trait-mediated cascades for any community are enhanced by life history data for the focal
species involved in trophic interactions. Traits that mediate cascades
should include predator avoidance or adaptations, including behavioral,
physiological, and anatomical characteristics that enhance fitness (3).
The link between trait-mediated cascades and the evolution of
life history parameters is not clear because of a lack of empirical
data (4), and although studies have shown that nesting birds are
extremely sensitive to the presence of predators (5, 6), there are
few solid links between such studies and theoretical approaches
to understanding trait-mediated indirect effects (1, 7, 8). Predation,
however, is a major ecological force relevant to life history traits of
most animals and is a principal factor limiting nesting success and
shaping spatial distributions of breeding birds (9–17). The selection
of safe breeding sites is an important behavioral parameter in
conceptual and quantitative models of avian trophic ecology (18);
breeding birds are expected to choose nest sites that reduce exposure to predators. One such strategy involves nesting in association
with more aggressive or larger predatory birds (table S1) (19, 20).
Black-chinned hummingbird nests (Archilochus alexandri, hereafter
hummingbirds) in Arizona are clustered around northern goshawk
and Cooper’s hawk nests (Accipiter gentilis and Accipiter cooperii,
hereafter hawks), and their nests have greater success when built
closer to active hawk nests (21). We explain this association by demonstrating that the presence of active hawk nests alters the foraging
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behavior of a well-documented prey species for these hawks and a locally
abundant nest predator (eight of eight directly observed hummingbird nest predations were by jays), the Mexican jay (Amphelocoma
wollweberi, hereafter jays) (Fig. 1), creating enemy-free nesting habitat
for hummingbirds in the vicinity of hawk nests (Fig. 2 and fig. S1).
During three nesting seasons, we documented spatial patterns of
nest placement and DSRs of hummingbird nests in relation to the
location and status (active/inactive) of 12 hawk nests. We also documented the three-dimensional (3D) foraging patterns of jays in relation to hawk nests. Natural interannual shifts in nest placement by
hawks, as well as predator-induced failure of hawk nests, provided a
mensurative experimental test of the effects of hawk nests on both the
placement and success of hummingbird nests, as well as the foraging
movements of jays.

HUMMINGBIRD NEST LOCATION AND SUCCESS IN
RELATION TO HAWKS
Our study of 342 hummingbird nests revealed two strong patterns:
hummingbirds prefer to nest in association with hawk nests and realize
greater reproductive success when the associated nest is occupied by a
hawk. Only 20% of hummingbird nests were built in plots without
active hawk nests, and nearest-neighbor analyses indicate a clumped
distribution (R = 0.21 ± 0.003) of hummingbird nests with significant
spatial clustering around hawk nests within uniformly acceptable nesting habitat in each plot. Hummingbird nests built anywhere within
study plots with active hawk nests had higher DSRs and predicted success (PPS) than those in plots with inactive hawk nests (0.9698 versus
0.9296 DSR; 31% versus 6% PPS, n = 274/68; Bayesian 95% credibility
intervals for DSR differences do not cross zero). The importance of hawk
presence to hummingbird success was further illustrated in 2008 when
four active hawk nests were destroyed by predators. When the DSR of
hummingbird nests in the four plots before hawk nest failure was compared with that of hummingbird nests during the 2 weeks immediately
after failure of the hawk nests, the survival of hummingbird nests (data
from all four failed plots pooled) dropped to almost zero (0.9703 versus
0.9153 DSR; 32% versus 3% PPS, n = 102/75; Bayesian 95% credibility
intervals for DSR differences do not cross zero).
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The indirect effects of predators on nonadjacent trophic levels, mediated through traits of intervening species,
are collectively known as trait-mediated trophic cascades. Although birds are important predators in terrestrial
ecosystems, clear examples of trait-mediated indirect effects involving bird predators have almost never been
documented. Such indirect effects are important for structuring ecological communities and are likely to be
negatively impacted by habitat fragmentation, climate change, and other factors that reduce abundance of top
predators. We demonstrate that hummingbirds in Arizona realize increased breeding success when nesting in
association with hawks. An enemy-free nesting space is created when jays, an important source of mortality for
hummingbird nests, alter their foraging behavior in the presence of their hawk predators.
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Fig. 1. Video-grab of a Mexican Jay removing the eggs from the
nest (middle-lower right) of black-chinned hummingbird.

The foraging height of jays was not associated with the location of
hawk nests in plots with inactive nests, but jays foraged higher above
the ground when closer to active hawk nests [analysis of covariance
(ANCOVA), distance by raptor activity interaction, F1, 341 = 36.4; P <
0.0001; Fig. 3]. This behavioral shift in the presence of hawks creates
a roughly cone-shaped space around active hawk nests, within which
jays are infrequently detected (Fig. 2). The shape of this enemy-free
space is due to the fact that jays are much safer from the hawks when
they are at least as high above ground as the hawks, which hunt from
perches within the canopy in horizontal or descending chases. An
interannual comparison of jay foraging heights in seven plots (two
reoccupied, four not reoccupied, and one occupied for the first time
in 2009) demonstrated the effect of hawk presence on the spatial
foraging habits of jays (Fig. 3).

Fig. 2. Stylized graphical model of cone-shaped space surrounding
active hawk nests, within which hummingbird nests had significantly higher survivorship. Data on the locations of jays in relation to each
plot’s hawk nest were pooled across plots and were used to generate the
shape of the cone, using the lowest individual jays detected during the study
and superimposed on a fictional landscape representative of the study area.
Yellow, hawk nest; green, successful hummingbird nest; red, depredated
hummingbird nest.

HUMMINGBIRD SUCCESS IN RELATION TO HAWKS
AND JAYS
A path analysis (Fig. 4), testing causal relationships between hawk
presence, jay foraging, and hummingbird nest survival, supported
two mechanisms responsible for this relationship: increase in jay
foraging height near active hawk nests and affinity of hummingbirds
for hawk nest sites. The indirect negative effects of hawks on jay foraging heights via decreased hummingbird nest dispersion (the path coefficient for this indirect effect is −0.021) were too weak to diminish
the direct effects (0.37 path coefficient). This direct effect of hawks on
jay foraging is very large in comparison to other trophic interaction
effect sizes, and other effect sizes reported here are greater than or similar to most effect sizes reported in studies of trait-mediated indirect
effects [for example, (22), also reviewed by (23)]. In this case, more
than one-third of the variation in jay foraging is explained by raptor
nest presence even when accounting for the effects of other relevant
variables. Hummingbird nesting success in four plots where raptors did
not return to nest showed the predicted interannual shift (0.9747 versus
0.9247 DSR; P < 0.001; 38% versus 5% PPS, n = 73/35). A comparison
of hummingbird nesting success within the jay-free cone (Fig. 2 and
fig. S1) versus nests associated with hawks (<300 m from active hawk
nest) but outside the cone highlights the importance of nesting hawks
to the reproductive success of hummingbirds (0.9827 versus 0.9577
DSR; P < 0.001; 52% versus 19% PPS, n = 69/273).
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Fig. 3. Interannual comparisons of jay foraging patterns in study plots,
illustrating the effect of raptor presence on the spatial distributions
of foraging jays. Each point represents the mean height above the
ground of individual jays within a single flock. Plots with active hawk
nests are shaded gray. Upper panels show pooled data from two plots
that were occupied in both years, middle panels represent four plots
that were not reoccupied in 2009, and bottom panels show one plot
occupied for the first time in 2009. ANCOVA with all plots and years
combined revealed a significant interaction (F1, 341 = 36.4; P < 0.0001)
between distance to a raptor nest and activity of the raptor (presence/
absence). Plots that were unoccupied for the duration of the study are
not illustrated.
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FORAGING PATTERNS OF JAYS IN RELATION TO HAWKS
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We conclude that the presence of hawks at their nests has an
indirect effect on the survival of hummingbird nests mediated by
predator avoidance shifts in jay foraging behavior. We cannot rule
out a variety of other mechanisms contributing to these patterns,
some of which could be very complex, but we did reject two other
possibilities. The “bottom-up” hypothesis that spatial abundance
and dispersion of hummingbird nests explain variation in hummingbird
nest survival (DSR) was not supported by the path analysis (Fig. 4). A
similar path analysis allowed us to reject the hypothesis that jay dispersion affects raptors and hummingbird nests via the jay anti-predator defense response of mobbing hawks, which may increase with greater
clumping (mob size) (Fig. 4).

MATERIALS AND METHODS
The work was carried out at the Southwest Research Station (31°53′N,
109°12′W, 1600 m above sea level), west of Portal in the Chiricahua
Mountains, Cochise County, in southeastern Arizona. Hummingbird
nests were searched for, individually numbered, and monitored in 800 ×
200–m plots in riparian zones centered on six hawk nests identified
as being currently active and six that had been active during the 2 years
before our study but were inactive during the first year of the study.
Habitat in this area is relatively uniform, with dominant tree species
being juniper (Juniperus deppeana; Cupressaceae), oak (Quercus spp.;
Fagaceae), and sycamore (Platanus wrightii; Platanaceae), ranging in
height from 5 to 30 m. Below this broken canopy, the understory is
fairly open, because of grazing practices, but includes scattered saplings of the aforementioned species as well as several other types of
small shrubs. All areas were systematically searched in standardized
criss-crossing patterns to ensure unbiased detection of hummingbird
nests. Hummingbird and hawk nests were mapped with a GPS (Global
Greeney et al. Sci. Adv. 2015;1:e1500310
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Jay foraging and description of enemy-free space
The location of jay flocks was marked with a GPS as described
above. At the time of first detection of the flock, the height above
the ground of all visible individuals was recorded. These foraging
height measurements were used to calculate a mean foraging height
for each flock (Fig. 3). Jay flocks were replotted every 15 min if they
remained within the plot area. The jay-free cone in each plot with
an active hawk nest was conservatively defined by the location of the
lowest individual jays and closest (to the hawk nest) detected during
the study. Similarly, the composite description of the enemy-free
space around hawk nests was described by pooling the lowest and
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Fig. 4. Path analysis results (model fit c2 = 3.6; df = 4; P = 0.46) for
the proposed causal relationships between raptor presence, jay
foraging height, and hummingbird responses. “Hawk affinity” was
measured as distance to the hawk nest; “hummingbird dispersion”
was a measure of dispersion determined using the nearest-neighbor
value, R (larger values indicate less clumping); “hummingbird nest survival” was the daily survival rate (DSR). Arrows indicate positive causal
relationships; the bullet-headed line indicates a negative causal relationship. Numbers next to lines are significant path coefficients (*P < 0.05,
**P < 0.001). The path coefficient from hummingbird dispersion to survival was small (0.01) and not significant (P > 0.6); thus, the model fit
was improved when it was excluded. An identical model using jay dispersion instead of hummingbird dispersion was a poor fit to the data
(model significantly different from the data: c2 = 15.5; df = 4; P = 0.004).

Positioning System), and their heights above the ground, other nest
placement data (figs. S2 and S3), and their UTM (Universal Transverse Mercator) coordinates were used to calculate spatial relationships. The status of hummingbird nests (active or failed) was
checked every 2 to 3 days, and DSRs and 95% confidence intervals
were calculated using standard methods developed by Mayfield (24)
and Johnson (25). To predict overall fledging success from DSRs, we
used a 38-day nesting cycle, from laying of the first egg to fledging of
both young. PPS was calculated as DSR raised to the number of days in
the nesting cycle, predicting how many nests will survive to fledging.
Comparisons of DSR values between samples of hummingbird nests
(for example, nests associated with active versus inactive raptor nests)
were compared using hierarchical nested Bayesian models described
below. Relationships between jay foraging heights, distance to a raptor
nest, and activity of the raptor nest (presence/absence) were examined
with ANCOVA.
A hierarchical Bayesian model was used to examine the difference
in hummingbird nest success between the presence and the absence
of raptors, with individual DSR values for hummingbird nests nested
within raptor nests. The same approach was used to compare DSR
values for nests before and after raptor nests were destroyed. Priors
were set at 0.5 for DSR for both the presence and the absence of raptors, assuming no previous knowledge of differences in nest success.
Bayesian analysis produces statistics that estimate the probability of
the hypothesis given the data [P(hypothesis)|data] and incorporates
prior parameter estimates to create posterior probability distributions. To estimate model parameters, we used the Markov chain
Monte Carlo (MCMC) simulation, where each step in the chain estimates the difference between DSR values for raptor or no-raptor
nests based on the previous data. We used a 2000-step burn-in period followed by the 10,000-step MCMC to generate the posterior
density distribution for the differences in DSR between raptor presence and absence. We calculated posterior probabilities of the null
hypothesis (no difference in DSR) by quantifying the frequency that
the difference was equal to or greater than zero in each step of the
post–burn-in MCMC. For example, if DSR is greater when raptor nests
are present (P) versus absent (A) across 99% of the post–burn-in
MCMC steps (P – A > 0), we can conclude that the probability of
no difference in nest success in the presence versus absence of raptors
is 0.01. Bayesian analyses were performed in SAS v.9.4 using PROC
GENMOD. For all raptor nests across years, the raptor presence minus
absence DSR (P − A) 95% HPD (highest posterior density) was
calculated as 0.11 to 0.27, indicating that the probability of no difference
was far less than 5%. For the 2008 nests that were destroyed, P − A 95%
HPD values were 0.005 to 0.26, indicating that the probability of no
difference was just less than 5%.

RESEARCH ARTICLE
closest jay sightings across all plots. Locations of all foraging jay
flocks associated with an active raptor nest were used to graphically
summarize the cone-shaped areas of enemy-free space with 3D mesh
plots of three representative plots (fig. S1). The package “coneproj”
in R was used to assess the least-square fit of the nests to a cone shape,
using a quadratic programming routine.

Table S1. A review of the literature on protective nesting associations in birds indicating the
species involved (if known) and the hypothesized mechanism by which the protected species
benefits.
References (28–66)

Dispersion of hummingbird nests
To categorize the distribution of hummingbird nests as clumped
(versus random or hyperdispersed), we used nearest-neighbor analysis (26), with R values significantly less than 1, indicating a clumped
distribution and variance calculated on the basis of year-to-year
variation.
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SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/1/8/e1500310/DC1
Methods and Analyses
Fig. S1. Cone-shaped enemy-free space surrounding three representative active hawk nests.
Fig. S2. Photo of a hummingbird nest in situ showing variables measured to quantify nest
microsite selection.
Fig. S3. Diagrammatic illustration of variables measured at each hummingbird nest to quantify
nest site selection within the substrate tree.
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Analysis of direct and indirect effects of hawks on
hummingbird nest survival
To examine the indirect effects of raptor presence or absence on
hummingbird nest survival via hummingbird nest proximity to
hawks, hummingbird nest dispersion, and jay foraging height, we
used path analysis to test a previously hypothesized structure equation model (27). Path coefficients for direct effects were obtained
from the structural equation model, whereas indirect effects were
calculated as the product of direct effects in any given pathway.
For our a priori specified structural equation model, we identified
causal relationships to formulate a simple set of paths with one exogenous variable (hawk presence) predicting four endogenous
variables (Fig. 4); no latent variables were used. Specifically, on
the basis of literature (1–3, 5, 6, 9–19) and natural history, hawk
presence was hypothesized to directly cause clumping of hummingbird
nests around the nest (hawk affinity, measured as distance to the nest)
and also cause increased clumping among nests (hummingbird dispersion, measured as the nearest-neighbor value, R) and an increase in
mean height of jay foraging. Both hawk affinity and jay foraging height
directly cause an increase in hummingbird nest survival (DSR). In addition, local clumping of hummingbird nests, closer to hawk nests, was
hypothesized to decrease jay foraging height, despite increased risk
from raptors. We tested the fit of this model using SAS protocols
and selected the formulation of the reticular action model to define
models. Starting values for the parameter estimates were determined
by using a combination of three methods: observed moments of variables, the McDonald method, and two-stage least squares. The estimation method for the model was maximum likelihood, and the
Levenberg-Marquardt algorithm was used to iterate solutions for optimization. The c2 for the absolute index was used to assess the fit of the
model, with P > 0.1 (with 4 df) as an indication of a good fit to the data.
Residuals met assumptions for multiple regression.

REFERENCES AND NOTES

RESEARCH ARTICLE

Greeney et al. Sci. Adv. 2015;1:e1500310

4 September 2015

54. M. E. Reiter, D. E. Andersen, Evidence of territoriality and species interactions from spatial
point-pattern analyses of subarctic-nesting geese. PLOS One 8, e81029 (2013).
55. D. S. Richardson, G. M. Bolen, A nesting association between semi-colonial Bullock’s orioles
and yellow-billed magpies: Evidence for the predator protection hypothesis. Behav. Ecol.
Sociobiol. 46, 373–380 (1999).
56. G. J. Robertson, Factors affecting nest site selection and nesting success in the common
eider Somateria mollissima. Ibis 137, 109–115 (1995).
57. F. Sergio, F. Rizzolli, L. Marchesi, P. Pedrini, The importance of interspecific interactions for
breeding-site selection: Peregrine falcons seek proximity to raven nests. Ecography 27,
818–826 (2004).
58. T. Slagsvold, Habitat selection in birds: On the presence of other bird species with special
regard to Turdus pilaris. J. Anim. Ecol. 49, 523–536 (1980).
59. A. Trnka, T. Grim, Dynamic risk assessment: Does a nearby breeding nest predator affect
nest defence of its potential victim? J. Ethol. 32, 103–110 (2014).
60. M. Ueta, Azure-winged Magpies, Cyanopica cyana, ‘parasitize’ nest defence provided by
Japanese lesser sparrowhawks, Accipiter gularis. Anim. Behav. 48, 871–874 (1994).
61. J. Veen, Functional and causal aspects of nest distribution in colonies of the sandwich tern
(Sterna s. sandvicencis Lath.). Behavior 20, 1–201 (1977).
62. N. T. Wheelwright, J. J. Lawler, J. H. Weinstein, Nest-site selection in Savannah sparrows:
Using gulls as scarecrows? Anim. Behav. 53, 197–208 (1997).
63. C. G. Wiklund, Increased breeding success for merlins Falco columbarius nesting among
colonies of fieldfares Turdus pilaris. Ibis 121, 109–111 (1979).
64. C. G. Wiklund, Fieldfare (Turdus pilaris) breeding success in relation to colony size, nest
position and association with merlins (Falco columbarius). Behav. Ecol. Sociobiol. 11,
165–172 (1982).
65. A. D. Young, R. D. Titman, Costs and benefits to red-breasted mergansers nesting in tern
and gull colonies. Can. J. Zool. 64, 2339–2343 (1986).
66. P. Beier, A. I. Tungbani, M. Brittingham, Nesting with the wasp Ropalidia cincta increases nest
success of red-cheeked cordonbleu (Uraeginthus bengalus) in Ghana. Auk 123, 1022–1037
(2006).
Acknowledgments: We thank D. Wilson, D. Jasper, and P. Dulce for logistical support in the
field. Funding: This work was supported by the U.S. Fish and Wildlife Service grant 201815J857,
the Hummingbird Monitoring Network, the Population Biology Foundation, and the American
Museum of Natural History Southwest Research Station. Author contributions: H.F.G., S.M.W., N.S.,
H.S., and M.R.M. designed data collection protocols. H.F.G. and S.M.W. proposed the original idea
for the paper. H.F.G. and L.A.D. designed the analyses and wrote the first full draft of the paper. N.S.
and C.E.H. contributed extensive revisions. L.A.D., H.F.G., and E.L.-M. performed statistical analyses
and created the figures. All authors contributed to field work. Competing interests: The authors
declare that they have no competing interests.
Submitted 3 April 2015
Accepted 1 July 2015
Published 4 September 2015
10.1126/sciadv.1500310
Citation: H. F. Greeney, M. R. Meneses, C. E. Hamilton, E. Lichter-Marck, R. W. Mannan,
N. Snyder, H. Snyder, S. M. Wethington, L. A. Dyer, Trait-mediated trophic cascade creates
enemy-free space for nesting hummingbirds. Sci. Adv. 1, e1500310 (2015).

5 of 5

Downloaded from http://advances.sciencemag.org/ on September 24, 2018

31. G. Blanco, J. L. Tella, Protective association and breeding advantages of choughs nesting in
Lesser kestrel colonies. Anim. Behav. 54, 335–342 (1997).
32. S. Blomqvist, M. Elander, King eider (Somateria spectabilis) nesting in association with longtailed skua (Stercorarius longicaudus). Arctic 41, 138–142 (1988).
33. G. Bogliani, F. Sergio, G. Tavecchia, Woodpigeons nesting in association with hobby
falcons: Advantages and choice rules. Anim. Behav. 57, 125–131 (1999).
34. D. Brearey, O. Hildén, Nesting and egg-predation by turnstones Arenaria interpres in land
colonies. Ornis Scand. 16, 283–292 (1985).
35. J. Burger, Grebes nesting in gull colonies: Protective associations and early warning. Am.
Nat. 123, 327–337 (1984).
36. A. Dyrcz, J. Witkowski, J. Okulewicz, Nesting of ‘timid’ waders in the vicinity of ‘bold’ ones
as an antipredator adaptation. Ibis 123, 542–545 (1981).
37. M. O. G. Eriksson, F. Götmark, Habitat selection: Do passerines nest in association with
lapwings Vanellus vanellus as defence against predators? Ornis Scand. 13, 189–192 (1982).
38. R. M. Erwin, Species interactions in a mixed colony of common terns (Sterna hirundo) and
black skimmers (Rynchops niger). Anim. Behav. 27, 1054–1062 (1979).
39. R. M. Evans, Oldsquaws nesting in association with Arctic terns at Churchill, Manitoba.
Wilson Bull. 82, 383–390 (1970).
40. E. Fuchs, Predation and anti-predator behaviour in a mixed colony of terns Sterna sp. and
black-headed gulls Larus ridibundus with special reference to the sandwich tern Sterna
sandvicensis. Ornis Scand. 8, 17–32 (1977).
41. R. Gerell, Habitat selection and nest predation in a common eider population in southern
Sweden. Ornis Scand. 16, 129–139 (1985).
42. F. Götmark, M. Ahlund, Nest predation and nest site selection among eiders Somateria
mollissima: The influence of gulls. Ibis 130, 111–123 (1988).
43. F. Götmark, M. Andersson, Breeding association between common gull Larus canus and
Arctic skua Stercorarius parasiticus. Ornis Scand. 11, 121–124 (1980).
44. M. J. Groom, Sand-colored nighthawks parasitize the antipredator behavior of three nesting bird species. Ecology 73, 785–793 (1992).
45. P. Halme, M. Häkkilä, E. Koskela, Do breeding Ural owls Strix uralensis protect ground nests
of birds?: An experiment using dummy nests. Wildl. Biol. 10, 145–148 (2004).
46. I. M. Jones, R. W. Butler, R. C. Ydenberg, Recent switch by the great blue heron Ardea
herodias fannini in the Pacific northwest to associative nesting with bald eagles (Haliaeetus
leucocephalus) to gain predator protection. Can. J. Zool. 91, 489–495 (2013).
47. T. Larsen, Influence of rodent density on nesting associations involving the bar-tailed godwit Limosa lapponica. Ibis 142, 476–481 (2000).
48. C. A. Lindell, Benefits and costs to plain-fronted thornbirds (Phacellodomus rufifrons) of
interactions with avian nest associates. Auk 113, 565–577 (1996).
49. K. Norrdahl, J. Suhonen, O. Hemminki, E. Korpimäki, Predator presence may benefit: Kestrels
protect curlew nests against nest predators. Oecologia 101, 105–109 (1995).
50. S. M. Pius, P. L. Leberg, Experimental assessment of the influence of gull-billed terns on
nest site choice of black skimmers. Condor 104, 174–177 (2002).
51. W. Post, C. A. Seals, Nesting associations of least bitterns and boat-tailed grackles. Condor
95, 139–144 (1993).
52. J. L. Quinn, Y. Kokorev, Trading-off risks from predators and from aggressive hosts. Behav.
Ecol. Sociobiol. 51, 455–460 (2002).
53. J. L. Quinn, J. Prop, Y. Kokorev, J. M. Black, Predator protection or similar habitat selection
in red-breasted goose nesting associations: Extremes along a continuum. Anim. Behav. 65,
297–307 (2003).

Trait-mediated trophic cascade creates enemy-free space for nesting hummingbirds
Harold F. Greeney, M. Rocio Meneses, Chris E. Hamilton, Eli Lichter-Marck, R. William Mannan, Noel Snyder, Helen Snyder,
Susan M. Wethington and Lee A. Dyer

Sci Adv 1 (8), e1500310.
DOI: 10.1126/sciadv.1500310

http://advances.sciencemag.org/content/1/8/e1500310

SUPPLEMENTARY
MATERIALS

http://advances.sciencemag.org/content/suppl/2015/09/01/1.8.e1500310.DC1

REFERENCES

This article cites 59 articles, 3 of which you can access for free
http://advances.sciencemag.org/content/1/8/e1500310#BIBL

PERMISSIONS

http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service
Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 New
York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive licensee American
Association for the Advancement of Science. No claim to original U.S. Government Works. The title Science Advances is a
registered trademark of AAAS.

Downloaded from http://advances.sciencemag.org/ on September 24, 2018

ARTICLE TOOLS

