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Foraging	Segrega+on	During	the	Breeding	&	Non-Breeding	
Seasons.	Stable	Isotope	Data	from	Primary	1	(colony	ave	
+/-		std	error)	&	Map	of	Major	Hawaiian	Petrel	Foraging	
Areas	(Wiley	et	al.	2013)	
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•  Foraging	segregaNon	among	populaNons	can	promote	their	coexistence.	
•  Preserving	foraging	diversity	might	be	criNcal	to	the	long-term	persistence		of	a	species,	
especially	in	the	face	of	changing	food	availability.	

•  In	the	absence	of	physical	barriers	to	dispersal,	Friesen	et	al.	2007	proposed	that	foraging	
segregaNon	may	lead	to	geneNc	divergence	in		wide-ranging	seabirds.	

Why	Foraging	Segrega+on	MaYers:	

Conclusions	

Feather	Isotope		
Data	Reveal	Differences	in		
Spa+al	Use	&	Niche	Width	

Study	Species:		
the	endangered		
Hawaiian	Petrel		

(Pterodroma		
sandwichensis)	

Exploring	Foraging		
Diversity	among	Gene+cally-	

Dis+nct	Breeding	Colonies	

A	Millennial-scale	Perspec+ve	on	Foraging	Segrega+on	&	
	its	Rela+onship	with	Gene+c	Divergence	

Dietary	&	Salt	Load	Differences	Inferred	from	
Stable	Hydrogen	Isotope	Analysis	

	 	 	We	find	evidence	that	inter-colony	foraging		
	 	 	differences	are:		

a)  strong	during	the	non-breeding	season	
b)  at	least	parNally	spaNal	
c)  persistent	through	many	generaNons	
d)  similar	to	observed	paZerns	of	geneNc	divergence	
…	all	observa+ons	consistent	with	the	hypothesis	of	gene+c	divergence	mediated	by	foraging	segrega+on.		
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Foraging	Segrega+on		
Throughout	Primary	Molt		
(Non-Breeding)	(ave	±	std	error)	

Adult	 Hatch-year	

H	Isotope	Values	in	Hawaiian	Petrel	Feathers	
	(Ostrom	et	al.	2014)	

Hatch-year	petrels	from	the	islands	of	Maui	and	Kauai	have	lower	H	
isotope	values	than	their	counterparts	from		
Hawaii	and	all	adults	(Bonferroni	pair-wise	comparison,	
	p<0.0001).	This	divergence	may	reflect		
relaNvely	high	consumpNon	of	fish	by		
Maui	and	Kauai	nestlings.	

12.8	mmol	Na/MJ																
Fish:	 Squid:	

Dietary	Salt	Load:	
(Green	&		
Gales	1990)	 26.5	mmol	Na/MJ																		

Lanai	Adults		(24	birds,	232	feathers)	

Maui	Adults	(24	birds,	228	feathers)	
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between birds from Hawaii and Lanai or between Maui and Kauai.
Mantel tests suggested that there was no relationship between genetic
isolation and geographic distance (P¼0.76). Results from MIGRATE

indicated migration rates of 0.467 to over 10 migrants per generation
(Supplementary Table 4). For seven of the twelve migration estimates,
the 95% confidence intervals overlapped with zero, but all intervals
also contained rates greater than 2 migrants per generation.

Microsatellite data set
A total of 232 individuals were genotyped for 18 microsatellite
loci and there was an average of 6.7 alleles per locus (Supplementary
Table 5). Expected heterozygosity ranged from 0.08 to 0.88, with an
average expected heterozygosity for each population between 0.57 and
0.62. Results from MICROCHECKER indicated that no locus exhibited
large-allele dropout, but two loci (Ptero06 and Ptero10) did display
evidence for the presence of null alleles. Examination of observed and
expected heterozygosities also indicated an excess of homozygotes.
Simultaneous estimation of the inbreeding coefficient and the null
allele frequency from INEST indicated that inbreeding was low and that
null allele frequencies ranged from 0.115 to 0.247 per population for
Ptero06, and from 0.125 to 0.252 for Ptero10. The Ptero10 locus was
previously found to contain a 38-bp deletion in some individuals
(Welch and Fleischer, 2011), and additional undetected insertions or
deletions could explain the relatively high incidence of null alleles.
Primers could not be redesigned for this locus because sufficient
flanking region was lacking. The cause of the observed excess of
homozygotes for the Ptero06 locus remains unclear. Regardless, both
loci were discarded from further analyses. No other loci deviated from
Hardy–Weinberg equilibrium after correction for multiple tests. Two
loci (Parm01 and RBG29) were found to be in linkage disequilibrium
after correction for multiple tests, therefore the Parm01 locus was also
discarded and a total of 15 loci were used in further analyses. These
data are deposited in the Dryad repository at http://dx.doi.org/
10.5061/dryad.1rk18128. Despite the removal of three loci, simula-
tions demonstrated that the microsatellite data set still contained
sufficient power to detect very weak population structure. Population
structure was detected with 100% accuracy for simulated populations
with an FSTof 0.005. Even when FSTwas decreased to 0.0025, structure
was correctly detected in 93% of simulations.
The microsatellite data set revealed patterns of differentiation

similar to those of the mitochondrial data set. Overall, statistically
significant differentiation was found (global FST¼0.019, Po0.001).
The highest values of FST occurred between Lanai and Maui (Table 3).
Estimates of G¢ST ranged from 0.015 to 0.057, and estimates of D
ranged from 0.022 to 0.060. Both were higher than FST, as expected
(Table 3), and all were significant after correction for multiple tests.
Again, mantel tests showed no significant relationship between genetic
and geographic distance (P¼0.94). Point estimates of migration rates

from the program MIGRATE ranged from 0.001 to about 8 migrants per
generation (Supplementary Table 6). Overall, 95% confidence inter-
vals were broad and ranged from 0 to about 5 migrants per generation
for most parameters.
Population structure was also investigated using a Bayesian cluster-

ing analysis. Initial runs with all individuals included in the analysis
and the number of clusters (K) set to 2 grouped individuals from
Hawaii and Lanai separately from individuals on Maui (Figure 3),
similar to the pattern suggested by the nuclear intron data set. Kauai
birds appeared to be an admixture of the two groups. With K¼3,
Hawaii and Lanai remained grouped together, but Kauai was sepa-
rated from that group as well as from Maui. Finally, with K¼4, birds
from each island formed separate groups, but individuals from Hawaii
still contained some admixture with the Lanai population. Under the
criteria of Evanno et al. (2005), the grouping K¼2 received the greatest
support (Supplementary Figure 1) as DK decreases substantially and
tends to level off for values beyond this. Even though it is not possible
to assess the level of support for the situation where K¼1 using the
Evanno criteria, the log probability of the data under this model was
much lower (109 units) compared with models where K¼2 and above.
Further, posterior probability was highest for K¼2, and effectively zero
for K¼1. While K¼4 also did not receive strong support under the
Evanno criteria in this initial analysis, it had the second highest log
probability, which was just 19 likelihood units smaller than K¼2.
As the Evanno method has been found to underestimate the

number of genetic clusters present when population structure is
weak (Waples and Gaggiotti, 2006), we conducted further analyses
by dividing the data set as suggested by the initial results for K¼2 and
analyzing these groups separately. In the analysis that included Hawaii,
Lanai and Kauai, the Evanno method gave high support for K¼3
(Supplementary Figure 2), and for the analysis including Maui and
Kauai, it gave high support for K¼2 (Supplementary Figure 3).
Investigation of the posterior probabilities concurred. Therefore,
overall the STRUCTURE analyses support the presence of a genetic cluster
corresponding to each island, similar to the FST results.

DISCUSSION
We conducted a population genetic study of the endangered Hawaiian
petrel using three data sets: sequences of the mitochondrial
Cytochrome b gene, sequences of three nuclear intron loci and

Table 3 Population differentiation for the microsatellite data set in
modern Hawaiian petrels

Hawaii Maui Lanai Kauai

Hawaii — 0.028a 0.030a 0.021a

Maui 0.016a — 0.057a 0.015a

Lanai 0.021a 0.033a — 0.046a

Kauai 0.010a 0.012a 0.027a —

Pairwise FST is shown below the diagonal and G¢ST is shown above.
aIndicates the estimate is significantly different from zero after correction for multiple tests.

Figure 3 Genetic ancestry of Hawaiian petrels as estimated by the program
STRUCTURE from the microsatellite data set using the admixed model with
correlated allele frequencies and sampling location as a prior. Top K (the
number of genetic clusters)¼2, middle K¼3 and bottom K¼4.
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Genetic ancestry vs. isotopic segregation in 
foraging (P1 data). Above: bayesian cluster 
analysis in STRUCTURE (microsatellite data), 
where K=2  (Welch et al. 2012). Left: see upper 
right panel for key & more information. 
	

•  Ancient:	Hawaii	&	Lanai	
significantly	differenNated	

from	Maui	(Tukey	HSD)	
		

•  Modern:	No	significant	
differences	between	

populaNons	

Bone	Collagen:	Foraging	Segrega+on	
through	Time	(Wiley	et	al.	2013)	

Maui	foraging	trip:	Chick-rearing	period	(Adams	&	Flora	2010)		

N=75	

Cita+ons	

Lanai	Kernel	Density	Plot	(90%):	Non-breeding	season		
(Van	Zandt	2012)		


