O 00 N o U b W

10
11
12
13

Ecological segregation of two superabundant, morphologically similar,

sister seabird taxa breeding in sympatry
Christopher W. Jones!®, Richard A. Phillips?, W. James Grecian® and Peter G. Ryan!
IFitzPatrick Institute of African Ornithology, DST-NRF Centre of Excellence, University of

Cape Town, Rondebosch, 7701, South Africa
*Corresponding author: chrisj22123@gmail.com

2 British Antarctic Survey, Natural Environment Research Council, High Cross, Madingley
Road, Cambridge CB3 OET, U.K.
3 Sea Mammal Research Unit, Scottish Oceans Institute, University of St Andrews, St
Andrews KY16 8LB, U.K.


mailto:chrisj22123@gmail.com

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

ABSTRACT

Prions Pachyptila are the most abundant seabirds in the Southern Ocean and comprise two
main groups: those with and without bill lamellae to filter zooplankton. With few exceptions,
each breeding location supports at most one species from each of these groups. However,
Gough Island supports two morphologically very similar, filter-feeding species: broad-billed
P. vittata and MacGillivray’s prions P. macgillivrayi. To understand how these two species
co-occur in sympatry, we compared the foraging ranges, habitat selectivity, trophic
segregation and moult schedules of these species using combined geolocation-immersion
loggers. After breeding, both species showed a well-defined westward migration prior to
moulting. Moult lasted 11 to 19 weeks and was significantly longer in MacGillivray’s than
broad-billed prions. Moulting birds occurred in specific areas within the Argentine Basin,
with little overlap between the two species. Habitat analysis revealed species-specific
preferences, in particular sea surface temperature. Activity patterns also differed,;
MacGillivray’s prions spent more time in flight, which indicates a more active foraging
strategy, relying less on filter feeding. Stable isotope ratios (6°N) in flight feathers were
greater in MacGillivray’s prion, which is consistent with its less specialized bill morphology
resulting in feeding at a higher trophic level. Inter-specific spatial segregation was observed
for most of the tracking period, in large part because broad-billed prions breed roughly 3
months earlier than MacGillivray’s prions. At Tristan da Cunha, 250 km farther north, where
only broad-billed prions breed, they departed, moulted and returned significantly later (15-17
days) than conspecifics from Gough Island, providing evidence for character displacement in

sympatry with MacGillivray’s prion.

Keywords: biologging, geolocation, character displacement, stable isotopes, moult,

allochrony, foraging ecology
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INTRODUCTION

Spatial segregation is a key factor to reduce competition for food among seabirds (Furness
and Birkhead 1984; Chesson 2000; Lewis et al. 2001). However, where there are few
breeding sites, the main drivers of interspecific ecological segregation in seabirds may be
differences in prey preferences, at-sea activity budgets or in the timing of breeding and
moulting (Cherel et al. 2016; Whitehead et al. 2016; Taylor and Friesen 2017). In large parts
of the Southern Ocean, there are very few islands where seabirds can breed. For example, in
the South Atlantic Ocean, Tristan da Cunha group (37°S) and Gough Island (40°S) are the
only islands between the Falklands (51°S) and tropical islands around 20°S (Trindade,
Martim Vaz, St Helena and Ascension). This makes the four islands of the Tristan-Gough
group the only breeding option for species foraging in temperate and sub-Antarctic waters in
the central South Atlantic Ocean. As a result, these temperate South Atlantic islands support
remarkable numbers of several seabird species, mainly Procellariiformes (petrels, shearwaters
and albatrosses) (Ryan 2007). The procellariiforms are among the longest ranging seabirds,
and have several adaptations that permit them to efficiently utilize distant foraging areas
(Phillips and Hamer 1999; Weimerskirch et al. 2000).

In birds, breeding, migration, and moult all increase energy demands. When no longer
restricted to operate as central-place foragers by breeding duties, many seabirds migrate to
more productive foraging zones in order to moult and build up body condition for the next
breeding attempt (Phillips et al. 2006; Grecian et al. 2016a). Resource availability and
decisions made during the non-breeding period therefore affect population dynamics,
including survival and subsequent breeding success (Grosbois and Thompson 2005;
Schroeder et al. 2009). However, information on the non-breeding period, including the
location and habitat characteristics of core foraging and moulting, and at-sea activity patterns
are lacking for many small species of seabirds.

The prions (Pachyptila spp.) are the most abundant seabirds in the Southern Ocean.
Their taxonomy is still debated, but most authorities recognise 6-7 species (Marchant and
Higgins 1990; Brooke 2004). They are similar in plumage and general structure, making
them very difficult to identify at sea (Onley and Scofield 2007; Shirihai 2007), and as a result
their foraging distributions are poorly known. The species differ mainly in bill structure,
which shows increasing specialisation from the narrow bills of the slender-billed prion P.
belcheri and the fairy prion complex P. turtur/crassirostris, to the broad, lamellae-fringed
bills adapted for filtering small crustaceans and other zooplankton, found in the so-called

‘whalebirds’ (Warham 1990). As such, the prions provide a useful group for investigating
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niche partitioning and community structure (Bretagnolle et al. 1990; Cherel et al. 2002;
Quillfeldt et al. 2013).

The seemingly unlikely finding that two very morphologically similar species of prion
co-exist in large numbers at the same breeding island (Ryan et al. 2014, Jones 2018) provides
the basis for this study. Generally, prions breeding in sympatry tend to differ in bill structure,
allowing them to occupy different niches by reducing dietary overlap. For example, at islands
around New Zealand, broad-billed prions P. vittata (bill width: 20-24.5 mm) breed
sympatrically with fairy prions (bill width: 10-12 mm). Similarly at the Prince Edward and
Crozet island groups, there are breeding Salvin’s prion P. salvini (bill width: 14-19 mm) and
fairy prions (Bretagnolle et al. 1990; Marchant and Higgins 1990). Until recently, the only
island group where two species of whalebirds (i.e. prions with filtering lamellae) were known
to breed was the Crozet Islands, where small numbers of Antarctic prions P. desolata (bill
width: 12-16 mm) breed alongside much larger numbers of Salvin’s prions (Bretagnolle et al.
1990). Antarctic Prions also breed with slender-billed prions (bill width: 9-12 mm) at the
Kerguelen archipelago (Quillfeldt et al. 2015b; Cherel et al. 2016), and in both cases there is
allochrony, i.e., temporal segregation in the time of breeding and moult (Bretagnolle et al.
1990; Cherel et al. 2016). Thus the co-occurrence of hundreds of thousands of breeding
broad-billed and MacGillivray’s P. macgillivrayi (bill width: 15.5-20.5 mm) prions at Gough
Island (Birdlife International 2017) is unusual and begs further investigation.

Recent technological advances have reduced the size, mass and cost of bird-borne
dataloggers, allowing an increasing number of studies to examine the spatial distribution and
activity patterns of the smaller petrels (Procellariidae), including prions (Navarro et al. 2013;
2015; Quillfeldt et al. 2013; 2015a; 2015b; Cherel et al. 2016; Grecian et al. 2016b).
Geolocation and feather stable isotope data from previous studies in the southwest Atlantic
have found evidence for spatial segregation among seabirds (Cherel et al. 2006; Quillfeldt et
al. 2008; Quillfeldt et al. 2013; Cherel et al. 2014; Phillips et al. 2009). The two prion species
breeding in sympatry at the Kerguelen archipelago are similar in size and possibly certain
feeding methods (Cherel et al. 2002) and segregate at large spatial scales during the non-
breeding period (Quillfeldt et al. 2015b; Cherel et al. 2016). However, the two prion species
that breed sympatrically on Gough Island are more similar morphologically than other prion
species compared in previous tracking studies, and the degree of niche segregation is
unknown.

We examine the factors that may explain how two closely-related and

morphologically-similar prion species are able breed in sympatry at high densities. We
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deployed geolocators (Global Location Sensor or GLS loggers) and sampled feathers to
investigate the movements, activity patterns (time spent in flight and on the water), habitat
preferences and isotopic niche of the two species in sympatry, and compared these data with
birds from Tristan da Cunha, 250 km farther north, where only broad-billed prions breed
(Ryan et al. 2014). We also report differences in bill morphology between the two species,
given the implications for prey selection and hence trophic level. The comparison between
the two species is pertinent for understanding niche partitioning and ecological segregation
between abundant, closely related seabirds.

METHODS

Fieldwork was carried out at the main island of Tristan da Cunha (hereafter Tristan; 37.07°S;
12.32°W) and Nightingale Island (approx. 30 km to the south-southwest) where only broad-
billed prions breed, and at Gough Island (40.32°S; 9.94°W) where broad-billed and
MacGillivray’s prions breed sympatrically. Breeding is highly synchronous within species,
but MacGillivray’s prions breeds c. 3 months later; broad-billed prions lay from late August
to early September and chicks fledge in December, whereas MacGillivray’s prions lay from
late November to early December and chicks fledge in February-March (Ryan et al. 2014).
Both species return to their nest sites after breeding, around February-March for broad-billed
prions (Ryan 2007) and July-August for MacGillivray’s prions (Jones 2018). Information on
their moult phenology of prions is scarce (Marchant and Higgins 1990). Adult prions undergo
a complete moult of their flight feathers, but the timing of moult within the non-breeding
period varies among species. Most species have a rapid moult shortly after breeding, which is
associated with a period of reduced flight activity (Cherel et al. 2016). Primary feathers are
replaced from the innermost (P1) to the outermost (P10) (Bridge 2006), with up to 4 inner
primaries and 2-3outer primaries replaced at the same time (PGR unpubl data). Observations
of adults in fresh plumage when they return to the colony a few months after breeding
indicate that broad-billed prions replace all primary, secondary and tail feathers during the
initial post-breeding exodus (Ryan 2007).

In order to investigate the relationships between trophic level, other aspects of
foraging strategies and bill morphology, the number of palatal lamellae was counted with a
dissecting microscope from birds killed by brown skuas Catharacta antarctica on Gough
Island, and compared with Salvin’s prions from Marion Island. Bill width and culmen length

were measured using Vernier callipers to the nearest 0.1 mm (following Ryan et al. 2014).
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Geolocators

Combined geolocator-immersion loggers (model C65; Migrate Technology Ltd., Cambridge)
weighing approximately 1 g (< 1% of the average body mass for both species, ~150-230 g)
were deployed on a plastic leg ring, and a numbered steel ring was put on the other leg. At
Gough Island, loggers were deployed on 18 broad-billed prions breeding in burrows at 250 m
above sea level and in a small cave in the sea cliffs near the meteorological station from 19-
21 September 2014. Fifteen MacGillivray’s prions breeding in ‘Prion Cave’ (50 m elevation)
were tagged during incubation from 25 November—3 December 2014. At Tristan, loggers
were deployed on 15 broad-billed prions attending chicks in a cave accessible only from the
sea under the Hillpiece on 4 November 2014. Birds were captured by hand, their nests
marked and only on Gough Island was breeding performance monitored in conjunction with a
sample of control nests (birds not equipped with loggers). Breeding sites were revisited and
most devices retrieved in the following breeding season, with some loggers from
MacGillivray’s prion being retrieved prematurely during their pre-breeding return and thus

were not tracked for a whole year (Table 1).

Stable isotope analysis

Small portions of primary feathers were collected from logger-equipped birds at recapture in
2015. In addition, feather samples were collected in September-October 2013 from 24 birds
of each species found dead on Gough Island, and from 20 broad-billed prions found dead on
Nightingale Island. These were fully grown (i.e. not fledglings), killed by skuas before or
during the breeding season. In each case, approximately 10 mm was cut from the tip of
primary feather P1 (GLS birds) or P2 (dead birds), and similar-sized sections of the basal part
of the inner vane of primaries P5 and P9 were collected in order to gather sequential isotopic
information over primary moult. Only P1 was collected from one of the individuals from
which a logger was retrieved at Tristan. Feather samples were placed in plastic bags and
stored frozen until analysis.

Feather sample preparation and isotopic analysis were performed at the Stable Light
Isotope Unit, University of Cape Town, South Africa. Each feather sample was cleaned of
surface lipids and contaminants using 2:1 chloroform: methanol solution for 2 min followed
by two successive methanol rinses and then by two distilled water rinses (a few seconds each
rinse). Feather samples were then oven dried at 40°C for 48 hours and homogenized by
cutting into small fragments. Sub-samples (~0.4 mg) were weighed in tin cups with a micro

balance (Sartorius M2P). Carbon and nitrogen isotope ratios were determined using
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established methods, by combusting samples in a Flash 2000 organic elemental analyzer and
passing gasses through a Delta V Plus isotope ratio mass spectrometer via a Conflo IV gas
control unit (Thermo Scientific). Conventional notation was used when expressing isotopic
signatures (6X = [Rsample/Rstandard) — 1] X 1000) where X is 13C or °N, R is the corresponding
ratio 13C/*2C or >N/*N and Rstandara is Vienna Pee-Dee Belemnite and atmospheric N2 for
o'3C and §%°N, respectively. Replicate measures of internal laboratory standards were used to
correct for any instrument error. Indicated measurement errors (£ 1 SD) of standards were as
follows: Merck gel - §3C = 0.17%o, 6*°N = 0.07%o, valine - 5*3C =0.18%o, §°N =0.11%o and
seal bone - 5*3C = 0.19%o, 6°N = 0.06%o. Internal laboratory standards used for replicate

measurement were calibrated against International Atomic Energy Agency standards.

Data processing and analysis

Tracking data covered the period September 2014 to September 2015 for broad-billed prions
and December 2014 to November 2015 for MacGillivray’s prions (i.e. one annual cycle per
species). Geolocators provide two position estimates per day based on light levels; positions
have an associated error of approximately 186 + 114 km (Phillips et al. 2004). Light data
were processed using Intiproc v1.03 software (Migrate Technology Ltd.) by checking for the
integrity of light curves and marking dawn and dusk times; latitude was estimated from day
length and longitude from the time of local mid-day relative to Greenwich Mean Time. A sun
elevation angle of -6° was used, based on positions obtained during calibration of the loggers
at the colony before and after each deployment. All estimated locations were examined in
QGIS v3.6 (Free Software Foundation, Boston) and any erroneous positions, either associated
with interference to light curves at dawn or dusk, or within 2-3 weeks of the equinoxes when
latitudes are unreliable, were excluded from further analyses. The unfiltered data were used
to obtain information about longitudinal movements, as return migration in some individuals
occurred around the equinoxes. After processing, 7011 and 4128 locations were retained for
broad-billed and MacGillivray’s prions, respectively (approximately 80% of the original
location estimates).

The loggers tested for saltwater immersion every 6 s. The number of positive tests
was recorded for each 5-min period, providing a value that ranged from 0 (continuously dry)
to 50 (continuously wet). Each 5-min period was categorised as daylight or darkness using
sunset and sunrise times estimated from the thresholds in light curves recorded by the logger.
Using established methods (Phillips et al. 2007b; Catry et al. 2009; Grecian et al. 2016b), the
activity data were integrated with a custom script using R v. 3.5.0 (R Core Team 2018) that
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provided summaries of the daily proportion of time spent flying during daylight and darkness,
and the total time spent per day (consecutive light and dark period) in flight and on the water.
The duration and number of flight bouts per day were also calculated; where flight bouts
were defined as any continuous sequence of 5-min periods in which the logger was
completely dry (i.e. 0 values). This method is likely to underestimate the number of flight
bouts, as birds may engage in several short flights within 5 minutes. However, Phalan et al.
(2007) found a close correlation between number of bouts derived from lower and higher
resolution loggers, indicating that bouts are adequate as proxies of activity

Prions are sexually monomorphic and feeding behaviour is not linked to sex
(Quillfeldt et al. 2013; Cherel et al. 2016), so data from males and females were pooled. Data
were split into breeding, non-breeding and pre-laying exodus periods (Table 2). The non-
breeding period was considered to be the period from the date that an individual moved > 500
km from the colony with a clear pattern of outward movement, to the first date that an
individual spent in a nesting burrow upon returning to the breeding colony, based on light and
activity data (Grecian et al. 2016b). The pre-laying exodus was defined as the time between
the last day in a burrow during the pre-breeding occupation of burrows and the first day in a
burrow prior to laying. The non-breeding period was divided into moulting and non-moulting
periods based on immersion data. Prions have reduced flight ability during moult, and start
and end dates of moult for each tracked individual were determined from the marked
decrease in flight activity at its onset, and the sharp increase when moult presumably was
more or less complete (Cherel et al. 2016). At-sea activity characteristics were compared
between species and between daylight and darkness (Table S1).

Foraging distributions were inferred from 90% (general use) and 50% (core)
utilization distributions (UDs) for each individual using kernel analysis with a fixed
smoothing parameter of 200 km (Phillips et al. 2006). UDs were also generated at the species
level for various stages of the annual cycle (breeding, moulting, non-moulting, pre-laying
exodus, etc.). Kernel analyses were performed in a Lambert equal-area azimuthal projection
centred on the core range (45°S and 20°W) using QGIS v3.6 and the Heatmap plugin.
Overlap in monthly foraging distribution between species was estimated using
Bhattacharyya’s affinity (BA) where 0 equates to no overlap and 1 to complete overlap in
UDs. We estimated a null distribution of BA values by randomly reassigning species among
the tracked individuals 10000 times and calculated p-values as the proportion of random
assignment BA values that were smaller than the observed BA estimate. To test the degree of

spatial overlap in the absence of allochrony we repeated this process with a three month lag.
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Environmental data

Habitat analysis followed the methods described by Grecian et al. (2016b). Bathymetry data
were extracted at 1 minute resolution from the ETOPOL1 database (Amante and Eakins 2009)
and global monthly chlorophyll a (CHL) and monthly sea surface temperature (SST, 11 p
night-time) composite data at 4 km? resolution were extracted from the MODIS instrument

on the Aqua (EOS PM) satellite (http://oceancolor.gsfc.nasa.gov/). Distance to seamounts

was determined using the Global Seamount Database (Wessel 2001). Distance to breeding
colony was also included as preference is a function of availability (Matthiopoulos 2003). All
data were projected in a custom Lambert Azimuthal Equal Area projection centred on 45°S
and 20°W.

An availability approach was used to examine habitat preference, which compared
presences (from the geolocation data) with pseudo-absences generated randomly from across
the species range at a 5:1 absence to presence ratio. To incorporate the error associated with
geolocation, 50 random points were generated around each presence or pseudo-absence from
a bivariate Gaussian distribution with a mean and standard deviation that approximated
geolocation error (Phillips et al. 2004). The mean of each environmental variable from the 50
random points was used in subsequent analyses (Grecian et al. 2016b). The relationship
between prion presence-absence and environmental covariates was examined using binomial
generalized additive mixed models (GAMMSs) fitted with the package mgcv (Wood 2006) in
R v. 3.5.0 (R Core Team 2018). Model estimates were assessed on the exponential scale due
to the use of pseudo-absences (Boyce & McDonald 1999). Distance to colony, depth, SST,
CHL and distance to seamount were included as covariates in the global model, and cubic
regression splines fitted with a maximum of 5 knots; superfluous knots were penalized during
model fitting. CHL was log;, transformed prior to inclusion. An individual-level random
effect was included as a spline term (Pedersen et al. 2019). Each covariate was first fitted
with species as an interaction, and then compared against a model without the species
interaction. Model selection was based on Akaike’s Information Criterion (AIC), with species
interaction dropped if its inclusion did not improve the model by more than 2 AAIC relative
to the lowest AIC. Variance inflation factors revealed no multicollinearity between covariates
(VIFs < 3) and variograms of model residuals did not reveal any problems with spatial

autocorrelation in final models.


http://oceancolor.gsfc.nasa.gov/

275
276
277
278
279
280
281
282
283
284
285
286
287

288

Statistical Analysis

Data on timing of movements, activity patterns and stable isotope ratios were all normally distributed and parametric tests were used. Univariate

statistical tests were conducted using XLSTAT v2018.1 (Addinsoft SARL, Paris). Data are shown as means £ SD unless otherwise indicated.

RESULTS

Thirteen devices (39%) were recovered from broad-billed prions: 9 from Gough (50% of those deployed) and 4 from Tristan (27%), and 8

devices (53%) were recovered from MacGillivray’s prions at Gough (Table 1). Hatching success in 2014 of equipped birds at Gough Island

(46% overall; 7 of 15 MacGillivray’s prions and 8 of 18 broad-billed prions) was similar to control birds (41%, n=44 MacGillivray’s prions). No

chicks fledged from any study nests on Gough Island due to predation by introduced house mice Mus musculus (Dilley et al. 2015). No data on

breeding performance was available at Tristan because the study site was very difficult to access.

Table 1 Details of geolocator-immersion logger deployments, recovery rates and feather sampling of broad-billed and Macgillivray’s prions at

Tristan da Cunha and Gough Island from 2013 to 2015. Some Macgillivray’s prions were recaptured before the pre-laying exodus

Loggers Tracks Primary feathers collected
Deployed Retrieved Breeding Moult Non-Breeding Pre-laying Tracked Untracked
Species n n (%) n n n n n n
Broad-billed prion (Tristan) 12 4 (33) 4 4 4 4 4 20
Broad-billed prion (Gough) 18 9 (50) 9 9 9 9 9 24
Macgillivray’s prion 15 8 (53) 8 8 8 3 8 24
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Breeding and migration schedule

The annual cycle of the equipped birds was in accordance with the known breeding and
migration schedules of the two species (Table 2). Post-breeding departure dates of adult
broad-billed prions were from late October to November, and arrival was in July. Birds from
Tristan departed and returned on average 15 and 17 days later, respectively, than conspecifics
at Gough Island. MacGillivray’s prions left the colony in late January to early February, on
average 91 days later than broad-billed prions from Gough Island. Breeding failure of all
equipped individuals from Gough Island is likely to have advanced their departure date from
the colony. Both species returned to burrows, or, in one case, at least to waters around the
colony, for short periods in the immediate post-breeding period. Prolonged dark periods in
the light data indicate that 12 of 13 broad-billed prions spent 1-7 days in burrows at the
colony from 2 February to 18 March at Gough Island and 27 February to 10 April at Tristan.
One broad-billed prion from Gough Island apparently did not spend a day ashore in a burrow
but did return to the vicinity of the island, possibly coming ashore at night. All eight
MacGillivray’s prions spent 1-7 days in burrows from 30 June to 16 September. The length
of the non-breeding period did not differ significantly between species or populations (Table
2). After returning to their respective colonies, all three MacGillivray’s prions that were
tracked for a year, and 12 of 13 (92%) broad-billed prions that returned to breed in 2015,
engaged in a pre-laying exodus. Broad-billed prions from Tristan returned to the colony and
started their pre-laying trip significantly later than conspecifics from Gough Island; however
the onset of breeding did not differ because the birds from Tristan had shorter pre-laying trips
(Table 2). The length of the pre-laying exodus did not differ significantly between
MacGillivray’s and broad-billed prions from Tristan, although this may be an artefact of the

small sample size for MacGillivray’s prions.



314  Table 2 Summary of the main features of the annual cycle of broad-billed (BBP) and
315  MacGillivray’s prions (MP) tracked from Gough and Tristan da Cunha in 2014-2015. Values

316  are means = SD. Values not sharing the same superscript letter are significantly different at p

317 < 0.05 (ANOVA, posthoc Tukey’s HSD multiple comparison tests)

318
BBP Gough BBP Tristan MP Gough ANOVA results
Non-breeding period n=9 n=4 n=8
Departure date 29 Oct 2014 +11* 13 Nov 2014 + 10° 28 Jan 2015 + 7¢ F., 186=203.1, p<0.001

Return date

10 Jul 2015 = 72

27 Jul 2015 + 17°

12 Oct 2015 + 8°

F2 18=211.0, p<0.001

Duration (days) 254 + 15 256 + 23 257 £ 15 F2,1s=0.08, p=0.924
Total distance (km) 36872 + 3238 37833 £ 6411 41679 = 8930 F2, 18=1.1, p=0.352
Max. distance from colony (km) 2957 + 396° 3126 + 254 3468 + 87° F, 18=6.7, p=0.007
Travel speed (km.day™?) 145 + 13 147 + 12 161+ 25 F2 1s=1.8, p=0.199
Moulting period n=9 n=4 n=8

Start date

End date

09 Nov 2014 + 42
12 Feb 2015 + 112

27 Nov 2014 + 10°
03 Mar 2015 + 4b

04 Feb 2015 + 7¢
30 May 2015 + 13°

F2, 18=400.7, p<0.001
Fo, 18=212.5, p<0.001

Duration (days) 95+ 8 96 + 82 115+ 10 F2, 1s=11.4, p=0.001
Latitude centroid (S°) 39.4+0.8% 40.3+0.32 446 +0.8° F2 15=108.9, p<0.001
Longitude centroid (W°) 25.4 +19.8° 36.5+5.4% 432+25° F, 18=3.8, p=0.043
Post-moult colony visit n=9 n=4 n=8

Return date

Departure date

22 Feb 2015 + 152

11 Mar 2015 + 142

10 Mar 2015 + 112
30 Mar 2015 + 152

23 Jul 2015 + 16
31 Aug 2015 + 14

F2, 186=250.3, p<0.001
F2, 18=352.3, p<0.001

Total duration (days) 17+19 20+ 18 40+ 24 F2,18=2.7, p=0.094
Time in burrow (days) 3+3 3+2 5+2 F2, 1s=1.4, p=0.268
Pre-breeding period n=8 n=4 n=3

Pre-breeding arrival date

Pre-laying exodus departure

In burrow (days)

Pre-lay exodus duration (days)

Return from pre-laying exodus

10 Jul 2015 + 72
28 Aug 2015 + 9°
4+3
30 + 16°

01 Sep 2015 + 92

27 Jul 2015 + 17°
21 Aug 2015 + 7°
6+2
18 + 4%

08 Sep 2015+ 72

12 Oct 2015 + &°
04 Nov 2015 + 2¢
6£5
21+6°

26 Nov 2015 + 3°

F2,15=211.0, p<0.001
F2, 12=190.7, p<0.001
F2, 13=1.1, p=0.350
F2,13=4.6, p=0.032

F2, 13=128.9, p<0.001
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Spatial distribution

The two species showed a high degree of spatial segregation at sea, with the observed BA
being significantly lower than the null expectation for most months of the year (Fig. S1,
Table 3). Overlap was highest in June and October (BA =0.66, p = 0.05and BA=0.77,p =
0.09, respectively). June is when MacGillivray’s prions have completed moult and are
returning to the colony and broad-billed prions depart the colony after their short post-moult
visit. October is when both species are near their breeding colonies during the pre-breeding or
breeding phases (Table 3). However, there was less evidence of spatial segregation when
distributions were compared in the absence of temporal segregation; the observed BA was
significantly higher than the null expectation for most months (Fig. 1, Table 3). This
indicates that the two species would overlap in space for most of their annual cycles if they
did not segregate their annual phenology.

Breeding period

Both species mostly remained within 1000-1500 km of their colonies during their breeding
seasons. Breeding broad-billed prions mostly remained in the vicinity of Tristan da Cunha
and Gough Island or foraged in sub-tropical waters north-east of the islands toward South
Africa, whereas MacGillivray’s prions tended to forage farther south in sub-Antarctic waters.

However, in the absence of temporal segregation, spatial overlap was high (Fig. 1).

Non-breeding period

Both species showed a well-defined outward migration (the period between departure from
the colony and the start of moult), lasting 11 + 9 days for broad-billed prions and 7 + 7 days
for MacGillivray’s prions. All individuals of both species migrated west, except one broad-
billed prion from Gough Island which migrated southeast. The ranges of two species largely
overlapped in the absence of temporal segregation (Fig. 1), although MacGillivray’s prions
moved farther west and marginally farther south than broad-billed prions (Fig. 1). Neither
species displayed a rapid, directed return migration to their breeding ground in late winter,

instead returning to the vicinity of the breeding islands over several weeks.
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Fig. 1 Utilisation distributions (UDs) of broad-billed (BBP, blue) and MacGillivray’s prions
(MP, red) tracked in 2014/15 during the breeding, non-breeding and moult periods in relation
to the Sub-tropical Front (dashed line) and Antarctic Polar Front (solid line). The solid fill is
the 50% UD (core area), and the outer polygons are the 90% UD (area of general use). Purple
and green shades are the species overlap at the 90% and 50% UD, respectively. Yellow star =

Tristan da Cunha; green star = Gough Island
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Table 3 Estimated monthly spatial overlap (Bhattacharyya’s affinity, BA) in kernel
utilisation distributions between broad-billed and MacGillivray’s prions tracked using
geolocators from Tristan da Cunha and Gough Island in 2014 to 2015, showing both the
observed overlap, and the overlap if there were no difference in the timing of the annual cycle
(broad-billed prions lagged by 3 months). P: the proportion of randomised overlaps that were

smaller than the observed overlap

Month Observed spatial overlap Lagged spatial overlap
BA P BA P
January 0.295 0 0.231 0
February 0.446 0 0.339 0
March 0 0 0.348 0.03
April 0.212 0 0.719 0.722
May 0.640 0.005 0.712 0.991
June 0.660 0.049 0.534 0.183
July 0.267 0 0.751 0.894
August 0.517 0 0.390 0.518
September 0.336 0 0.531 0.973
October 0.772 0.091 0.458 0.316
November 0.475 0.001 0.411 0
December 0.162 0 0.368 0.098

Timing and location of moult

Throughout the tracking period, broad-billed prions spent 43.2 £ 5.5% and MacGillivray’s
prions 46.1 + 5.1% of time in flight per day. However, in the early post-breeding period, both
species showed a sharp decline in the proportion of each day spent in flight, presumably
coinciding with the onset of primary moult (Fig. 2). During moult, the proportion of time in
flight per day decreased to 19.7 + 3.0% and 23.5 £ 4.7% for broad-billed and MacGillivray’s
prions, respectively. The duration of moult was similar for broad-billed prions from Gough
Island (95 + 8 days) and Tristan (96 + 8 days), but the former started moult 2.5 weeks earlier
(9 November = 4 days vs. 27 November + 10 days; Table 2). MacGillivray’s prions started
moult 2-3 months later (4 February £ 7 days), and took on average 20 days longer (115 + 10

days, Table 2). Broad-billed prions reoccupied burrows 8 £ 8 days after moult ended,
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whereas MacGillivray’s prions spent substantially more time at sea before they returned to
their nests for the non-breeding season visit (53 + 12 days).

Broad-billed prions moulted mostly in subtropical waters, whereas MacGillivray’s
prions moulted farther south and west in sub-Antarctic waters (Fig. 1, Table 2). Spatial
segregation was more pronounced during moult than the remainder of the non-breeding
period (Fig. 1).
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Fig. 2 Time spent in flight (%) over the annual cycle based on immersion data from broad-
billed prions from Tristan (green) and Gough (blue), and MacGillivray’s prions (red) tracked

in 2014 to 2015. Trend line is the 7-day running average. Values are daily means + SD
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Activity patterns

There were no significant differences in activity patterns between broad-billed prions tracked
from Gough Island and Tristan (Table S1). During the breeding period, MacGillivray’s
prions spent a greater proportion of time in flight overall (Table S1) and significantly more
time flying (13.5 + 1.0 h) than sitting on the water (10.5 £ 1.0 h; t-test t14=6.4, p<0.001),
whereas broad-billed prions spent equal time flying (11.9 = 1.5 h) and on the water (12.1 +
1.5 h; t-test, t2,=-0.6, p=0.524). However, the mean number of flight bouts per day or average
bout duration did not differ significantly between the two species (Table S1). Both species
spent proportionately similar time in flight during daylight and darkness (Table S1; t-test,
BBP: t»»=-1.9, p=0.069; MP: t14=-2.0, p=0.075).

During the non-breeding period, there were few inter-specific differences in time on
the water, and only flight time and number of flight bouts during the day were significantly
higher in MacGillivray’s prions than broad-billed prions (Table S1). This pattern was
broadly mirrored in the moult period, which represented ~35% of the non-breeding period
(Tables 2 and S1). The decrease in flight time during moult was apparent during daylight
and at night, but unlike in the breeding and non-moulting periods, both species appeared to
spend proportionately more time on the water at night (Table S1). After moulting there were
greater activity differences between the species; MacGillivray’s prions spent more time in
flight (overall, and in daylight and night) mainly due to a greater number of flight bouts,
because flight bout duration did not differ significantly. Activity patterns in general were also
broadly similar to those exhibited during the breeding period (Table S1).

Activity patterns of broad-billed prions did not change significantly from the post-
moult non-breeding period to the pre-laying exodus and breeding periods (ANOVA, F (s, s8)
=65.9, p=0.194). There were too few data for MacGillivray’s prions (n=3) to make a
meaningful comparison between the two species. Nonetheless, none of the activity
parameters differed significantly between the two species during this period (Table S1). The
few MacGillivray’s prions sampled spent significantly less time in flight compared to
breeding and post-moult non-breeding periods (ANOVA, F @, 30) =73.9, p<0.001).

Stable isotope ratios and bill morphology

Isotopic data were obtained from 262 primary feathers from 88 individuals: 58 primaries
from 21 tracked birds and 204 measurements from 68 other birds (Table S2). Considering the
respective timing of moult for each species (see Table 2), P1 from MacGillivray’s prions and

P9 from broad-billed prions are replaced at roughly the same time (February). There was no
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significant difference between ¢*3C and ¢*°N in P1 in MacGillivray’s prions and P9 in broad-
billed prions, in either the tracked or dead birds. There was a significant difference between
dead birds sampled in 2013 and tracked birds sampled in 2015 in ¢*3C for P5 in both species
(t-test, BBP: t17=-2.6, p=0.037; MP: t14=3.4, p<0.001) and P1/P2 in broad-billed prions (t2s=-
4.4, p<0.001). No differences were observed in 6*°N values between tracked birds and dead
adults in either species (all p>0.05). Variability was low when comparing broad-billed prions
from Nightingale and Gough Island (Table S2; Fig. 3). In addition, there was no significant
difference in the 615N values of feathers from equipped and control birds (killed by skuas)
(Table S2). P1/2 and P5 of MacGillivray’s prions had consistently higher 5*°N than those of
broad-billed prions (Table S2; Fig. 3). Both species replaced primaries in subtropical to sub-
Antarctic waters, characterised by 6*3C values between -19%o to -16%o, which agrees with the
tracking data (Phillips et al. 2009).

The number of palatal lamellae was significantly greater in broad-billed prions than
MacGillivray’s prions, and lowest in Salvin’s prions (Table S3), with the number of lamellae

increasing with bill width and culmen length (Fig. S2).
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Fig. 3 Stable isotope ratios §**C and 5'°N in primary feathers (P1/2, P5, P9) of broad-billed
prions from Gough (blue), Tristan/Nightingale (green) and MacGillivray’s prions (red) that
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were tracked in 2015 (top row) and dead prions collected in 2013 (bottom row). Dots are
individuals and squares with whiskers are group means x SD for each species (top row) and

population (bottom row)

Habitat preferences

Habitat preferences during the non-breeding season differed between MacGillivray’s and
broad-billed prions; the top-ranking model retained a species interaction for distance from the
breeding colony, chlorophyll a, distance to seamount and sea surface temperature, but not for
water depth (Table S4). Both species showed a preference for waters around 5000 m deep
(Fig. 4), and utilised areas within 1000 km from the breeding colonies and around 2500 km
from the breeding colonies. Both species showed a preference for areas of increased
productivity, but MacGillivray’s were less likely to occur in areas of low CHL. Neither
species showed a preference for waters close to seamounts, but MacGillivray’s were more
likely than broad-billed prions to occur further from seamounts. Broad-billed prions tended to
occur in waters of intermediate temperatures (10-20°C), while MacGillivray’s prions showed

a preference for cooler waters (<10°C) and warmer waters (>20°C).
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Discussion

Gough Island is seemingly unique in having two highly abundant, morphologically very
similar prion species breeding together in similar proportions (Jones 2018). By combining
tracking and stable isotope analyses we revealed the foraging strategies and ecological
segregation of these prion species across different stages of their annual cycles. In addition,
the analysis of activity data provided novel insights into the timing of moult. The relatively
low logger recovery rate was attributable to a combination of complex burrow structure,
which made it difficult to locate and access nest chambers at Gough, and logistical
constraints that restricted the number of visits to the study site at Tristan da Cunha. However,
sample sizes were nevertheless similar to tracking studies of this type (Phillips et al. 2007b;
Navarro et al. 2013; 2015; Quillfeldt et al. 2013). The logger weighed <1% of body mass,
which is well below the level (c. 3%) generally thought to affect flight ability (Phillips et al.
2003; Bodey et al. 2018). It is unlikely therefore that the behaviour of tracked individuals was
compromised. Moreover, the similarity in feather isotope ratios of the tracked birds and a
larger sample of birds sampled opportunistically (including in other years) indicate that
tracked birds used the same water masses and maintained a similar diet during the moulting
period as the wider population.

The tracked prions showed periods of marked reduction in flight activity, consistent
with intense flight feather moult. Cherel et al. (2016) confirmed moult took place in the
immediate post-breeding period in blue petrels Halobaena caerulea by matching at-sea
activity data with observations of birds at colonies with fresh flight feathers, and
subsequently inferred the timing of moult using activity data for Antarctic P. desolata and
thin-billed prions. P. belcheri also undergoes a rapid post-breeding moult, but Antarctic
prions migrate initially to sub-tropical waters and then have a more protracted moult which
ends just before they return to their colonies. Neither species returns to the colony during the
non-breeding period, and therefore only the blue petrel has a schedule similar to broad-billed
and MacGillivray’s prions.

Non-breeding MacGillivray’s prions mainly occurred far west of Gough Island within
the Argentine Basin in sub-Antarctic and mixed sub-Antarctic and sub-tropical waters
between the Antarctic Polar Front (APF) and the Sub-tropical Convergence (STC). Zones
within this oceanic region are productive because of eddies created where the warm waters of
the south-flowing Brazil Current meet the northern extent of the Falklands Current (Phillips
et al. 2007b; Baylis et al. 2019). In contrast, broad-billed prions occupied waters to the north

and east of the core range of MacGillivray’s prions, north of the sub-tropical convergence.
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The tracked broad-billed prions had a wider longitudinal range than MacGillivray’s prions,
showing some movement to the south-east Atlantic, to broadly the same productive area used
by other seabird species in previous tracking studies (Quillfeldt et al. 2013; 2015a; Cherel et
al. 2016).

Analysis of the GLS light data indicated broad-billed prions from Tristan departed
from and arrived at the breeding colony significantly later than conspecifics at Gough Island.
The departure of broad-billed prions from Gough Island is close in timing with the return of
MacGillivray’s prions at the start of their breeding season, and hence there is little overlap at
the colony. This high degree of allochrony could be a result of character displacement, a
characteristic seen in sister species in seabird communities at other sites (Brown et al. 2015;
Taylor and Friesen 2017). Similar differences exist in the timing of all activities between the
two populations, at every stage of the annual cycle and not only the start and end of breeding
(Table 2). Although there was a high degree of spatial segregation at sea between the two
species, this was largely due to allochrony and spatial overlap was greater when distribution
was compared in the absence of temporal segregation (Fig. 1 and Table 3). Previous studies
of small petrels that breed sympatrically have found them to be spatially segregated at large
scales, particularly during the nonbreeding period (Quillfeldt et al. 2013; 2015b; Navarro et
al. 2013; 2015; Cherel et al. 2016). However in these cases, allochrony was not as distinct as
the two prion species on Gough Island.

Seabirds use a variety of mechanisms to alleviate inter-specific competition, including
specific foraging areas (Frere et al. 2008; Navarro et al. 2009; Wilson 2010), diving depths
(Masello et al. 2010; Wilson 2010), prey (Weiss et al. 2009), show otherwise divergent
foraging patterns (Wilson 2010) or allochrony (Croxall and Prince 1980; Friesen et al. 2017).
However, it is often difficult to determine whether these mechanisms that permit similar
species to coexist result from competitive exclusion or habitat specialization. Character
displacement is one of the definitive predictions of competitive exclusion (Grant 1994) and
there are few examples of character displacement as neat as the two prion species at Gough
Island. This study shows that they only partially segregate in several aspects of their ecology,
with some similarity in foraging strategies suggested from activity patterns of flight and
landings (Fig. 2), trophic level (inferred from feather 6'°N isotopic signatures, Fig. 3), and
habitat preference (Fig. 4). Thus, temporal segregation allows coexistence of these prion
species by reducing competition for resources and some of the differences in foraging

distribution may merely be an artefact of resource seasonality.
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Habitat mainly differed only terms of sea surface temperature and allochrony may be
main factor underlying the differences in habitat use. Seasonality of resources and
productivity in the Southern Ocean are well documented (Pakhomov and McQuaid 1996;
Llido et al. 2005; Bost et al. 2009). MacGillivray’s prions start moulting on average 2.5
months later than broad-billed prions, during early winter, so may have to spend more time
searching for food. The longer duration of moult in MacGillivray’s prions also suggests that
resources may be more limited at this time. The growth rate of primary feathers are probably
very similar in both species (Bridge 2006), suggesting that broad-billed prions had a more
intense moult (i.e. replaced more feathers at once) and were able to meet the energetic
demands of replacing these feathers even when flying ability was compromised (Cherel et al.
2016). The longer moult period in MacGillivray’s prions probably results from moulting
fewer feathers at once, which is consistent with the greater proportion of time that they spend
in flight (Fig. 2, Table S1).

The two prion species at Gough Island are similar in size and presumably feeding
methods (Klages and Cooper 1992; Ryan et al. 2014). Given that the spacing between palatal
lamellae did not differ significantly between species (Table S3, Klages and Cooper 1992),
both likely feed on similar-sized copepods. The slightly narrower bill of MacGillivray’s
prions has fewer palatal lamellae on average, and is likely less efficient at filtering and more
efficient for surface-picking. This is consistent with the greater time spent in flight by
MacGillivray’s prions, perhaps searching for larger prey. Among the ‘whalebirds’, bill width
generally decreases with latitude, so the fact that MacGillivray’s prion forages slightly farther
south is consistent with a slightly smaller bill and its presence only at Gough Island, not
250km north at Tristan da Cunha. However, there does not appear to be a relationship
between bill width and trophic level when comparing isotopic data from Antarctic and
slender-billed prions breeding at the Kerguelen archipelago (Table S5). There does however
appear to be a relationship between trophic level and duration of moult. 6N is higher in
prion species that take longer to moult. Cherel et al. (2016) suggest that by spending more
time on water, Antarctic and slender-billed prions might use an opportunistic sit-and-wait
foraging strategy, picking out low trophic prey items in highly productive foraging areas. By
comparison, broad-billed prions occupy a higher trophic level maybe because with their
larger lamellae, they are unable to be as selective, and MacGillivray’s prions occupies the
highest trophic level of these four prion species by adopting a strategy involving either
picking out prey or filter-feeding. However, broad-billed and MacGillivray’s prions are better

adapted to filter feed than Antarctic and slender-billed prions (the latter lacks lamellae
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entirely), and should be more efficient at feeding while sitting on the water. Therefore the
shorter moult of the smaller billed species suggests they have more predictable food supply
despite their more selective foraging technique.

In conclusion, the two morphologically similar sympatric prion species achieve near
complete ecological segregation through temporal separation in the timing of breeding and
moulting. This study furthers our understanding of how morphologically similar species
coexist at high abundances. In addition, the tracking data identify key foraging areas and
habitat preferences of these species, which is important for marine spatial planning, allowing
informed decisions regarding the mitigation of climate-driven or other anthropogenic impacts

on zooplankton predators (Grecian et al. 2016b).
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761  Fig. S2 Comparison of the relationships between bill width (mm) and average number of
762  palatal lamellae in Salvin’s (green), MacGillivray’s (red) and broad-billed prions (blue).
763 Regression parameters for all species combined are given with 95% prediction limits (grey
764  lines)

765



766  Table S1 At-sea activities during various periods of broad-billed (BBP) and MacGillivray’s
767  prions (MP) tracked from Tristan da Cunha and Gough Islands in 2014 to 2015. Values are
768  means = SD. Values not sharing the same superscript letter are significantly different at the
769  0.05 level
Gough BBP  Tristan BBP All BBP MP ANOVA results
Breeding Period n=9 n=3 n=12 n=8
Flight time (%) 513+43%  430+7.4%  492+6.1° 564+4.0° F3 =55, p=0.004
Flight time (h.d%) 12.4 +1.0%® 103+1.8 11.9+15° 135+1.0° F326=5.3, p=0.005
Flight time during daylight (%)  48.3 + 4.9® 425+7.0° 46.9+58  543+3.6° Fj2=5.1, p=0.006
Flight time at night (%) 546+49%  440+77°  520+7.2° 60.7+83" F3=4.9, p=0.007
Daily flight bouts (n) 7.7+16 6.0+£2.6 73+1.9 8.2+08 Fs 28=1.2, p=0.312
Flight bout duration (min) 63.4+8.5 548+ 75 61.3+8.8 53.8+5.2 Fs3, 26=2.7, p=0.064
Non-Breeding Period n=9 n=4 n=13 n=8
Flight time (%) 35.6 +£3.7 34.1+49 351+4.0 39.4+£31  F33=2.6,p=0.070
Flight time (h.d%) 85+0.9 82+12 8.4+1.0 9.4+0.7 F3,30=2.6, p=0.070
Flight time during daylight (%)  33.9+3.92 33.2+55% 33.7+4.2%  408+15° F34=7.0, p=0.001
Flight time at night (%) 35.8+ 4.4 341+42 353+42 37547  Fs3=0.7,p=0.572
Daily flight bouts (n) 5.9+1.0° 6.0 +0.7% 5.9 +0.9° 7.2+0.6"  Fs30=4.6, p=0.009
Flight bout duration (min) 55.4+6.4 50.0+1.9 53.7+59 50.3+3.8  F33=1.8,p=0.176
Moulting Period n=9 n=4 n=13 n=8
Flight time (%) 19.3+3.1 20.6+2.8 19.7+£30  235%47  F33=2.6, p=0.069
Flight time (h.d"%) 46+08 5.0+0.7 47+07 57+1.1  F3 =27, p=0.066
Flight time during daylight (%)  23.1+4.18 23.1+3.4% 23.1+3.8° 30.2+4.7° F345=6.1, p=0.002
Flight time at night (%) 122+33 15.9+2.0 13.3+3.4 16.4+54  F330=2.2, p=0.109
Daily flight bouts (n) 3.8+09 4.4+0.6 4.0+0.8 47+11 Fs 30=2.1, p=0.119
Flight bout duration (min) 44641 40.1+12 43.2+4.0 451+54 F3 30=1.4, p=0.254
Non-Moulting Period n=9 n=4 n=13 n=8
Flight time (%) 456+53  425+56°  446+53% 529+29°  Fj3=6.3, p=0.002
Flight time (h.d"%) 109+13°  102+1.3  107+1.3 127+0.7° F33=6.3, p=0.002
Flight time during daylight (%)  40.4 £5.6% 39.6 £6.5% 40.1+56% 49.9+21° Fj3=7.3, p=0.001
Flight time at night (%) 50.4 +5.3® 452 + 4,92 48.8+56° 557+54° Fj30=4.2,p=0.013
Daily flight bouts (n) 7.3+1.7° 6.9+0.9° 7.2+1.5° 9.2+0.8° Fs 30=4.4, p=0.011
Flight bout duration (min) 59.0+79 53.8+2.0 57470 525+4.4 F3 30=1.8, p=0.176
Pre-Lay Exodus n=8 n=4 n=12 n=3
Flight time (%) 455+5.1 435+103  448+6.8  358+92  F32=15,p=0.245
Flight time (h.d%) 109+1.2 104+25 10.7+1.6 8.6+22 F3 23=1.5, p=0.246
Flight time during daylight (%) 412+54 459+8.3 42.8+6.5 37.0+£9.9  F323=1.1,p=0.382
Flight time at night (%) 49.1+6.2 4104137  464+96  340+87 F3=2.2 p=0.111
Daily flight bouts (n) 71+£13 84+19 76+15 76+19 F3,23=0.6, p=0.615
Flight bout duration (min) 56.4+7.3 46.8+5.2 53.2+8.0 496+75  F32=17,p=0.198
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Table S2. 5'°N and &*3C values from primary feathers (P1/2, P5, P9) of broad-billed and

MacGillivray’s prions, grown during the non-breeding period, collected from tracked birds

from Tristan and Gough in 2015 and dead birds from Nightingale and Gough in 2013. Values

are means + SD

2015 (GLS) 2013 (dead)
Species Population Feather SN (%o) 313C (%o) Feather 31N (%o) 313C (%o)
Broad-billed Gough P1 (n=9) 9.9+22 -180+05 P2 (n=24) 114+21 -16.8+0.7
prion P5(n=9)  121+16 -17.0+0.8 P5(n=24) 122+17 -165+0.6
P9 (n=9) 139+26 -166+05 P9 (n=24) 129%15 -165+0.6
Tristan/ P1 (n=4) 13.9+£09 -17.1+0.2 P2 (n=20) 11.7+20 -16.8+0.8
Nightingale P5 (n=3) 149+05 -17.2+0.1 P5(n=20) 124+21 -16.6%+0.8
P9 (n=3) 145+11 -16.0+0.7 P9 (n=20) 144+ 14 -165+0.3
Pooled P1 (n=13) 111+27 -17.7+0.6 P2 (n=44) 115+20 -16.8+0.8
P5 (n=12) 128+19 -17.0+£0.7 P5(n=44) 123+18 -165%0.7
P9 (n=12) 141+23 -165+0.6 P9 (n=44) 136+16 -165%05
MacGillivray’s Gough P1(n=8) 142+17 -16.6+04 P2 (n=24) 147+08 -165+0.8
prion P5 (n=8) 13.9+23 -16.1+0.3 P5(n=24) 145+08 -16.6+05
PO (n=8)  12.7+14 -17.0+09 P9 (n=24) 135+1.1 -17.1+05




776  Table S3 Comparative bill morphology of the three largest filter-feeding prion species. The
777 number of palatal lamellae represents the average number counted on the left and right sides
778  of the bill. Values are means = SD. Values not sharing the same superscript letter are
779  significantly different at the 0.05 level (ANOVA, with posthoc Newman—Keuls tests)
Broad-billed MacGillivray’s Salvin’s
(= 30) (= 30) (n=23) ANOVA results
Bill width (mm)  22.2 +1.0° 18.5+0.8° 16.4 + 0.8° F2,82=287.8, p<0.001
Bill length (mm)  34.2 +1.3% 33.3+1.4° 30.1+1.7° F2,82=56.7, p<0.001
No. of lamellae 132 + 92 119 +10° 106 £ 12° F2,82=38.0, p<0.001
Lamellae.mm™ 3.3%+0.3 34+0.2 3402 F2, 82= 0.4, p=0.692
780
781  Table S4 Model selection table examining differences between broad-billed and
782  MacGillivray’s prions in preference for distance to colony (DIS), depth (DEP), chlorophyll a
783  (CHL), sea surface temperature (SST) and distance to seamount (SEA). Terms in bold
784 indicate the model includes a species-level interaction for that covariate. All models include
785  an individual-level random effect. Adj-R? of best-supported model = 0.36
Parameters d.f. AlC AA7I’9()Z6
1 DIS+DEP+CHL+SST+SEA 5528 7821 O7527
2 DIS+DEP+CHL+SST+SEA  59.25 7823 2.57538
3 DIS+DEP+ CHL + SST + SEA 5498 7879 58.?3869
4 DIS+DEP+CHL+SST+SEA  56.09 7936 115?28
5 DIS+DEP + CHL + SST + SEA 52.29 7945 124?811
6 DIS+DEP+CHL+SST+SEA 5288 8054 232}272

794
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Table S5 Summary of flight patterns and trophic level (5*°N) in comparison with bill
morphology and duration of moult. Data for Antarctic prion P. desolata and slender-billed
prion P. belcheri are from Cherel et al. (2016). Species limits are given for bill width and

other values are means + SD

Prion Species Bill width Moult duration Flight time (%) SN
(mm) (days) Non-moulting  Moulting (%0)
Broad-billed 20-245 95+38 44 + 6 20+3 12.6+2.0
MacGillivray’s 15.5-20.5 115+ 10 53+3 24 £5 139+14
Antarctic 12 -16 109 + 13 287 17+9 114+20
Slender-billed 9-12 8313 24+3 52 88+04
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