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Phenological divergence between conspecific populations breeding
sympatrically is increasingly recognized as an important evolutionary process
that may lead to allochronic speciation. However, the extent to which
adaptation to differences in the timing of breeding may contribute to this
process remains unclear. In this study, we assessed breeding phenology,
population connectivity, and niche differentiation of two allochronic
populations we of the Cape Verde Storm-petrel (Hydrobates jabejabe). We
monitored nesting activity, marked individuals, tracked individuals during both
the breeding and nonbreeding periods, and determined the trophic niche
during both the breeding and nonbreeding periods. Timing of breeding for
the two allochronic populations segregated into a hot (March-August) and cool
(September-February) season (hereafter, hot and cool populations). These
periods matched the two annual pulses of oceanic productivity around Cabo
Verde, suggesting allochrony was primarily driven by a biannual cyclicity in food
availability. Despite their allochronic breeding, there was, however, low
differentiation between the hot and cool populations in spatial use, daily
activity patterns, and trophic niche during both the breeding and
nonbreeding periods. Further, the exchange of breeders between seasons, as
documented through the recapture of marked individuals, may hinder seasonal
adaptation by each population and ultimately, allochronic speciation.
Consequently, allochrony alone may not be sufficient to drive speciation
unless reproductive isolation between populations is complete or
populations become strongly adapted to the environmental conditions
associated with their timing of breeding.
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1 Introduction

Allochrony refers to the temporal divergence of breeding
between populations that can occur at different timescales, i.e. in
daily activity (e.g. butterflies, Devries et al., 2008), seasonally (e.g.
oaks, Juri and Premoli, 2021; toads, Thome et al., 2021) or in
different years (e.g. cicadas Marshall et al, 2011; Sota et al,
2013). The most common form of allochrony is the phenological
divergence in the timing of annual phenophases, which can limit
population connectivity (ie., the exchange of breeders among
populations), promote assortative mating, and may ultimately
result in reproductive isolation (Hendry and Day, 2005; Taylor
and Friesen, 2017). Allochronic populations may experience
different environmental conditions and subsequently, adapt
the timing of breeding, thus enabling ecological differentiation
to operate on multiple axes of the ecological niche, such as diet,
habitat, space use, or daily activity (Taylor and Friesen, 2017).
This differentiation may act concurrently with allochrony and
ultimately lead to sympatric speciation by allochrony, a well-
recognized process with increasing relevance in evolutionary
biology (Hendry and Day, 2005; Taylor and Friesen, 2017).

Several genetic studies across multiple taxa have demonstrated
that limited gene-flow between allochronic populations may result
in a sympatric speciation process (e.g., fruit flies, Doellman et al,
2019; butterflies, Gradish et al., 2018; seaweeds, Homma et al.,
2020; whitefish, Bitz-Thorsen et al., 2020). However, there is little
understanding or empiric evidence of how population
connectivity and ecological differentiation between allochronic
populations may drive this evolutionary process, particularly in
tetrapods. For example, phenological divergence may operate
synergistically with seasonal differences in food resources, thus
promoting spatial differentiation in foraging areas or non-
breeding distributions (Friesen, 2015). To develop a more
complete understanding of how allochrony may operate, we
need to understand what traits are differentiated between the
allochronic populations and subsequently how environmental
drivers may promote allochrony. However, detailed comparative
studies on phenological divergence, population connectivity, and
ecological differentiation between allochronic populations are
scarce. Furthermore, it is still unclear how phenological
divergence may be associated with temporal pulses in food
availability (Monteiro and Furness, 1998; Barros et al., 2019;
Taylor et al,, 2019), breeding habitat availability (Monteiro and
Furness, 1998) or predation pressure (Monteiro and Furness,
1998). Phenology of predators is usually associated with pulses
of food availability, which in marine systems may be indicated by
oceanographic productivity (e.g. bony fish, Cushing, 1990;
Schweigert et al.,, 2013; Malick et al., 2015, seabirds, Hipfner,
2008), and which in turn relates to oceanographic conditions such
as changes in sea temperature, nutrient supply, salinity, or ocean
mixing (Ji et al,, 2013; Hernandez-Leon et al.,, 2020). Seabirds have
often been employed as study models to understand how marine
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organisms match their breeding phenology to pulses of ocean
productivity, while also avoiding seasonally adverse weather
conditions such as storms (e.g. temperate Ramirez et al, 2016
and polar systems, Moe et al, 2009; Ramirez et al, 2017). In
tropical oceans, the intra-annual stability of conditions allows
some seabirds to breed throughout the year (e.g., frigatebirds
(Fregata spp.), tropicbirds (Phaeton spp.) and boobies (Sula spp.
Furness and Monaghan, 1987)). Interestingly, several tropical and
sub-tropical petrels show two annual phenological peaks, and
these can occur either in nearby localities (e.g. Bulwer’s Petrel
Bulweria bulwerii, Megysi & O’Daniel, 2020), or on the same
breeding site (e.g. Trindade Petrel Pterodroma arminjoniana, Leal
& Bugoni, 2021). Indeed, allochrony has been recognized as a
major driver of speciation in small pelagic seabirds, i.e. storm-
petrel species breeding in Guadalupe (Townsend’s storm-petrel,
Hydrobates socorroensis and Ainley’s storm-petrel Hydrobates
cheimnomnestes, Power and Ainley, 1986; Taylor et al, 2018),
Iwo (Swinhoe’s storm-petrel Hydrobates monorhoi and
Matsudaira’s storm-petrel Hydrobates matsudairae, Warham,
1992), and Azores Islands (Monteiro’s storm-petrel Hydrobates
monteiroi and Band-rumped storm-petrel Hydrobates castro,
Friesen et al., 2007; Taylor et al, 2019). Whether allochrony
might be a driver of speciation in other systems such as the
Galapagos or the Atacama Desert is still unclear (Band-rumped
storm-petrel in Galapagos Hydrobates castro, Smith and Friesen,
2007; Taylor et al, 2019; Markham’s storm-petrel in Atacama,
Hydrobates markhami, Barros et al., 2019).

The Cape Verde storm-petrel (Hydrobates jabejabe) is an
endemic seabird of the Cabo Verde archipelago (Alexander,
1898; Murphy, 1924; Semedo et al., 2020). It is often considered
a year-round breeder, but the occurrence of two breeding
peaks, one in summer and one in winter, suggests the
existence of two populations. These have been usually
referred to as a hot (i.e., summer breeding) and a cool (i.e.,
winter breeding) population and preliminary evidence
indicates genetic connectivity (®4>0.35, Taylor et al., 2019).
However, detailed studies on the phenology, population
connectivity, spatial ecology, trophic ecology, and daily
activity patterns of these hot and cool breeding populations
have not been conducted to date. In this study, we sought to (i)
determine the phenology of each population, (ii) assess
population connectivity between the two populations, (iii)
measure the degree of differentiation across multiple axes of
the ecological niche in each population, (iv) assess divergence
in ecological traits of each population, and (v) evaluate the role
of the environment as a driver of allochrony in this species.
Considering that a recent study did not identify a clear genetic
structure between the hot and cool populations (Taylor et al.,
2019), we predicted that some population connectivity would
occur between the two populations, and therefore that
differentiation along different axes of the ecological niche
may occur but be relatively low.
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2 Methods
2.1 Study species and area

Cape Verde storm-petrel was formerly considered a
conspecific of the Band-rumped storm-petrel (Hydrobates
castro) (Murphy, 1924), but has recently been recognized as a
full species based on bioacoustics and genetic evidence (Bolton,
2007; Friesen et al., 2007; Sangster et al., 2012; Taylor et al.,
2019). It is considered a year-round breeder, but with
preliminary evidence of breeding peaks in summer (hot
population) and winter (cool population) (Taylor et al., 2019).
This study was conducted in Cima Islet (14.971°N, 24.637°W;
see Appendix S1), an islet of the tropical volcanic archipelago of
Cabo Verde located off tropical Western Africa. Fieldwork was
conducted between 2018-2021. Sample sizes of all the analyses
are summarized in Appendix S2.

2.2 Breeding phenology

To assess the phenology of Cape Verde storm-petrels, we
actively searched for nests year-round and, once located,
checked the contents of the known nests every 2-3 days,
monitoring 27-56 nests each year from 2018-2021. We
obtained hatching and fledging dates from monitoring data.
Considering that in most of the nests we did not know the exact
laying date, we inferred it from hatching dates assuming a 42-
day incubation period (Harris, 1969). We used geolocators (see
more details below in the spatial overlap section) to define
departure and arrival dates in waters surrounding Cabo Verde,
defined as waters within 400 km of the nesting island. We chose
this buffer distance around the colony island to accommodate
the potential error of the geolocators (Halpin et al., 2021). We
also used geolocators to establish the first day individuals spent
in the nest burrow (i.e., no light data recorded for a continuous
24-hour period indicating the bird spent the day inside a
burrow). Sample size of phenological dates varied because
geolocators were recovered at different breeding stages or
because some nests were found after hatching. We used these
phenological data to define the breeding period but also any
period of time when birds of the hot and cool populations were
present in Cima Islet. We plotted trip data using boxplots in R
through the package “ggplot2” (Wickham, 2016), and calculated
the median and quartiles using the quantil.circular function of
the package “circular” (Lund et al., 2017).

2.3 Population connectivity
To evaluate the population connectivity between the hot and

cool populations, we used capture-mark-recapture data from
adults and chicks found in burrows as well as from 1,777
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individuals mist-netted from 2009 to 2021. We assessed
connectivity by analyzing: (1) birds ringed as chicks in the
nest and recaptured in mist nets as prospectors in subsequent
years; (2) breeders captured in their nest and recaptured
breeding in the following years; and (3) birds captured in mist
nets and recaptured in mist nets. We assessed the level of
connectivity between both populations through chord
diagrams, with the function chordDiagram of the “circlize”
package in R (Gu et al,, 2014).

2.4 Ecological differentiation between
the two allochronic populations (hot-
cool populations)

2.4.1 Spatial differentiation during the
breeding period

We measured the differentiation between the hot and cool
populations in foraging areas during the breeding period by
deploying Pathtrack® Nanofix-mini GPSs on breeders (~0.95g,
representing an average of 2.4% of the bird’s body weight, with a
range of 1.80-3.13%) between 2018-2020. These devices were
used successfully for studying the spatial ecology of lower-
weighted species in the Northern Atlantic and the
Mediterranean (Rotger et al., 2020; Bolton, 2021; Pascalis
et al., 2021). The temporal resolution for location acquisition
was one fix every 3 hours in 2018 and one fix every 2 hours in
2019 and 2020. GPS tags were attached to the base of the four
central tail feathers with Tesa® tape and recovered on average
after 10 days (range: 3-50 days). We did not deploy GPS on both
parents of a nest simultaneously to avoid potentially impacting
the success of the nest. We deployed 162 GPS tags and recovered
144 tags. We used data from recovered tags to describe space use
and estimate 5%, 20%, 50%, 75%, and 95% kernel densities. We
also calculated the overlap of the whole population (using
complete and incomplete trips) between the first and the
second year of data (i.e., between 2018/19 and 2019/20),
between sexes, and between breeding stages (incubation/
brooding/chick-rearing) in all sampled birds. We used the
“adehabitatHR” package of R to calculate the kernels, and used
the kernelUD and getverticeshr functions to create kernel
contours and the kerneloverlap function to calculate their
overlap (Calenge, 2006). For creating the kernel unit densities,
we used the “href” smoothing factor and a grid of 1000.

We also calculated metrics from complete foraging trips,
including trip duration, total distance covered, maximum
distance from the colony. We compared these metrics and the
50% kernel size between hot and cool populations through
Generalized Linear Mixed Models (GLMM). Our models
included population, sex (birds were sexed molecularly, see
methods in Appendix S3) and breeding stage (incubation/
brooding/chick rearing) as fixed factors, and, year, and
individual as random factors. We assigned Gaussian or
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Gamma distributions depending on the variable. We measured
differences in the departure bearing of the foraging trip by
calculating the bearing angle from the colony to the first
position that was at least 72 km from the colony (maximum
distance covered between the colony and the first GPS fix, 3h
apart). To account for differences in environmental conditions
between populations, we obtained wind direction and intensity
before the departure of each trip. For extracting the wind data,
we used the wind.dl function of the “rWind” package in R
(Fernandez-Lopez and Schliep, 2019), which extract the data
from the Global Forecast System of the USA’s National Weather
Service. We used a spatial resolution of 0.5 degrees and temporal
resolution of 3 hours. We compared the bearing and the wind
data between allochronic populations using the Watson-
Williamson test, with the watson.williams function of the
“circular” package in R (Lund et al., 2017).

2.4.2 Spatial differentiation during the non-
breeding period

We measured the differentiation between the hot and cool
populations during the non-breeding period by deploying
W65A9-Sea Migrate Technology geolocators (~0.8g,
representing an average of 2% of the bird’s body weight, with
a range of 1.5%-2.6%) on breeders at the end of chick-rearing,
between 2018-2020. We deployed 60 devices and recovered 19,
11 from the hot population and 8 from the cool population. We
attached the geolocators to the tibia using a metallic ring with
stainless steel cable. These devices have been used for studying
individuals of similar-weighted species in the Northern Atlantic
and Northern Pacific without generating significant impacts (e.g.
Hydrobates leucorhous and Hydrobates furcatus Pollet et al.,
2014; Halpin et al,, 2018; Hedd et al., 2018). Geolocators were
programmed to provide light levels every minute, and recorded
maximum light levels every 5 minutes, providing two positions
per day at a spatial error of up to 400 km (Halpin et al., 2021). To
process the geolocator data, we used the IntiProc software of
Migrate Technology to obtain the sun angle for calibrating the
positions. This angle was obtained by calibrating the geolocators
in an open location with known coordinates, and far from any
artificial light for at least one week. Subsequently, we used the
preprocessLight function of the “TwGeos” package in R
(Lisovski et al., 2020) to process the light. With this function,
we estimated the hour of sunrise and sunset, inspected the
integrity of the light curve of each day, and manually
corrected the transitions of sunrise or sunset with clear
interferences. After that, we filtered and removed positions +
20 days near the equinoxes, and those with quadratic speeds over
the 0.95 quantile (43.14 km/h).

We assessed the degree of spatial overlap between the hot
and cool populations for several parameters during the
nonbreeding season, estimating the kernel densities at 5%,
20%, 50%, 75% and 95%. We also calculated the spatial
overlap between the first and the second year of data (i.e.,
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between 2018/19 and 2019/20), between sexes (male/female).
We used the “adehabitatHR” package of R to calculate the
kernels, and used the kernelUD and getverticeshr functions to
create kernel contours and the kerneloverlap function to
calculate their overlap (Calenge, 2006). To create the kernel
unit densities, we used the “href” smoothing factor, and a grid of
1000. We also calculated some trip metrics, including the
duration of the non-breeding period (since the departure until
the arrival from the Cabo Verde waters); distance from the
centroid of the core kernel density (50% density) during the
nonbreeding period to the colony, and individual core kernel
size. Comparisons between hot and cool populations were
conducted through Generalized Linear Mixed Models
(GLMM). Our models included population, and sex (birds
were sexed molecularly, see methods in Appendix S3) as fixed
factors, and year and individual as random factors. We assigned
Gaussian or Gamma distributions depending on the variable.

2.4.3 Trophic differentiation

To assess the trophic differentiation between the hot and
cool populations during both the breeding and non-breeding
period, we analysed the carbon (8"C) and nitrogen (8"°N)
isotopic values for blood and feather samples collected during
the breeding period and for feathers inferred to have grown
during the non-breeding period (Ramos and Gonzalez-Solis,
2012). All samples were collected from breeding birds.
Specifically, we sampled the innermost primary (P1) and
innermost secondary (S1) as indicators of the stable isotopes
integrated at the end of the breeding season, and the eighth
secondary (S8), outermost rectrix (R6), and body feathers as
indicators of the non-breeding season (see details on the molting
patterns in the Appendix S4, and Lab procedures for isotopes
analyses in the Appendix S5).

We tested for differences in carbon (8'°C) and nitrogen
(8"°N) isotopic values through a Generalized Linear Mixed
Model, with season and sex as fixed factors and year and
individual as random factors. We assigned a Gaussian or
Gamma distribution, and a log or identity link function
depending on the distribution of each variable. We calculated
the isotopic niche amplitude using Stable Isotope Bayesian
Ellipses (SIBER) and assessed resource differentiation and
isotopic niche width by calculating the overlap and size of the
ellipses, respectively. To calculate the isotopic niche amplitude
and visualizing Stable Isotopic values of both populations we
used the “SIBER” package in R (Jackson et al., 2011)

2.4.4 Daily activity differentiation

We assessed differences in the daily proportion of time spent
on the water (resting periods) during the non-breeding period
based on wet-dry data which was recorded by the geolocators
every six seconds and subsequently packed in five minutes
blocks. Because moon illumination can affect activity levels in
some petrels (Harris, 1969; Watanuki, 2002), we obtained moon
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illumination from the function moonAngle in the “oce” package
(Kelley, 2018). We also checked whether there were differences
in the proportion of time spent on the water in the non-breeding
period by dividing the activity into day-time and night-time,
determined by the sunrise and sunset time of the geolocators,
obtained with preprocessLight function of the “TwGeos”
package in R (Lisovski et al., 2020). To test for differences in
daily activity patterns between the hot and cool populations, we
built Generalized Additive Mixed Models (GAMMSs) with the
proportion of time on the water as the response variable, and the
hour, population, sex, day/night, and moon illumination as fixed
factors. We included year and trip nested into the individual
birds as random factors.

2.4.5 Habitat differentiation and
potential environmental drivers of the
allochronic process

To assess the potential influence of environmental variability
on allochrony, we built an extended time series of three
environmental variables thought to be potential drivers of
foraging and nesting behavior for this species. The time series
extended from 2001 - 2019 and each variable was collected at a
temporal resolution of 10 days. To determine whether pulses in
oceanic productivity might drive allochrony, and whether
differentiation occurred in the oceanic features between both
populations, we obtained primary productivity (mg m™) values
from the Global Ocean Biogeochemistry Hindcast of Copernicus
(https://resources.marine.copernicus.eu/) at 0.25° resolution.
We extracted daily primary productivity year-round values for
each GPS position obtained during the chick-rearing period, as
this is the breeding stage with the highest energetic requirement
for parents. For the non-breeding period, we extracted the year-
round primary productivity by using the daily average using a
50% density kernel. To assess if rainfall could be a driver of the
phenology (since nests can be flooded), we also extracted rainfall
data (mm) from Copernicus (https://climate.copernicus.eu/).
Finally, we also compared the hours of light (i.e., night length)
that birds experienced during nesting in the hot and cool
seasons, since night length might influence on the amount of
time available for foraging in this nocturnal species. For
extracting the day length for both populations, we used the
day length function of the “insol” package (Corripio, 2014). To
determine if differences occurred between the hot and cool
populations in primary productivity, rainfall, or day length, we
performed GAMMs with the day of the year as a fixed factor, and
the year and trip nested into the individual birds as a
random factor.

2.5 Ecological traits

Breeding success: We assessed the proportion of successful
and failed nests from nest monitoring, excluding suspected
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failures that happened after handling procedures (i.e., nests
abandoned by one parent after deploying/recovering a tag,
corresponding to 1-14 nests per season). After this exclusion,
we analyzed data of 12-42 nests per season (75% of the nests
monitored). We analyzed breeding success, defined as the
proportion of nests were the chick fledged, using a logistic
regression, with year and population as explanatory variables
and breeding success as the response variable.

Foraging efficiency: We calculated the foraging efficiency for
all the birds tagged with a GPS as the daily mass gain. We
obtained mass gain by weighing parents with a Pesola® scale
prior to colony departure (i.e., as part of the regular monitoring
activities). In the case birds left the colony one or two days after
the last weighing, we inferred their mass at departure by using
the average daily loss of mass obtained from the population of
incubating birds which were weighed in three-day intervals.
Birds were always weighed within 3 days of colony departure
(range: 1-3 days). Our models included population and sex (to
account for potential dimorphism) as fixed factors, and the year,
and individual as random factors. We used a Gamma
distribution link function.

2.6 Model building, selection,
and assumptions

We did all the comparisons through Generalized Linear
Mixed Models (GLMM) using the functions Imer and glmer of
the “lme4” package in R (Bates et al, 2015). In the case of
Generalized Additive Mixed Models (GAMM), we conducted
the analysis through the gamm function, in the “mgcv” package
of R (Wood, 2001). We did a backward selection, dropping
variables and selected the best models based on corrected AIC
values. Sample sizes of all the analyses are included in Appendix
S2. We checked the selected model’ normality of the residuals
through a Q-Q plot and the homogeneity of the residuals
through Cleveland dotplots (Zuur et al., 2010).

3 Results

Phenology of hot and cool populations: We found two clearly
segregated breeding phenologies for successful breeders, with no
temporal overlap within any given phase of breeding, although
some overlap occurred between different phases (i.e., range of
laying, hatching, and fledging dates based on nest monitoring;
see Figure 1). Also, there were two failed breeding attempts that
did not fit within the hot or cool population phenologies,
because they bred between summer and winter (August). One
of the nests failed flooded by the rain. Although two breeding
phenologies were defined, geolocators data indicated that the
arrival and departure dates from Cabo Verde waters of birds
from each population overlapped extensively, thus defining
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intermediate periods in which birds from the two populations
occurred within the waters near the breeding area (Figure 1).
Based on nest monitoring and geolocation dates, we define
the hot population as those birds breeding from the end of
March to the end of August and the cool populations as those
breeding from the beginning of September to the end of March.
The data gathered from mist-netting generally support the
seasons we propose, but the exact details differ slightly. For
example, our mist-netting data indicated that the birds from one
population can arrive at the colony and initiate breeding before
the other population finishes breeding and departs the colony.
This results in a reproductive season that is shorter than that
defined solely from tracking data. Thus, the period in which
mist-netting birds can be assigned to one season spans from
early April to mid-May for the hot season, and from early
September to early January for the cool season. There are two
intermediate periods when the birds captured through mist-
netting could correspond to any of the populations, spanning
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Jerde waterse
0

girst day in the burry
e,

10.3389/fmars.2022.975716

from early January to early April and from mid-May and late
August. Details on the phenology are provided in Appendix S6.

3.1 Population connectivity

Population connectivity between hot and cool populations:
From 2018 to 2021, we ringed 145 chicks (n = 58 cool season, n
= 87 hot season). We recaptured eight of these chicks after an
average of 1.9 years (range: 1.7—2.6 years). Five chicks ringed in
the cool season were recaptured in mist-nets also during the cool
season. Of the three chicks ringed in the hot season, one was
recaptured in the cool period, and two were recaptured in the
intermediate periods (Figure 2A). We ringed 276 breeders from
2018 to 2021 (n = 156 cool season, n = 120 hot season), and 67
were subsequently recaptured as breeders (n = 50 cool season,
n =17 hot season). Of the 156 individuals ringed in the cool season,
49 were recaptured as breeders in the cool season, while one

Apr

Jun

Phenology

FIGURE 1

Phenology of the hot and cool populations of the Cape Verde storm-petrel in Cima Islet (Cabo Verde) based on nest monitoring and light-level
geolocators. Blue shading indicates the phenology for the cool population while red/orange shading indicates the phenology of the hot
population. Laying dates were inferred from hatching dates based on an incubation period of 42 days. Hot and cool seasons correspond to
periods when only hot or cool breeders can be found in the colony whereas intermediate periods correspond to periods when birds from both
populations can be found in the colony. Each boxplot shows the median, the first and third quartiles at the end of the box, and the first and

99th quantiles on the tails. Artwork by Maria Jesus Mallea S.
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Chord diagrams assessing connectivity between hot and cool populations of the Cape Verde storm-petrel in Cima Islet (Cabo Verde). Hot
season is depicted in orange, cool season in blue, and intermediate periods in grey. The bottom of the diagram shows the percentage of
individuals that were initially captured in each season while the top shows the percentage of individuals during the period when they were
recaptured for (A) birds ringed as chicks; (B) birds ringed as breeding adults and; (C) birds ringed in mist-nets. Sample sizes are summarized in

Table 1.

individual was recaptured in the hot season. Of the 120 individuals
ringed in the hot season, 15 were recaptured as breeders in the hot
season, while two individuals were recaptured as breeders in the
cool season (Figure 2B). All the three breeders that switched
seasons were unsuccessful breeders in the first breeding attempt,
but one breeder that failed in the hot season was successful in the
subsequent cool season. Also, we ringed a total of 1,222 birds in
mist-nets, of which we recaptured 79. Of the birds initially
captured in the cool season, 43 were subsequently recaptured in
the cool season, 1 bird in the hot season, and 26 birds in the
intermediate period (Figure 2C). Of the birds initially captured in
the hot season, one was subsequently recaptured in the hot season
and 8 in the intermediate period. Ringing and recapture data are
summarized in Table 1.

3.2 Ecological differentiation

3.2.1 Spatial differentiation during the
breeding period

We compared foraging areas of breeding birds within years
between populations and within populations between years. The
mean (+ SD) of spatial overlap of foraging areas within years
between the hot and cool populations for each kernel density was
55.4 + 21.9 (Figure 3A). The mean (+ SD) of spatial overlap of
foraging areas between years within populations was 65.5 + 19.5
(Appendix S7), and therefore appeared to be slightly higher than
that within years between populations. The maximum distance
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(%:225 km; range: 40—738 km; p-value = 0.48), duration (X: 2.7
days; range: 0.7—10.6 days; p-value = 0.59), distance covered (x:
728 km; range: 107—2,167 km; p-value = 0.37) and the
individual core kernel size (X: 18,585 km?; range: 1,365—
151,781 km?2; p-value = 0.55) do not differ significantly
between the two populations (boxplots available in Appendix
S8, statistics available in Appendix S9). The bearing angle of
departure from the colony during the breeding season differs
significantly between the two seasons by 77.9° (F=58.18, df=184,
p-value<0.01), with birds of the hot population heading North-
West (X: 261.9°% range: 46.5° — 346.8°), while birds of the cool
population head mainly to the South-East (X: 184° range: 107.7°
—316.2°) (see Appendix S10). Wind direction was to the South-
West in both seasons, but differed significantly by 4.7° (F=6.44,
df=184, p-value<0.01), with an average wind direction of 226.7°
for the hot population and 231.06° for the cool population. Wind
intensity did not differ significantly between the two seasons,
with a mean of 7.3 km/h (p-value>0.05).

3.2.2 Spatial differentiation during the non-
breeding period

We compared areas of non-breeding birds within years
between populations and within populations between years.
The mean (+ SD) of spatial overlap of non-breeding areas
within years between the hot and cool populations for each
kernel density was 60.7 + 20.1 (Figure 3B). The mean (+ SD) of
spatial overlap of non-breeding areas between years within
populations was 53.6 + 25.3 (Appendix SI1), and therefore
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TABLE 1 Summary of the captures and recaptures made for (a) chicks, captured as prospectors in subsequent years; (b) breeders and (c) birds

captured through mist-netting.

First ringing Number of ringed

Recaptured hot

Recaptured cool Recaptured indetermined

season birds season season period
Ringed chicks Hot 58 0 1 2
Cool 77 0 5 0
Ringed breeders Hot 120 15 2 -
Cool 156 1 49 -
Ringed mist-netted ~ Hot 62 1 0 8
birds Cool 416 1 43 26
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FIGURE 3

Niche overlap of both populations (cool population indicated by blue/green shading and hot population by orange/red shading) across different
niche axes: (A) home-range and core area (95% and 50% kernel densities, respectively) during the breeding season for birds from the hot (N=95)
and cool (N=122) populations; (B) home-range and core area during the non-breeding season for birds from the hot (N=11) and cool (N=8)
populations; (C) daily activity patterns of birds from hot and cool populations, as determined from wet/dry data from geolocators and indicated
by the proportion of time spent on the water during the non-breeding season (yellow background indicates day time and purple background
indicated night time); GAMM shows the mean and the standard deviation interval, and (D) primary productivity in the marine areas used during
the breeding season by the hot and cool populations; red background indicates the chick-rearing period of the hot season population, and blue
background indicates the chick-rearing period of the cool season population. Sample sizes are summarized in Appendix S2.

appeared to be higher than that within years between
populations. Duration of the non-breeding period (x: 168.8
0.69), distance of the
centroid of the non-breeding area to the colony (X: 2,155.6 km,
range: 650.8—3,033.2 km; p-value = 0.34) and 50% individual
core kernel density size (X: 1,296,086 km?, range: 391,232.5 —
3,105,773 km?; p-value = 0.29) per non-breeding trip did not

days; range: 7.0—266.5 days; p-value
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differ between the two populations (Appendix S12, statistics in
Appendix S13).

Trophic differentiation between hot and cool populations: We
found a high overlap of the Stable Isotopes Bayesian Ellipses between
the hot and cool populations for both the first primary feather and for
blood, but a lower overlap for the first and eighth secondary feathers,
and no overlap for the sixth rectrix, and body feathers (Figure 4).
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Nitrogen values were higher for the hot than for the cool population
for the sixth rectrix (GLM estimate =-0.0006, p-value<0.01), eighth
secondary (GLM estimate=-0.003, p-value<0.05), and body feathers
(GLM estimate=-0.0001, p-value<0.01), but no difference was found
for blood (p-value=0.220), first primary (p-value=0.375) and first
secondary (p-value=0.111). Carbon values did not differ between
populations in any of the tissues. Furthermore, the standard Bayesian
ellipses areas were larger for the cool population, particularly for
blood samples (Appendix S14).

Daily activity differentiation between hot and cool
populations: Overall, we found that birds from the hot
population spent more time on the water than birds of the
cool population (Figure 3C) during daylight (GAMM estimate=-
0.05, p-value<0.05) and night period (GAMM estimate=-0.19, p-
value<0.01). Birds of the hot population spent on average 42.3%
of the time on the water (range: 0—95.7% of the time per hour),
while birds of the cool population spent on average 40.4% of the
time on the water (range: 0—92.9% of the time per hour).
Furthermore, we found no association between the night
activity and the moon illumination (p-value=0.7).

3.2.3 Habitat niche and potential
environmental drivers of the
allochronic process

We identified two annual pulses of productivity in the
foraging areas used by the Cape Verde storm-petrel during

10.3389/fmars.2022.975716

chick-rearing (Figure 3D; Appendix S15). The first pulse of the
year occurred during the months of February-March, while the
second occurred during the months of July-August.
Productivity pulses in the areas visited by the hot population
were overall significantly higher than for the areas visited by
the cool population (GAMM estimate: 1.42, p-value<0.01;
Figure 3D; Appendix S15). In addition, the areas visited
during the non-breeding season only showed one
productivity pulse that matched the period when the hot
population were in that areas (Appendix S16). Rainfall in
Cabo Verde was concentrated in September (Appendix S17).
The number of hours available for foraging at night in the
waters surrounding the colony was greater for the cool
population, with up to 2 more hours per night, than for the
hot population (Appendix S17).

3.3 Ecological traits

Breeding success: We found no differences in the breeding
success between the two populations (GLM p-value=0.7,
Appendix S18), but there was an interannual difference
within populations.

Foraging efficiency: The daily weight gain per trip (%: 0.6 g
range:-0.9—2 g) did not differ between the two populations
(Linear Model p-value =0.8).
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FIGURE 4

Comparison of the Bayesian Ellipses for stable isotopes of carbon and nitrogen for the hot (orange) and cool (blue) populations of Cape Verde
storm-petrels. Stable isotopes were sampled for the breeding areas from blood and the first primary feather (P1), and for the non-breeding
areas from the first secondary feather (S1), sixth rectrix (R6), eighth secondary feather (S8) and body feathers. Sample sizes are summarized in

Appendix S2.
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4 Discussion

In this study, we assess the phenological divergence,
population connectivity, and ecological differentiation of two
allochronic populations of seabird breeding at the same site. Our
data indicated that two reproductive seasons occurred during the
year, and that the peaks of reproductive activity in each of these
seasons did not overlap temporally. We posit that these two
distinct reproductive seasons are driven by two annual pulses of
productivity in the waters around the breeding area. We
identified facets of population connectivity between the two
allochronic populations, including individuals that switched
from one breeding season to the other. Further, we also found
that, for the most part, the extent of differentiation between the
two allochronic populations in space use, daily-use patterns,
habitat use, and trophic ecology was relatively low during the
breeding and non-breeding periods. These data indicate that the
two allochronic populations (i.e., hot and cool populations) of
Cape Verde storm-petrels appear to have not developed specific
adaptations despite breeding during different periods of the year,
and as such the exchange of individuals between populations
may continue to be facilitated.

Cape Verde storm-petrels have long been assumed to breed
year-round (Friesen et al., 2007; Taylor et al,, 2019). Based on
three years of continuous nest monitoring, we consistently found
that there are two seasonal peaks of reproduction within the
year, with no temporal overlap between them for any given
breeding phase, similar to those described for the closely related
storm-petrels breeding in the Azores (Hydrobates castro/
monteiroi Bolton et al., 2008; Taylor et al, 2018). Seasonal
peaks of reproduction suggest a disruptive selection towards
two optimum environmental conditions in two different periods,
driving birds to center their breeding activity on one of these two
periods of the year (Monteiro and Furness, 1998; Barros et al.,
2019; Taylor et al.,, 2019). Indeed, environmental conditions in
Cabo Verde waters also show two annual pulses of productivity,
and the hot and cool populations we defined appear to match
their chick-rearing stage with these two periods. Although a time
lag of about three months does occur between each pulse in the
primary productivity and the respective peak in the breeding
phenology of each population after the pulse, we posit this is
related to the time needed for the biomass and energy to be
transferred from phytoplankton productivity to zooplankton
productivity, the latter being a primary food source for the
storm-petrels (Ramirez et al., 2016). This disruptive selection
process could be reinforced by rainy conditions during one of
the intermediate periods. That is, birds may avoid rainfall in
August and September to reduce the risk of flooding at the nest
site. Indeed, one out of the two breeding attempts occurring in
the intermediate period failed due to heavy rains.

When assessing allochrony among populations, it is critical
to determine the extent of connectivity, i.e. whether there is any
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exchange of breeders between populations. Based on three years
of continuous and intensive monitoring, we found that two out
of 15 recaptured breeders (~13.3%) switched from breeding
during the hot to the cool season, while one out of 50 breeders
(2%) switched from breeding during the cool to the hot season.
Thus, birds occasionally changed their breeding season,
particularly after a breeding failure. Despite breeding
phenology in birds typically being considered to be under
genetic control (Liedvogel et al, 2009; Wilczek et al.,, 2009;
Tang et al., 2016), our results show some phenotypic plasticity in
breeding phenology, which might be driven by individual
breeding performance. A similar pattern has been described
among albatrosses, where the timing of breeding is driven by the
past breeding success (Lewis et al., 2012). In cases where
individuals switched breeding seasons, it is still unclear the
extent to which switching the timing of breeding could affect
other aspects of the annual cycle, such as molting and
subsequent breeding attempts. For example, failed breeders of
a past breeding season might advance their timing of molting
(Ramos et al., 2018). Further, in our study the populations show
a higher level of connectivity than one exchange per generation,
which may explain the gene-flux between both populations
(Taylor et al., 2019), and consequently the conditions under
which speciation is unlikely to happen (Frankham et al., 2002).

Given the divergence in phenology between the hot and cool
populations, we expected to find some seasonal adaptations and
ecological divergence between populations, a pattern observed in
other seabirds (e.g., penguins Thiebot et al., 2012; Green et al,
2022; Giant-petrels Granroth-Wilding & Phillips, 2019).
However, we found low spatial differentiation between the hot
and cool populations during both the breeding and non-
breeding seasons. During the breeding season, the high spatial
overlap may be mediated by the wind direction, which is similar
between the two seasons. Consistent wind patterns during each
breeding season may result in a similar foraging direction of each
population as individuals seek to avoid headwinds and take
advantage of crosswinds (Spear and Ainley, 2008; Paiva et al,
2010; Ventura et al., 2022). We also observed similar space use
during the non-breeding seasons and posit this may be due to
food availability in that area, although the current data are
insufficient to assess this hypothesis.

We also found that isotope values in tissues generated
during the breeding season (blood and P1) did not differ
between the two populations, suggesting both populations
were exploiting similar resources. This result contrasts with
what was found in two allochronic species of storm-petrels in a
temperate archipelago (Azores), where DNA metabarcoding
data revealed that the two populations had different diets
(Carreiro et al., 2022). In contrast, the isotopic values of the
tissues regenerated during the non-breeding period (R6, S8,
and body feathers) showed significant differences between the
two populations. One mechanism underlying this difference
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may be that diet differs between the two populations during
this phase of the annual cycle. Alternatively, isotopic
differences during the non-breeding period may arise from
seasonal changes in the isotopic baseline related to seasonal
differences in the productivity and the nutrient dynamics of the
Canary, North Equatorial and South Equatorial currents
throughout the year (Stramma and Schott, 1999). Our
understanding of the meaning of the isotopic overlap could
be enhanced by measuring the trophic niche through other
approaches, either analyzing the diet with DNA metabarcoding
(e.g. Carreiro et al., 2022), or collecting baseline samples from
the oceanic system to better understand annual fluctuations
(e.g. Price et al., 2014).

It also appears that there are few environmental differences
in the ocean (i.e., the foraging habitat) during the time periods it
is occupied by each population. Consequently, differences in
ecological traits between populations may be limited. For
example, the productivity pulse occurring before the breeding
season of the hot population is generally higher than that
occurring before the breeding season of the cool population,
suggesting the hot population may benefit from greater food
availability. However, birds of both populations show a similar
mass gain after a foraging trip, which indicates that food
acquisition in terms of mass is similar between the two
seasons. We also found that productivity was higher in waters
visited during the non-breeding period by birds from the hot
population, which may explain why birds from the hot
population spent slightly more time on the water (i.e.,
presumably resting) compared to flying during the non-
breeding season than those from the cool population. Our data
also demonstrate that the breeding phenology of the hot
population matches that of other small seabirds that nest in
our study area (i.e., in the Cima Islet; white-faced storm-petrels,
Bulwer’s petrels and Boyd’s shearwaters). Having multiple
species breeding simultaneously may impose interspecific
competition for breeding cavities, as it has been documented
in an analogous seabird community in the Azores (Ramos et al.,
1997). Indeed, the avoidance of competition for nesting cavities
was one of the mechanisms suggested to cause the onset of the
allochronic process between Monteiro’s and Band-rumped
storm-petrels (Monteiro and Furness, 1998). Finally, given that
Cape Verde storm-petrels are mainly nocturnal, birds of the cool
population may benefit from the longer period of darkness in
Cabo Verde during winter (with 2 more hours than the hot
population; Appendix S17), providing them more opportunities
for foraging than birds from the hot season (Monteiro and
Furness, 1998). The influence of each factor on different life-
history traits requires further research but we did not find
differences in the breeding success between the two populations.

In summary, despite a clear divergence in the timing of
breeding, we did not find high levels of ecological differentiation,
raising the question of whether allochrony can drive phenotypic
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divergence alone (genetic drift), or if allochrony needs to be
coupled with adaptation to seasonal conditions (natural
selection) to culminate in allochronic speciation (Dieckmann
et al,, 2004). Ultimately, systems with relatively little seasonal
differentiation, such as those occurring in tropical oceanic
environments, may not differ enough throughout the year to
promote specific seasonal adaptations to the environment. In
contrast, seasonal environments were conducive to allochronic
speciation of the Band-rumped storm-petrel and the Monteiro’s
storm-petrel in the Azores (Monteiro and Furness, 1998; Friesen
et al., 2007) and Townsend storm-petrel and Ainley’s storm-
petrel in the Guadalupe Island (Taylor et al, 2019), and
presumably promoted ecological differentiation and ultimately
speciation. Alternatively, considering that in our study
population connectivity occurs, gene flow might be high
enough to maintain the homogeneity of the ecological traits in
both populations, preventing differentiation to take place until
reproductive isolation increases. For better insights in both
topics, new studies of ecological differentiation in other
allochronic species are key to get a deeper understanding on
how ecological differentiation could reinforce speciation, and
which types of systems are more likely to generate
differentiation, and consequently speciation.
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