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Abstract

Rainfall seasonality is likely an important cue for timing key annual cycle events like moult in birds living in seasonally
arid environments, but its precise effect is difficult to establish because seasonal rainfall may affect other covarying annual
events such as breeding in the same way. In central Nigeria, however, Common Bulbuls Pycnonotus barbatus moult in the
wet season but only show weak breeding seasonality. This suggests that moult is more sensitive to rainfall than breeding, but
a similar outcome is possible if moult is simply periodic. We tested the relationship between rainfall and moult in Common
Bulbuls at a single location over 18 years: on average moult started Sth May (+41 days: 25th March—15th June), being on
average later than the onset of the rains which is usually mid-April. The likelihood of finding a moulting Common bulbul
was best predicted by rainfall 9-15 weeks before moult was scored. We then tested the generality of this across populations:
the progress of moult should, therefore, correlate with the average timing of the wet season along a spatial environmental
gradient where the rains start at different times each year south-to-north of Nigeria. To test this, we modelled moult progress
just before the rains across 15 localities 6°~13° N as a function of the onset of the wet season among localities. As predicted,
moult progressed further in localities with earlier wet seasons, confirming that the onset of moult is timed to the onset of the
wet season in each locality despite weak breeding seasonality in the Common Bulbul. This strategy may evolve to maintain
optimal annual cycle routine in seasonal environments where breeding is prone to unpredictable local perturbations like nest
predation. It may, however, be less obvious in temperate systems where all annual cycle stages are seasonally constrained,
but it may help with explaining the high frequency of breeding—moult overlaps in tropical birds.
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Zusammenfassung

Bei einem das ganze Jahr iiber briitenden tropischen Singvogel bestimmt der Beginn der Regenzeit den Beginn der
Mauser an einem Ort sowie deren Ablauf an Orten, an denen die Regenzeit zu unterschiedlichen Zeitpunkten beginnt.
Fiir Vogel, die in saisonal trockenen Umgebungen leben, sind saisonabhédngige Niederschlige vermutlich ein wichtiger
Schliisselreiz fiir das Timing von jahrlich wiederkehrenden Ereignissen wie der Mauser. Dabei ist die genaue Wirkung nur
schwer zu bestimmen, weil saisonale Niederschldge moglicherweise andere jahreszeitliche Ereignisse wie z.B. das Briiten in
gleicher Weise beeinflussen. Der Graubiilbiil (Pycnonotus barbatus) in Nigeria mausert in der Regenzeit, zeigt beim Briiten
aber nur eine schwache Saisonalitit. Dies ldsst vermuten, dass die Mauser empfindlicher auf Regenfille reagiert als das
Briiten, wobei aber auch ein dhnliches Ergebnis mdoglich ist, wenn die Mauser einfach periodisch erfolgt. Wir untersuchten
fiir den Graubiilbiil 18 Jahre lang am gleichen Ort den Zusammenhang zwischen Mauser und Regen: im Schnitt begann die
Mauser am 5. Mai (+ 41 Tage: 25. Mérz - 15. Juni), damit im Mittel spéter als der Beginn der Regenfille normalerweise Mitte
April. Einen mausernden Graubiilbiil zu finden, konnte war am besten mit Regenfillen 9-15 Wochen vorher vorherzusagen.
Wir testeten die Allgemeingiiltigkeit dieser Aussage an mehreren Populationen: Das Fortschreiten der Mauser sollte demnach
mit dem mittleren Beginn der Regenzeit entlang eines rdumlichen Gradienten korrelieren, entlang dem von Nord- bis Stid-
Nigeria die Regenfille jedes Jahr zu unterschiedlichen Zeiten einsetzen. Dafiir modellierten wir den Mauserfortschritt kurz
vor den Regenfillen an 15 Orten zwischen 6° und 13° N als Funktion des Beginns der Regenzeit an diesen Orten. Wie
vorhergesagt, war die Mauser an Orten mit frither einsetzender Regenzeit weiter fortgeschritten, was bestitigt, dass der
Beginn der Mauser an jedem Ort mit dem Beginn der Regenzeit einhergeht, unabhéngig von der schwach ausgeprigten
Brutsaisonalitiit beim der Graubiilbiil. Diese Strategie konnte sich weiterentwickeln, um eine optimale Jahreszyklus-Routine
unter saisonalen Umweltbedingungen aufrechtzuerhalten, in denen das Briiten unvorhersagbaren lokalen Stérungen wie z.B.
Nestraubern unterliegt. Sie mag in geméBigten Klimazonen, in denen alle Phasen der Jahreszyklen jahreszeitlich begrenzt
sind, weniger stark ausgeprigt sein, aber sie kann bei der Erklirung der groBen Hiufigkeit von Brut-Mauser-Uberlappung

bei tropischen Vogeln hilfreich sein.

Introduction

Life history traits should be timed to coincide with suitable
environmental conditions or at different times from conflict-
ing traits that may compete for common resources (Barta
et al. 2006; McNamara and Houston 2008; Wingfield 2008;
Visser et al. 2010; McNamara et al. 2011). Although the
seasonality of many such traits and the annual routine of
many organisms are well documented, identifying the envi-
ronmental cues that govern seasonality is difficult because
the seasonality of environmental conditions and that of
annual cycle stages are correlated in time (Dawson 2008).
For example, in birds, breeding and moult are often timed
to spring and summer conditions in temperate environments
and to the wet season in most tropical environments (Baker
1939; Hau 2001; Repenning and Fontana 2011; Mares et al.
2017). It is, however, unclear whether the timing of each
annual cycle event is related to independent cues, flexible
to the timing of other events or is dominated by the need
to time the most important annual life history event to a
seasonal optimum.

Rainfall is an important determinant of seasonal environ-
mental condition in the tropics (Poulin et al. 1992; Araujo
et al. 2017), and is likely an important cue for species that
live in seasonally arid environments (Chapman 1995; Lloyd
1999; Hau 2001; Houston 2012; Mares et al. 2017). In cen-
tral Nigeria, for example, we observed that Common Bul-
buls Pycnonotus barbatus moult in the wet season at the
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population level despite showing weak breeding seasonality,
and we concluded that moult was more sensitive to envi-
ronmental seasonality than breeding (Nwaogu et al. 2019).
However, moult seasonality is also likely if moult is con-
trolled endogenously (Gwinner et al. 1995) through cues
other than rainfall such as day length or sunrise time (Goy-
mann et al. 2012; Shaw 2017). Thus, we cannot conclude
that rainfall exerts a direct effect on the timing of moult
because moult and rainfall can be independently correlated
with date and so, with each other even if unrelated. However,
because the timing of the wet season varies latitudinally over
the geographic range of the Common Bulbul, we can test for
a spatial association between the historic onset of the wet
season among localities where the wet season starts at differ-
ent times and the onset of moult. This will then provide con-
firmation of the temporal association between rainfall and
moult (see Nwaogu et al. 2019) across different populations
over a large spatial scale, which can be done by compar-
ing the progress (proportion of feathers replaced) of moult
(Summers 1976; Underhill and Joubert 1995) of Common
Bulbuls at a given time relative the onset of the wet season
among localities.

Timing of rainfall in Nigeria exhibits a geographic vari-
ation similar to the latitudinal variation in day length and
temperature which exerts predictable effects on the timing
of annual cycle events in temperate systems (Baker 1939;
Pimentel and Nilsson 2007; Bourgault et al. 2010). There
is a single wet and dry season each year in Nigeria, and the
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start and end of these seasons follow an annually predict-
able pattern across latitudes. On average, the amount of
rainfall and the duration of the wet season decrease from
south to north, and the onset of the wet season is earlier in
the south relative to the north. This creates an aridity gra-
dient from the edge of the Sahel in the north to the coast
of the Atlantic Ocean in the south (Nwaogu et al. 2018).
In each location, the onset of the wet season may vary
between years, so if the onset of moult is triggered spe-
cifically by rainfall, we would expect moult to commence
only after the first rain. Otherwise, if moult is controlled
by other periodic cues regardless of the onset of the wet
season in any specific year, then moult may commence
before the first rain if the wet season is delayed. Because
of the variation in the duration of the wet season, southerly
locations may experience rainfall in the four quarters of
each year, while more northerly locations may only do so
in two or three quarters. Therefore, the average amount
of precipitation in the driest quarter of the year, i.e., the
three months before the onset of the wet season in each
location, indicates whether the rainy season is early or late
in a locality, and the degree to which this is occurring.
To test the relationship between the timing of the wet
season and the timing of moult, we: (1) determined the
average start date of moult in Common Bulbuls in a single
location mid-way along an aridity gradient south-to-north
Nigeria, using long-term moult data collected from Jos,
central Nigeria; using the same dataset, we tested how
rainfall determines the likelihood of finding a moulting
Common Bulbul within and among years, and (2) tested
whether the timing of the wet season predicts the progress
of moult just before the wet season across 15 localities in
Nigeria where the rains start at different times each year.
We predicted that moult progress will correlate with the
timing of the onset of the wet season among localities.

Methods
Study species

Common Bulbuls are resident across Nigeria (Elgood et al.
1973), they breed year-round (Cox et al. 2013; Nwaogu
et al. 2019) and are typically long-lived (Stevens et al.
2013). Common Bulbuls are sexually monomorphic, usu-
ally weighing about 25-50 g. They feed mainly on fruits
and insects, whose availability varies with environmen-
tal seasonality and plant phenology. In central Nigeria,
despite flexible breeding, moult is seasonal at the popula-
tion level and takes place in the wet season, usually from
May to September (Nwaogu et al. 2019).

Data collection

To determine the timing of moult over the annual cycle and
the time window within which rainfall predicts the occur-
rence of moult in a population, we obtained 1701 moult
records from Common Bulbuls collected between 2001
and 2018 at the A. P. Leventis Ornithological Research
Institute in Jos (09°52'N, 08°58'E). For most birds, moult
of primary feathers was scored as ‘pre-moult (not started
moult)’, ‘in moult (moulting)’ or ‘moult completed (com-
pleted moult)’, and these scores were converted to a binary
variable indicating whether a Common Bulbul was moult-
ing or not.

Daily rainfall data between 2000 and 2018 were made
available from the Nigerian Meteorological Agency at the
Jos airport, located 26 km from APLORI. In Jos, the wet
season lasts for approximately six months, usually between
mid-April and mid-October, with annual peaks between
July and August (Figure S1 and S2). However, the dura-
tion of the wet and dry season may vary slightly between
years depending on the onset and termination of the rains.
April is the first month of the wet season in Jos. There is
hardly any rainfall from November to March but there was
always rainfall in April between 2001 and 2018 (Figure S2).
Between 2001 and 2018, April received 8.73% of the total
amount of rainfall recorded in Jos, while November—March
together had 1.27%.

Within three months prior to the wet season in Jos,
we travelled across Nigeria and mist-netted 308 Com-
mon Bulbuls across 15 locations between latitude 6 and
13° N (Fig. 1). Mist netting was carried out between the
17th of January and 8th of April 2017. All sampling loca-
tions were visited before the wet season in each location.
We sampled from the southernmost location (Benin) and
advanced northward (but not necessarily always consist-
ent with latitude increase; see Fig. 1 for sampling order),
apart from Jos which was sampled on three occasions. The
pattern of sampling was aimed at preventing the tempo-
ral sampling bias from affecting our conclusions, because
we predicted that moult will commence later in locations
where the wet season was later, and these were more
likely in the north. The precipitation in the driest quarter
of the year, i.e., the quarter before the wet season, which
was when we sampled in each location, correlates nega-
tively with latitude. Hence by sampling south to north,
we sample localities with earlier rainfall first, allowing us
to interpret any positive correlation between the progress
of moult and the precipitation of the driest quarter as an
effect of rainfall rather than simply a bias due to sampling
date. Note that the sampling order south—north is likely to
weaken the predicted positive correlation between moult
progress and precipitation because moult should continue
to progress in southern localities as we move northwards.
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Fig.1 Map showing 15 localities where moult records of Common
Bulbul Pycnonotus barbatus were collected between 17th of Janu-
ary and 8th of April 2017 along an environmental gradient in Nigeria
where the wet season starts at different time consistently each year.
Numbers in parenthesis against sampling location indicate order of
visits. Point sizes are scaled to the proportion of birds moulting pri-
mary feathers. Numbers of birds moulting primary feathers and sam-
ple sizes per location: Benin (19/39), Cross River (1/13), Agenebode
(2/11), Nara (10/11), Moniya (1/2), Markurdi (0/20), Pandam (0/12),

So, the actual correlation between the progress of moult
and the onset of the wet season among localities should be
stronger than represented by our data.

For each bird captured along the gradient, we assessed
moult status by scoring primary feathers on an ordinal scale
of 0-5: fully grown new feathers were scored 5, while un-
moulted old feathers were scored 0, and feathers at different
stages of growth were scored 1-4 depending on their size
(Ginn and Melville 1983). We also recorded wing length
(= 1 mm), brood patch score and body mass (0.1 g, Ohaus
Scout). We used the function “ms2pfmg” provided with the
package ‘Moult’ in R (Erni et al. 2013) to convert moult
scores to proportion of feather material regrown, using
methods described by Underhill and Zucchini (1988): each
moulted feather was converted to feather mass based on ref-
erence masses of individual fully grown primary feathers
of the Common Bulbul obtained from Museum specimens
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Lafia (0/13), Gudi (0/21), Tula (4/35), Jos (5/28), Toro (1/19), Dutse
(1/16), Nguru (2/20), and Katsina (0/14). Map created with QGIS
3.4: QGIS Development Team (2019). QGIS Geographic Information
System. Open Source Geospatial Foundation Project. https:/qgis.
osgeo.org. GeoJSON Maps of the globe was downloaded from https
://geojson-maps.ash.ms/ for country boundaries. Esri. “World
Imagery”, “World Imagery Basemap”, 12 Feb 2009, https://www.
arcgis.com/home/item.html?id=10df2279f9684e4a9f6a7f08febac2
a9 (23/01/2020)

at the A. P. Leventis Ornithological Research Institute in
Nigeria.

We extracted bioclimatic variables from https://www.
worldclim.org/bioclim, based on the GPS coordinates of
locations where birds were caught with the aid of the ‘map-
tools’ and ‘raster’ packages in R. We obtained the precipita-
tion of the driest quarter of the year in each location from the
list of 19 variables provided from bioclim (see also Nwaogu
et al. 2018).

Data analyses
Annual timing of moult in a single location
To estimate the average start and end date of primary moult

in the Common Bulbul population in Jos, we used the pro-
bit method described by Rothery and Newton (2002). This
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allowed us to calculate a different standard deviation for the
start and end dates, although it may give a slightly earlier
estimate for the start date and thus, a longer duration of
moult, than the Underhill and Zucchini (1988) type I method
(Erni et al. 2013). We used 18 years of moult data collected
in Jos between 2001 and 2018. To estimate the average start
date of primary moult, moult scores were transformed into
binary variable with categories ‘not started moult’ (0), and
‘started moult’ (1). Individuals with completed moult were
scored as 1. To estimate the average end date, moult scores
were transformed into binary variable with categories ‘not
started moult’ (0), and ‘completed moult’ (1). Individuals
that were still moulting were scored as 0. A probit model
was then fitted to these binary outcomes as response vari-
ables separately. These probit models model the probability
of having started or ended moult as a function of time. We
used number of days from February Ist as time because
Common Bulbuls were very unlikely to have commenced
moult in February in Jos (Nwaogu et al. 2019). The slope
and intercept obtained from the probit models were trans-
formed to obtain the mean and end dates of moult and their
respective standard deviations (Rothery and Newton 2002).

We tested the effect of rainfall on the likelihood of find-
ing a moulting Common Bulbul in Jos by first comparing
the predictive power of rainfall at different time windows
going back 26 weeks before taking a moult score. This was
to determine the best time window for the effect of rainfall
on moult. We considered weekly instead of daily time inter-
vals to reduce computation time of climate envelope models.
Methods were as described by van de Pol et al. (2016). We
tested several time windows within a 26-week period for
a linear relationship between the occurrence of moult and
the sum of total daily rainfall, setting up models to test for
the effect of rainfall at relative time windows (see van de
Pol et al. (2016) for explanation of absolute time windows).
Relative time windows explain both within and among year
effects of rainfall on the likelihood of moult occurrence.
Thus, we applied within-subject centering (van de Pol and
Wright 2009) to our models to separate the effect of the
within and the among-year effect of rainfall on the likelihood
of finding a moulting bird. Each climate envelope model
quantifies the additional contribution of rainfall to the fit of
a baseline generalised linear model with moult occurrence
as response variable and time of year (linear and quadratic
terms of day from February 1st) as predictor variable to
account for annual moult seasonality. The top among com-
peting models predicting the effect of rainfall is that which
generated the largest difference in AIC (i.e., relative to the
baseline model) after adding rainfall to the baseline model.
We set up the model to test the effect of the sum of total
daily rainfall within the relevant time windows. We tested
the reliability of the top model by comparing its delta AIC to
the delta AICs of 1000 models generated from randomised

data and found that the suggested rainfall signal was credible
(Figure S3). This model was then used to extract the within-
year mean and within-year deviation of total rainfall within
9-15 weeks before taking moult score (Figure S4).

These rainfall variables were then included as continu-
ous predictor variables to a generalised linear mixed model
which included day from February st as quadratic continu-
ous fixed variable and year as random factor to account for
intra and inter-annual variability in factors other than rain-
fall, such as sampling effort (Table 2). We did not control for
sex and occurrence of breeding because Common Bulbuls
are sexually monomorphic, and breeding status was only
determined in the field by the occurrence of brood patch
on female birds only. Non-breeding males and females, and
breeding males could not be distinguished.

Progress of moult along a spatial environmental gradient

We plotted the proportions of primary feather mass regrown
against precipitation of the driest quarter of the year, lati-
tude, sampling date and altitude at each location. We con-
sidered latitude, altitude, and sampling date to check the
relationship between progress of moult and other environ-
mental factors that may vary along the gradient, and to pre-
vent misinterpreting variation in sampling date or sampling
effort as a spatial variation in moult progress. We also plot-
ted proportions of breeding Common Bulbuls against pre-
cipitation of the driest quarter of the year, latitude, sampling
date and altitude, to check whether occurrence of breeding
follows a latitudinal, altitudinal or sampling date pattern.
We used the proportion of breeding birds in each location
instead of the breeding status of individual birds because
breeding status was known for females only (Nwaogu et al.
2017). Finally, we plotted precipitation of the driest quarter
of the year against latitude, sampling date and altitude to
check the relationship between timing of the wet season and
sampling pattern.

To test whether the proportion of feather material
replaced correlates with the amount of precipitation in the
driest quarter of the year or with latitude, we built general-
ised linear mixed-effect models with binomial error structure
(and logit link function). We modelled the proportion of
feather mass regrown as a function of precipitation of the
driest quarter of the year or latitude of the capture loca-
tion. We included sampling location as a random factor to
account for the use of common site features for all birds
sampled per location. We used a binomial error structured
generalised linear mixed model so as to deal with bounded-
ness, non-constant variance and non-normal errors that is
characteristic of proportion data (Crawley 2012). With this
approach, we modelled the proportion of feather mass grown
as the probability of encountering moulting or non-moulting
birds in each location—these categories bound the upper
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and lower limits of the distribution of feather mass grown
in our data. We included altitude, sampling date and number
of birds sampled per location as additional predictor vari-
ables. We replaced precipitation of the driest quarter with
latitude to test the relationship between latitude and progress
of moult separately because precipitation of the driest quar-
ter correlates negatively with latitude.

Results
Timing of moult in a single location

In Jos, moult starts on the 5th of May +41 days on average,
suggesting that individuals may commence moult as early
as 25th March or as late as 15th of June. Moult ends on the
26th of September + 53 days on average, i.e., Common Bul-
buls may complete moult as early as the 4th of August or as
late as the 18th of November. The duration of moult at the
population level is 144 days on average.

The likelihood of finding a moulting Common Bulbul in
Jos increases after February 1st and decreases subsequently
after birds have moulted (Fig. 2a). This pattern corresponds
to the onset and termination of the wet season in Jos between
April and October. The likelihood of finding a moulting
Common Bulbul in Jos was best predicted by the amount

Fig.2 a The likelihood of find-
ing a moulting Common Bulbul
in Jos increases after February
1st and decreases subsequently
after birds have moulted. A
quadratic relationship between
moult occurrence and date. b
An increase in the amount of
rainfall 9-15 weeks before scor-
ing moult (i.e., an earlier wet
season) increased the likelihood
of finding a moulting Common
Bulbul earlier in the wet season
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Fig. 3 First row: Relationship between proportions of primary feather
mass regrown (PFMG) in Common Bulbuls Pycnonotus barbatus and
a Precipitation of the driest quarter of the year b Latitude ¢ Sampling
date and d Altitude at locations along an environmental gradient (See
Fig. 1). Second row: Relationship between proportion of breeding
Common Bulbuls and e Precipitation of the driest quarter of the year
f Latitude g Sampling date and h Altitude at locations along an envi-
ronmental gradient in a seasonally arid West-African environment.

(Fig. 3i), sampling dates (Fig. 3j) and altitude (Fig. 3k);
Table 3.

Discussion

We tested the impact of the local timing of the wet season
on the timing of moult in the year-round breeding Com-
mon Bulbul in Jos, Nigeria, a locality where the wet season
starts in mid-April. We also compared progress of moult
across 15 localities in Nigeria where the wet season starts
consistently at different times of the year between February
and June. In Jos, at the population level, moult starts on 5th
May (+41 days), lasting for 144 days on average. The likeli-
hood of finding a moulting Common Bulbul decreases with
higher rainfall 9-15 weeks prior to taking a moult score,
both within and among years. Across the 15 localities, moult
progress increased with an average earlier onset of the wet

@ Springer

Sampling date Altitude (mm)

Third row: Relationship between precipitation of the driest quarter of
the year and i Latitude j Sampling date and k Altitude at locations
along an aridity gradient in a seasonally arid West-African environ-
ment. Non-significant correlations are indicated as broken lines.
Moult records were obtained from 308 Common Bulbuls mist-netted
in 15 localities around Nigeria (sample sizes per location are repre-
sented in Fig. 1). Mist netting was carried between 17th January and
8th April 2017

season. We discuss the life history implications of this find-
ing, which supports previous suggestion that moult in the
Common Bulbul is under a strong selection to match suitable
environmental conditions despite weak breeding seasonality
in the Common Bulbul (Nwaogu et al. 2019).

The moult pattern of Common Bulbuls in Jos suggests
that the onset of moult is organised to coincide with condi-
tions created by a prior onset of the wet season on aver-
age. The moulting period in Jos follows a small breeding
peak between the end of the dry and the start of wet sea-
son (Nwaogu et al. 2019), but because breeding takes place
throughout the year, it is unlikely that the seasonal timing of
moult at the population level is determined by breeding sea-
sonality. The timing of moult may be because moult depends
on rain influenced environmental productivity (Ward 1969),
such as vegetation regeneration and increased invertebrate
abundance. Maintenance of moult in birds is subject to nutri-
ent availability (Murphy 1996; Murphy and Taruscio 1995).
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Table 2 Moulting is less likely

. Predictors Estimate Error Moulting
to be observed in Common
Bulbuls in Jos with increasing Odds ratios CI P
total rainfall 9-15 weeks prior
to observations Intercept 1.41 0.18 4.09 2.88-5.82 <0.001
Intra-annual rainfall deviation —-0.74 0.13 0.48 0.37-0.61 <0.001
Inter-annual rainfall means -0.35 0.12 0.70 0.56-0.89 0.003
Day from February st 0.44 0.17 1.55 1.12-2.15 0.008
(Day from February 1st) A2 —-2.92 0.17 0.05 0.04-0.07 <0.001
Random effects
o 3.29
T00 yearl 0.11
ICC 0.03
N yeart 18
Observations 1701
Marginal R¥Conditional R 0.467/0.485

Intra and inter-annual rainfall effect were extracted from the best climate envelope model predicting the
linear relationship between total rainfall and occurrence of moult in Common Bulbuls in Jos, Nigeria. Year
was included as random term to control for inter-annual variation in factors other than rainfall. All predic-
tor variables were scaled to ensure that effect sizes were comparable

Significant p values are highlighted bold

Table 3 Precipitation in the driest quarter of the year (quarter before
the wet season) but not latitude, predicts moult in Common Bulbuls
Pycnonotus barbatus: output of generalised linear mixed models pre-
dicting proportion of feather material grown by Common Bulbuls in
sampling locations along an aridity gradient in Nigeria (see Fig. 1)

Variable Estimate Error z P

Model with precipitation as predictor of rainfall

Intercept -222 0.41 —5.40 <0.01
Precipitation 0.02 0.01 3.00 <0.01
Captures 0.02 0.02 0.98 0.33
Date —0.001 0.002 -0.35 0.73
Altitude —0.001 0.001 - 1.65 0.10
Model with latitude as predictor of rainfall
Intercept - 0.67 1.21 - 0.56 0.58
Latitude -0.12 0.13 -0.92 0.36
Captures 0.03 0.02 1.20 0.23
Date 0.0003 0.0017 0.20 0.84
Altitude —0.0021 0.0011 -1.92 0.06

Precipitation at each location was obtained from https://www.world
clim.org/bioclim. Moult records were obtained from Common Bul-
buls mist-netted in 15 locations around Nigeria (sample sizes per
location are represented in Fig. 1). Sampling location was included
as random factor in each model to account for use of common site
variables (n=308 birds, location=15). Mist netting was carried out
between 17th January and 8th April 2017 (sampling order shown in
Fig. 1)

In Common Bulbuls, the onset of moult is strongly depend-
ent on individual condition and it correlates positively with
body mass and immune function which both depend on diet
(Nwaogu et al. 2020). Therefore, the observation that the
mean start date of moult (5Sth May) is a few weeks after the

onset of the wet season in Jos, suggests a causal link between
environmental productivity and the onset of moult. However,
a standard deviation of 41 days for the start date of moult,
53 days for the end date of moult, and a duration of 144 days
on average implies that individuals vary substantially in their
timing of moult within the year. For example, individuals
may start moulting as early as March 25th or as late as June
15th, i.e. three weeks earlier or six weeks later than the start
of the wet season on average. Indeed, we carried out mist
netting for the gradient study between the 17th of January
and 8th of April 2017 and during this period, we recorded
moulting birds across Nigeria. In Jos, where we sampled
on January 17th—19th, March 2nd-6th, and April 4th—8th,
we found three (N=22) moulting birds in April. The large
variation among individuals may be related to differences in
the occurrence of breeding, nesting outcomes or body condi-
tion. At the population level in Jos, we record fewer breed-
ing attempts during the moult peak (Nwaogu et al. 2019).
Nonetheless, some individuals are seen to overlap breed-
ing and moult. We have recorded few females with active
brood patches during their main wing moult. However, a
more common scenario is to find females with old brood
patches starting wing moult or females initiating breeding
attempts when moult is almost completed, usually around
September and October. Overall, our observations confirm
a seasonal schedule for moult and the tendency for moult to
be restricted to the wet season compared to breeding which
may take place year-round in the Common Bulbul.

The inter-annual variability in the peak occurrence
of moult suggests that the timing of moult may vary
slightly among years in relation to variation in rainfall.
This pattern suggests a conserved timing for moult at the
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population level, consistent with the seasonal timing of
environmental productivity, but flexible enough to accom-
modate individual differences and among-year variability
in rainfall or other annual cycle stages such as breeding.
Red-vented Bulbuls Pycnonotus cafer in several south-east
Asian localities show similarly conserved moult schedules
despite flexible timing of breeding (Watling 1986). The
need to match moult with specific environmental condi-
tions may require that the moult cycle evolves a routine
that is consistent with locally predictable conditions and
buffered from unpredictable perturbations arising from
breeding and weather events.

The progress of moult in Common Bulbuls across Nigeria
was consistent with the average timing of the wet season
in different localities, confirming that the moult cycle is
adapted to local conditions as determined by rainfall. Like
Jos, Common Bulbuls in the other localities commenced
moult even before the first rain, and this suggests that popu-
lations may pre-empt the local timing of the wet season,
leading to earlier moult in some individuals, yet, consistent
with the onset of the wet season on average. Earlier moult in
localities with historically earlier rainfall is unlikely due to
earlier breeding because we found breeding but not moult-
ing bulbuls in all localities (Fig. 3e-h). It is also unlikely
that early moult is due to other factors which vary along the
latitudinal gradient that may be unrelated to rainfall because
latitude did not explain the variation in moult in the place
of precipitation. Timing visits to just before the first rain is
crucial to the interpretation of our results: the rain had not
started but birds had commenced moult in a manner that was
consistent with the timing of the wet season among locali-
ties. This suggests that the onset of moult is triggered by the
time of year when the wet season should commence in each
locality and not by the first rain.

We encountered a few moulting birds in localities where
the wet season started much later than would be expected
from the moult progress (Fig. 3). However, it may be due
to high local environmental productivity in specific locali-
ties. The east-most sampling location—Tula (9° 8' N, 11°
27" E) visited on the 14th and 15th of March 2017 (Fig. 1),
at proximity to a tributary of the Benue River was particu-
larly striking in this regard for having 11.4% of 35 bulbuls
trapped in primary moult. This relatively high percent-
age of moulting birds may be associated with early local
environmental productivity, because we observed bulbuls
already exploiting ripe fruits of Alchonia cordifolia and
Syzygium guineense that otherwise are unavailable before
the rains in other locations at similar latitude (Nwaogu
Pers. obs). In contrast, in another location, Markurdi (7° 7’
N, 08° 6’ E) (Fig. 1) close to the river Benue, there was no
bulbul moulting two weeks before we visited Tula. Moult
may, therefore, be linked to a range of factors that are
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associated with specific aspects of environmental condi-
tion like food, diet and nutrients rather than the occurrence
of water or rainfall (Murphy 1996; Nwaogu et al. 2020).

This study does not test for local differences in the tim-
ing of the moult cycle (Helm and Gwinner 1999) in Com-
mon Bulbuls because this requires year-round sampling in
several localities along the gradient over multiple years.
So, our result may only be interpreted with respect to the
effect of rainfall seasonality on the likelihood of finding
moulting Common Bulbuls across Nigeria rather than the
timing of the population moult cycle (Newton and Rothery
2005). Nonetheless, our data suggest that the timing of
moult is not causally linked to breeding (Camacho 2013;
Marmillot et al. 2016; Tomotani et al. 2019). Moult breed-
ing overlaps are common in tropical birds (Foster 1975;
Marini and Durdes 2001; Johnson et al. 2012; Stouffer
et al. 2013; Repenning and Fontana 2011; Araujo et al.
2017). These overlaps may be associated with the absence
of a causal link between breeding and moult, or the occur-
rence of seasonal moult and flexible breeding schedules.
Such relationships between environmental seasonality
and occurrence of annual cycle stages may be crucial for
maintaining annual schedules but may be less visible in
temperate systems where annual cycle stages are season-
ally constrained.

Tropical birds are diverse in the timing of breeding and
moult (Stouffer et al. 2013; Johnson et al. 2012) and this
diversity may represent varying solutions to life history
challenges. The Common Bulbul does not necessarily
represent the norm for tropical birds, but elucidating the
mechanism governing this seasonal timing of moult at the
population level despite flexible breeding attempts may
contribute to our understanding of how vertebrate annual
cycles are organised to match environmental seasonality
(Wingfield 2008).
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