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Comportamiento de anidamiento, morfologia de huevos, y biologia reproductiva del
Francolin de Harwood (Pternistis harwoodi) en la Cuenca Alta del Nilo Azul, Etiopia
Abadi Mehari Abrha**? and Till Topfer!

, Kai Gedeon' , Lars Podsiadlowski’

ABSTRACT. This study aims to understand the life history of the endemic Harwood’s Spurfowl (Pternistis harwoodi) including
reproductive, behavioral, and spatio-temporal variability of traits for the first time in the Upper Blue Nile Basin, Ethiopia. We used
field observations and camera traps to collect data from August to December 2020. We observed a non-lekking polygyny mating system,
with females selecting the nesting sites. Most nests were designed to thwart predators through background matching, nest orientation
and positioning, and reducing depositional odor trails. We found that the peak egg-laying period occurred in the first 2 wks of October.
There were significant differences of clutch-size variation spatiotemporally, as well as variation of the geometrical parameters of eggs
spatially, excluding for shape index. The average hatching success was 4.12 chicks/nest (+ 0.91 SD). The daily nest survival rates (DSR)
were estimated at 98.82% £ 0.003 (95% CI: 98.31%-99.32%), and the total survival probability of the nests was 70.48% * 0.01 (95%
CI: 60.66%-81.82%). We document a uniparental care strategy, with eggs being exclusively incubated by females and chicks being
predominantly attended by their mothers, although males may support rearing the chicks during the post-hatching period.

RESUMEN. Este estudio tiene como objetivo entender por primera vez la historia de vida del endémico Francolin de Harwood
(Pternistis harwoodi), incluyendo la variabilidad reproductiva, comportamental y espacio-temporal de rasgos en la Cuenca Alta del
Nilo Azul, Etiopia. Usamos observaciones decampo y trampas camara para colectar datos desde Agosto a Diciembre 2020. Observamos
un sistema de apareamiento de poliginia sin lekking, con las hembras seleccionando los sitios de anidamiento. La mayoria de los nidos
fueron disefados para confundir a los depredadores mediante la imitacion del fondo, la orientacion y posicionamiento del nido, y
reduciendo los rastros de olores por deposicion. Encontramos que el pico del periodo de puesta de huevos ocurrié en las primeras 2
semanas de Octubre. Existieron diferencias significativas en la variacion espacio-temporal del tamafio de la nidada, como también
variacion espacial de los parametros geométricos de los huevos, excluyendo el indice de forma. El éxito de eclosion promedio fue de
4.12 pichones/nido (£ 0.91 DS). Las tasas de sobrevivencia diaria de los nidos (DSR) fueron estimadas en 98.82% % 0.003 (95% IC:
98.31%-99.32%), y la probabilidad de sobrevivencia total de los nidos fue de 70.48% % 0.01 (95% IC: 60.66%—81.82%). Documentamos
una estrategia de cuidado uniparental, con los huevos siendo incubados exclusivamente por las hembras y los pichones siendo atendidos
predominantemente por sus madres, sin embargo los machos pueden apoyar en la cria de los pichones durante el periodo posterior a
la eclosion.

Key Words: background matching, breeding biology, daily nest survival rates; egg morphology; nesting behavior; parental care

INTRODUCTION Galliformes mostly select nest sites on the ground to build scrape

The breeding biology of most tropical bird species is poorly
known (Xiao et al. 2017, Fierro-Calderon et al. 2021), yet the
knowledge of it is an indispensable tool to carry out successful
conservation measures (Green 2004, Kesler et al. 2018). For
example, knowing the details of the breeding biology of landfowl
(Galliformes) can help mitigate negative influences on the
populations (e.g., hunting, habitat loss, and human population
growth) when taken into consideration during the development
of appropriate management plans (Clark et al. 1999, Jiménez and
Conover 2001, Tian et al. 2018). Nest-site selection and nest
design are among the most important determinants of
reproductive success in birds (Mainwaring et al. 2014, Guillette
and Healy 2015), which is reflected in ground nesters like
galliforms by the interplay of resource availability,
thermoregulation, crypticity, and risk avoidance behaviors
(Mayer et al. 2009, Carroll et al. 2015, Gomez et al. 2019).

nests (Madge and McGowan 2002). Scrape nests are structurally
weak, but require less effort to build (Suarez et al. 2005,
Mainwaring et al. 2014) than the burrow and mound nests of
megapodes (Harris et al. 2014), yet great parental attention is
invested during egg laying, incubation, and hatching (Persson and
Goransson 1999, Suarez et al. 2005). However, there is a paucity
of information on how such a nest confers reproductive success
in many galliform species.

Globally, there are 54 genera in the family Phasianidae, seven of
which  (Xenoperdix, Afropavo, Peliperdix, Campocolinus,
Scleroptila, Margaroperdix, and Pternistis) are confined to Africa
(Gill et al. 2024). There is limited information on the breeding
biology of most species, including francolins and spurfowls, from
Sub-Saharan Africa (del Hoyo et al. 1994, Madge and McGowan
2002), with some studies only reported from South Africa (e.g.,
Little and Crowe 1993, Jansen 2001, van Niekerk 2001, 2017,
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2018). In Ethiopia, Harwood’s Spurfowl (Pternistis harwoodi) is
an endemic sedentary species of the Sudan-Guinea Savanna
biome and of the Afrotropical Highlands biome, excluding the
Afroalpine and sub-Afroalpine ecosystems (Abrha et al. 2023).
The main threats to these biomes are agricultural expansion,
livestock grazing, firewood collection, and settlement (Asefa et
al. 2020), whereas the main menacing factors for francolins and
spurfowls in Ethiopia are habitat loss and hunting pressure
(Topfer et al. 2014, Abrha et al. 2017, Gedeon et al. 2017, Abrha
et al. 2023).

Some aspects of the ecology of Harwood’s Spurfowl have hitherto
been studied in the Jema and Jara Valley sub-basins of the Upper
Blue Nile Basin (Robertson et al. 1997, Abrha and Nigus 2017,
Abrha et al. 2017, Abrha et al. 2018). From a life history
standpoint, only a single egg-laying date and a polygamous
mating system have previously been reported (Ash 1978,
Robertson et al. 1997, Ash and Atkins 2009), so its breeding
biology basically remains elusive. This study investigates the
behavior and breeding biology of Harwood’s Spurfowl for the
first time. Specifically, it aims to understand life-history traits,
such as reproductive (clutch size, egg geometrics, incubation,
brood size, daily nest survival rates, breeding success, hatching
failure, and related traits) and behavioral (nest-site selection and
design, social behavior, mating system, and parental care) traits,
as well as spatiotemporal variation among traits.

METHODS

Study area

The study area lies in the Upper Blue Nile Basin (UBNB; Fig. 1)
and consists of two main study sites separated by a distance of
approximately 100 km. The main vegetation types are Dry
evergreen Afromontane forest and grassland complex (DAF) and
Combretum-Terminaliawoodland and wooded grasslands (CTW)
(Friis et al. 2010). The common native tree species are Combretum
spp., Terminalia spp., Acacia spp., and Juniperus spp. The CTW
also harbors socio-economically important plants such as
frankincense (Boswellia papyrifera) and lowland bamboo
(Oxytenanthera abyssinica) (Friis et al. 2010). According to
Fishpool and Evans (2001), the lower elevations (mean = 1322 m,
range = 840-1941 m, N = 27 nests) of the study area belong to
the Sudan-Guinea Savanna biome (SG), whereas the higher
elevations (mean = 1712, range = 1245-2192 m, N = 65 nests) are
part of the Afrotropical Highlands biome (AH) (Figs. 1, 2). The
study areas do not contain Afroalpine and sub-Afroalpine
ecosystems as defined by Topfer and Gedeon (2020). The major
soil types of the area are Vertisols (“black cotton soils”) and
Leptosols (“gray-brown or brown soils”) (Last 2009). The main
rainy season in the area is from June to September, and occasional
showers occur in October (Mohammed et al. 2022).

Field methods

We searched for nesting sites from mid-August to the last week
of December in 2020 along predetermined line transects in
farmland, CTW, and DAF habitats (Abrha et al. 2023). We
intensively searched in the morning and evening, when the species
exhibits peak feeding and calling activity (Abrha et al. 2018). In
particular, the distinctive vocalizations of territorial males were
important signals, as were courtship displays. Incubating birds
were detected by random searches in habitats where the species
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was known to breed (Fig. 3). An active scrape was considered as
a permanent nesting site when it contained at least one egg during
that breeding season. Females squatting on freshly scraped
ground were also considered as signs for a potential nest.

In total, we found 119 nests in the two biomes (27 in SG; 92 in
AH). We collected complete data from 92 nests (referred to as
“measured nests”). For the remaining 27 nests (“unmeasured
nests”), we only documented clutch size, nesting period
(backdated), nest fate (successful and failed), and nest dimensions
in order to understand the effect of nest visits on the breeding
success of the species. A nesting period is defined as the time from
the first egg laying until hatching, and a nest was considered
successful when at least one egg hatched (Klett et al. 1986,
Steenhof and Newton 2007). We checked 79% of measured nests
in 2-3 d intervals and 21% of the nests in intervals of 4-5 d. We
installed camera traps to investigate breeding activity in 40 nests
in the eastern study site in AH biome (Append. 1). Camera traps
were situated ata 2-3 mradius from the nests after clutch initiation
in order to avoid nest desertion. All cameras were mounted on
short trees or wooden stakes approximately 40-60 cm above the
ground. Cameras were programmed to operate during incubation
and hatching. We set cameras to take photos and enabled video
mode for three consecutive days; finally, each day was pooled into
a single survey following Kross and Nelson (2011). Using these
methods, we were able to observe the frequency of egg laying
during morning and evening, egg-laying intervals (number of egg/
day), trips to and from the nest, nest attendance during feeding
activity (time/day), hatching (time) and vocalizing males and
potential predators.

Nest site characterization
During our field work, we collected four traits to characterize the
nest microhabitat as follows:

1. Background matching: we captured digital photographs
from overhead to document the contrast between the birds’
plumage color and the background. In order to minimize
disturbance, a minimum distance of 1 m between the
observer and the female was assumed during
photographing.

2. Nest orientation and positioning: exposure to extreme
weather conditions (e.g., solar radiation, rainfall, and wind)
and slope gradient (gentle to steep) was determined as
“oriented” or “non-oriented.” Furthermore, the presence or
absence of vegetation cover and nesting in association with
other bird species was visually assessed.

3. Nest dimensions: we measured internal diameter, external
diameter, and depth of both measured and unmeasured
nests and we identified the different nesting materials after
hatching.

4. Nest spacing: We applied GPS to assess the minimum nest
spacing between two nests and distance between a territorial
male and the nearest nest.

Geometrical parameters and coloration of eggs

Egg dimensions and mass of fresh eggs were gauged in the field
using digital calipers (to the nearest 0.01 mm) and digital balances
(to the nearest 0.01 g), respectively. Egg measurements were
conducted when females had left the nests for foraging or after
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Fig. 1. Study area and the two main study sites of Harwood’s Spurfowls in the Upper Blue Nile Basin (UBNB): western nests
belong to the Sudan-Guinea Savanna biome (SG) and eastern nests to the Afrotropical Highlands biome (AH).
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Fig. 2. Habitat types in the Afrotropical Highlands biome (top)
and the Sudan-Guinea Savanna biome (bottom) in the Upper
Blue Nile Basin.

antipredator responses. We wore gloves during measurements to
reduce our scent on the eggs in order to avoid the attraction of
mammalian predators common in the study area. We calculated
the egg shape index, surface area, and volume from two egg
parameters: maximum length (L) and maximum breadth (B). The
egg shape index (SI) was computed as a percent ratio of egg
breadth and egg length (B/L*100) (Preston 1968). Egg volume
was calculated using the equation in Hoyt (1979). Based on the
modified Hiigelschiffer’s model with two parameters (Narushin

etal. 2022), the formula for Kv coefficient for an ovoidal egg shape
is: Kv =-0.0012(B/L)? + 0.0035B/L + 0.5115, where Kv = specific
mass coefficient of egg. The detailed formulae for both egg surface
area and egg volume are given in Narushin et al. (2022).

We dichotomized dominant phenotypic egg traits for egg color
as being white or dusty white with tiny white spots and egg texture
as being smooth and partly smooth (Append. 2).

Data analysis

We checked the normality assumptions of our data using a
Shapiro-Wilk test and homoscedasticity to apply appropriate
statistical tests. Adhering to these assumptions: (1) we applied
paired and unpaired sample ¢-tests to contrast the mean
differences of fresh eggs laid per nest between morning and
evening time blocks and nest measurements between successful
and failed nests, respectively; (2) we used Pearson’s correlation
test to check the linear relation between geometrical egg
parameters; (3) the ordinary least squares (OLS) regression
method was used to analyze the relationship between clutch size
and egg-laying dates; (4) we also used nonparametric tests such
as Chi-Square (x?) Goodness of Fit test, Mann-Whitney test U,
and Kruskal-Wallis test H. The Chi-Square test was used to
contrast the observed and expected distribution of nest
orientation, egg color, and texture of eggs. The Mann-Whitney
and the Kruskal-Wallis tests were used to analyze spatiotemporal
variation of egg biometrics and hatching success between
measured and unmeasured nests. A post hoc Dunn’s test with
Bonferroni error adjustment method was used for pairwise
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Fig. 3. Nesting sites of Harwood’s Spurfowls on relatively flat terrain in farmland (A-C) and on a steep slope in DAF (D). Nest
locations proper are highlighted by white-dashed circles. Nests are effectively covered by vegetation (partly placed aside for
photography) and are positioned and oriented to avoid excessive exposure to weather conditions and disturbances. Images also show

effective camouflaging against the background substrate.

comparisons of each parameter between habitats. Data were
analyzed with IBM SPSS Statistics v20.0. Data of life-history
traits were presented as mean * SD, and a two-tailed hypothesis
test with an alpha value of 5%.

Because not all nests were encountered simultaneously, nest fate
(i.e., successful = 0 and failed = 1) of Harwood’s Spurfowls were
derived from daily nest survival rates (DSR) in program MARK
(White and Burnham 1999, Dinsmore et al. 2002). Accordingly,
we calculated 95% CI of DSR (Eq. 1) and total nest survival
probability (or breeding success) using a maximum likelihood
estimation. Mayfield’s (1975) formula for DSR is:

DSR = 1 Number of failed nests 1
- Number of exposure days )

The “exposure days” are defined as the duration from the first
nest observation until the final fate of nests. The overall
probability of a nest survival rate of d days is DSR, where, “d”
refers to the summation of egg-laying and incubation periods
(Mayfield 1975, Rotella et al. 2004) in our model species.

RESULTS

Social behavior and mating system

Harwood’s Spurfowl is sympatric with Erckel’s Spurfowl
(Pternistis erckelii) at higher elevations in AH and with Helmeted
Guineafowl (Numida m. meleagris) at lower elevations in CTW
and farmlands. Male Harwood’s Spurfowls were territorial and
interacted with domestic and wild animals (Fig. 4A—C). Constant

territorial calls of individual males were noticed throughout the
breeding season. We observed males to produce territorial calls
during the mornings (6:00-11:00) and afternoons (15:00-18:30).
In a continuous habitat, four to eight males were calling at a
distance of approximately 90 m from each other. Within each of
these individual territories, we found at least two nests. On
average, males were recorded at a distance of 23.6 m away from
incubating females (14.5-45.0 m, N = 23 nests). Average distances
between nests were 30.1 min farmland (14.5-52.0m, N =22 nests),
39.1 min CTW (19.0-70.0 m, N = 8 nests), and 48.7 m in DAF
(32.0-66.0 m, N = 3 nests). There was no significant difference of
nest spacing between habitat types (Kruskal-Wallis test H = 4.30,
df =2, P =0.07). Most nests were constructed in and around
farmlands (60.87%, N = 56), followed by CTW (31.52%, N =29
nests) and DAF (7.61%, N = 7 nests). According to our
observations of five sites, the mating system of Harwood’s
Spurfowl is polygynous. During the season, individual males
chased down several females and initiated courtship behavior
before nest building mainly after mid-August in 2020. We never
observed a lekking system.

Nest-site selection and nest-building behavior

Nests were inconspicuous and usually well hidden in herbaceous
vegetation with some short trees and often surrounded by rocks
and stones. Most nests were found on black cotton soil adjacent
to stones (60.86%, N = 56), as well as underneath overhanging
rocks (18.48%, N = 17 nests) and under thorny and bushy
vegetation (11.96%, N = 11 nests) (Fig. 5). The gray-brown to
dark-brown vermiculated patterns and colors of the breeding
females’ plumage matched the background very well. Only eight
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Fig. 4. A territorial male feeding in association with Common Duiker Sylvicapra grimmia (A) and domestic goats Capra sp. (B), but
fled from the feeding ground and gave off warning calls when approached by predators like White-tailed Mongoose Ichneumia
albicauda (C). Males scratch the ground to feed, dust-bathe, and preen their bodies during quiescence, as indicated by remaining

feathers (D).

nests (8.70%) were built in heaps of Sorghum stalks, where females
were less camouflaged. Females usually remained motionless
during photography (Figs. 3, 5). Many nests were oriented away
from excessive exposure to weather conditions like sunlight,
rainfall, and strong wind (63.04%, N = 58 nests), being sheltered
by an extensive vegetation cover and by the selection of slopes
and rocks on microhabitat levels (Fig. 3). There was a statistically
significant difference between the observed and expected
distribution of nest orientation in the study area (x> = 31.34, df
=1, P <0.001).

The nest itself is placed in a flat scrape and consists of a
structurally weak arrangement of dried grasses and thin twigs,
lined with the females’ down or other soft body feathers (Fig. 5).
Green plant material was not observed in any nest, and our videos
confirmed that females selectively plucked and incorporated dried
twigs and grasses to the construction while crouched low on the
nest. The average external and internal diameters of the nests were
19.94 £ 1.76 cm and 16.85 £ 1.81 cm (IV = 40 nests), respectively.
The average depth of nests was 6.20 + 1.43 cm. There was no
significant difference in external diameter between successful and
failed nests (unpaired-t = 1.565, df = 38, P = 0.126). Similarly,
there was no significant difference in depth of successful and failed
nests (unpaired-r = 0.370, df = 38, P = 0.714). In contrast,
successful nests were significantly wider in internal diameter (1.4
cm) than failed nests (unpaired-¢ = 2.529, df = 38, P = 0.016).

Egg laying and egg description

On average, in each nest, a single egg was laid per day (mean = 1
d, range = 0-2 d, N = 23 nests) and the average egg-laying span
was 8.34 d (+ 2.87, range = 3-13 d, N = 41 nests). Our results
showed that there was a statistically significant difference in eggs

laid between morning and evening (paired-z = 5.21, df =30, P <
0.001). The earliest clutch initiation was recorded on 9 September
2020, and the latest was recorded on 29 December 2020, with
52.20% of the clutches initiated in October (peaking in the first
2 wks of October). There was a linear relationship, indicating that
clutch size declines significantly from the start of the laying season
to the end (R2=0.11; F = 6.786, df = 1,57, P = 0.012) (Fig. 6).
The color of 67.39% of the eggs was white, and 32.61% were dusty
white. Egg texture was either rough (73.91%) or smooth (26.09%)
(Fig. 5; Append. 2). There were significant differences in egg color
x®=11.13,df =1, P=0.001), as well as in egg texture (x> = 21.04,
df =1, P <0.001) across nests.

Geometrical parameters of eggs and spatiotemporal variation of
clutch size

Egg measurements were conducted on 224 fresh eggs (54.63%)
from 66 nests. Fresh eggs weighed on average 25.20 g (+ 1.74).
The average egg length and breadth were 42.13 mm (% 0.86) and
32.95 mm (% 0.73), respectively. The average egg volume and
surface area were 23.35 cm?® (+ 1.31) and 34.12 cm? (£ 1.23),
respectively. The average shape index was 78.25% (£ 1.79). Across
habitat types, most egg parameters showed significant differences,
except for egg shape index (Kruskal-Wallis test H = 0.78, P =
0.677) (Table 1). The average clutch size was 4.46 eggs/nest (+ 1.09,
range = 2-7, N = 410 eggs from 87 nests), with a modal clutch
size of four eggs. Pearson correlation showed a significant positive
association between most parameters. Only egg length showed a
significant negative association with shape index, and mass and
surface area did not show significant associations with egg shape
index (Append. 3). Clutch size showed significant differences
across habitats (Kruskal-Wallis test H=13.95, P=0.001), biomes
(Mann-Whitney test U=443.5, P<0.001), and months (Kruskal-
Wallis test H = 12.99, P = 0.003) (Table 2).


https://journal.afonet.org/vol95/iss3/art8/

Journal of Field Ornithology 95(3): 8
https://journal.afonet.org/vol95/iss3/art8/

Fig. 5. Examples of nest structure and composition in different
habitat types. The color and patterns of the incubating females
provide camouflage against the background of rocks, stones,
and soil. Typical nest sites are shown on black (A) and brown-
to-gray brown soils (B), and underneath rocks (C and D). Egg
colors ranged from white (A, C, and D) to dusty white with tiny
white spots (B). Nests with eggs close to hatching were usually
filled with soft down feathers (C).

Incubation, hatching, and parental care

Based on our 3-d nonstop video recordings, only females
incubated the eggs. The average incubation lasted for 20.81 d
(£ 1.09, 19-23 d, N = 36), and 66.67% of the eggs were incubated
for 20 and 21 d. Additionally, the videos documented that females
were never provisioned with food by males, but left their nests
unattended, likely in search of food (mean 74.71 % 38.90 min/day,
11-188 min, N = 108 observations), which corresponded to 5.19%
of their daily time budget (£ 0.02%, range = 0.76-13.06%). Videos
from farmland nest sites showed that females sometimes foraged
directly from seeds of grasses covering the nests. Females left the
nests for feeding frequently in the morning and in the evening,
with higher activity observed in the morning (Mann-Whitney test
U=213, P<0.001). The average nesting period for measured and
unmeasured nests was 29.36d (£ 3.51,22-35d, N=136) and 31.53
d (£ 1.81, 26-33 d, N = 19 nests), respectively. Hatching was
synchronous and lasted on average for 137.27 min (% 79.44, 68—

Fig. 6. Linear relationship between clutch size and egg-laying
dates of Harwood’s Spurfowls (N = 59), indicating clutch size
to decline significantly with laying date. The line fit is mean
with 95% CI. y = -0.33x + 5.35: y = clutch size and x = days
passed after the first egg laid.
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298 min, N = 11 nests). Usually only females were present during
hatching, although in four nests (5.3%) both sexes fed chicks in
the nest during the post-hatching period.

Breeding success and hatching failure

Out of 92 nests, we evaluated the fate of most measured nests (NV
= 78 nests, 84.78%). Accordingly, 73.08% (N = 57 nests) were
successful, and 26.92% (N = 21 nests) failed. Only 14 nests
(15.22%) were censored due to extreme weather conditions,
logistical constraints, and accessibility. Among the successful
nests, all eggs (100%) hatched in 23 nests. Altogether 235 chicks
hatched, of which seven chicks (2.99%) were found dead in and
around seven nests during our last nest visit, possibly due to
adverse weather conditions. The average hatching success was4.12
chicks/nest (+ 0.91, 2-6 chicks), which was equivalent to 86.94%
(£ 11.60) chicks/nest in measured nests. In these nests, the DSR
was estimated at 98.82% £ 0.003 (95% CI: 98.31-99.32%), and
total nest survival probability (DSRY) was 70.48% =+ 0.01 (95%
CI: 60.66-81.82%) (Table 3). The average hatching success for the
unmeasured nests was 5.22 (+ 0.80, 47 chicks) or 95.47% (£ 7.88)
chicks/nest. The DSR and nest survival probability were 99.45%
+ 0.003 (95% CI: 98.92-99.99%) and 84.14% + 0.01 (95% CI:
71.00-99.61%), respectively (Table 3). Our results showed that
unmeasured nests had higher hatching success than measured
nests (Mann-Whitney test U = 380, P = 0.002).

The status of 38 eggs from 34 nests was categorized as unhatched
(47.37%), collected (23.68%), disappeared (21.05%), and rolled
out of nest (7.89%) (Table 4). Human footprints, photographs,
and noise recorded by camera traps in the nest environment
documented that herdsmen and farmers collected eggs. Rainfall
coupled with strong winds also rolled eggs out of the nest and
broke some of them. The main factors for nest failure were
predation (52.39%, including hunting) followed by farming
operations (19.05%) and desertion (9.52%) (Table 4). Potential
predators commonly observed on the study sites were White-
tailed Mongoose (Fig. 4C), Common Genets Genetta genetta and
Fan-tailed Ravens Corvus rhipidurus.
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Table 1. Geometrical egg parameters in three habitat types in UBNB (N = 224 eggs). Values are given as Mean = SD for the whole
data set (habitats combined) and separately per habitat. The same superscript letter within a row indicates a non-significant difference.
Abbreviations: CTW = Combretum-Terminalia woodland and wooded grasslands; DAF = Dry evergreen Afromontane forest and

grassland complex.

Geometric parameter Habitats combined Habitat H P
CTW =55 DAF =25 Farmland = 144

Length (mm) 42.13 (£ 0.86; 40.02-43.70) 41.63 +0.88" 4244 +0.71° 42.26 + 0.81° 23.38 <0.001
Breadth (mm) 32.95 (£ 0.73; 30.98-34.85) 32.62%0.73° 32.95 + 1.00° 33.08 £ 0.63" 12.74 0.002
Mass (g) 25.20 (*+ 1.74; 21.29-28.76) 23.94+1.56° 2595+ 1.18" 25.55+ 1.66" 40.85 <0.001
Volume (cm?) 23.51 (+ 1.31; 20.12-26.65) 22.76 +1.23° 23.69 * 1.63" 23.77 + 1.17° 21.87 <0.001
Surface area (cm?) 34.12 (£ 1.23; 31.04-36.88) 3337+ 1.16° 34.36 £ 1.39° 3436+ 1.11° 24.43 <0.001
Shape index (70) 78.25 (£ 1.79; 73.41-82.74) 78.37 + 2.06" 77.64 + 2.23" 78.31 + 1.57" 0.78 0.677

Table 2. Spatiotemporal variation of clutch size. Abbreviations:
AH - Afrotropical Highlands biome; SG - Sudan-Guinea Savanna
biome. * Mann—Whitney test U = 443.5 and P < 0.001.

Clutch size
Category Subcategory 2 3 4 S5 6 7 N Total Mean*SD H P
Habitat CTW 014 8 5 2 029 111 383% 0'97: 13.95  0.001
DAF o1 1 3 0 7 34 486+ 1.07f‘
Farmland 1 4 19 19 11 2 56 265 473 1.04f‘
Biome* AH 0 9 17 23 14 2 65 308 5.14% 0.90: NA NA
SG 110 11 4 1 0 27 102 3.78% 0.89b
Month  September 03 5 4 4 016 73 456% 1.09T‘ 12.99  0.003
October 0 5 12 16 10 2 45 216 4.80% 1.04:
November 1 6 9 3 2 021 8 395% 1.02b
December 05 3 3 0 011 38 382+087
DISCUSSION

Mating system, nest-site selection, and nest-building behavior

We confirmed a polygamous, non-lekking mating system in
Harwood’s Spurfowl as previously reported (Robertson et al.
1997, Abrha et al. 2018). This is a resource-defense polygyny
strategy (Emlen and Oring 1977, Gill 2007) typical of many
galliform species (Lislevand et al. 2009, Winkler et al. 2015). Nest-
site selection and nest-building behavior are critical for the
breeding success of ground-nesting birds (Mayer et al. 2009,
Mainwaring et al. 2014, Gémez et al. 2019). According to our
results, only female Harwood’s Spurfowls select nest sites. Their
specific nest-site selection and nest-building behavior
predominantly aims at reducing the risk of predation by the
following mechanisms:

1. Plumage color and patterns of females often matched the
background of the nest microhabitat (e.g., black soil, stones,
rocks, and bushy thorns: Fig. 5; Append. 1). Such crypsis
through background matching is a fundamental tactic of
predator avoidance (Merilaita and Stevens 2011, Michalis
et al. 2017, Ruxton et al. 2019, Terrill and Shultz 2023) and
is very common in ground nesting birds (Lovell et al. 2013,
Troscianko et al. 2016). In Ethiopia, some larks and other
ground-breeding songbirds have evolved plumage traits to
match different soil types (Last 2009). Based on our
observations, incubating females remained motionless until
being approached up to 1 m, suggesting that plumage crypsis
plays the most important role for the survival of clutches
because the lightly colored eggs are relatively conspicuous
when unattended, even though the nests may be covered by

Table 3. Breeding parameters for measured and unmeasured nests
of Harwood’s Spurfowl.

Parameter Measured nests Unmeasured nests

Mean SD N Mean SD N
Clutch size 446 1.09 92 548 0.80 27
Hatching success 412 091 57 522 080 23

Daily nest survival rates (DSR) (%) 98.82 0.003 78 99.45 0.003 27
Total nest survival probability (5) (%) 70.48 0.01 36 84.14 0.01 23

vegetation. In support of this, motionlessness is known to
reinforce anti-predator coloration in many animal species
(Stevens and Merilaita 2011, Stevens and Ruxton 2019),
particularly among ground-nesting birds (Troscianko et al. 2016).

2. The location of most nests in terms of orientation,
positioning, substrate, and slope gradient (accessibility) was
apparently chosen to thwart unfavorable exposure to
weather and to minimize the risk of predation. Consistent
with these findings, ground nesters are known to employ
such mechanisms to maintain a favorable thermal
environment (Deeming and Mainwaring 2015, Mainwaring
et al. 2015, Duursma et al. 2018) thereby optimizing nest
safety (Gill 2007). Most Harwood’s Spurfowls’ nests were
effectively hidden in vegetation, and some were located
under single short thorny trees (up to 5 m) on steep slopes.
This strategy minimized nest predation as suggested by
Conover (2007) and Mainwaring et al. (2014).

3. Female Harwood’s Spurfowls possibly also reduced the risk
of depositional odor trails during feeding. Our camera trap
recordings showed that incubating females never flew off
directly from their nests and mainly left the nest in the
morning. Instead, they typically walked away from the nests
in different directions. Besides, we did not see individuals
leaving the nest during rain and intensive solar radiation.
Such behavior could, together with reducing visual
encounters with predators, suggest that females minimize
therisk of depositional odor trailsin concordance with other
reports on ground-dwelling birds (Conover 2007, Winkler
2016). For example, we had two failed nests due to olfactory-
orientated predators, White-tailed Mongoose and Common
Genet, who likely followed contact odor trails created by
repeated visits, suggesting that breeding spurfowl females
may be olfactory inconspicuous.
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Successful nests (N = 57 nests)

Failed nests (N = 21 nests)

Factor Egg Factor Nest level Laying parent Total
Unhatched 18 (47.37%) Predation 3 (14.29%) 1 (4.76%) 4 (19.05%)
Disappeared eggs 8 (21.05%) Desertion 2(9.52%) - 2 (9.52%)
Egg collecting 9 (23.68%) Hunting 8 (38.10%) 3 (14.29%) 11 (52.38%)
Sprawl/rolled eggs 3 (7.89%) Farming 4 (19.05%) 0 4 (19.05%)
Total 38 (100%) Total 17 (80.95%) 4 (19.05%) 21 (100%)

Egg laying, geometrical parameters of eggs, and clutch size

The onset of breeding was from the end of August, right after big
rainfalls ceased, to December (in Ethiopia, this season is also
known as “harvesting season” or “spring”). We found that
Harwood’s Spurfowl has a single breeding season instead of a
prolonged or non-synchronous breeding as mentioned in
Robertson et al. (1997). Such a difference in breeding phenology
could be attributed to temporal changes of favorable habitats and
climatic conditions, as well as differences in disturbance level. For
example, the rainfall in the Upper Blue Nile Basin (UBNB) is
highly variable but has trended toward significant decrease since
1980 (Mohammed et al. 2022). This could possibly influence the
timing of breeding of the species. Indeed, the breeding season of
Harwood’s Spurfowl is associated with the rainy season
(Robertson et al. 1997, Abrha et al. 2018) as in related species,
such as Swainson’s Spurfowl (Pternistis swainsonii) (Jansen and
Crowe 2005) and most galliform species (McGowan 1994),
probably due to food peaks after heavy and consecutive rainfall
ceases.

Our results demonstrated that the earliest clutches were initiated
in September, and peak egg laying occurred in October when the
conditions were wet with occasional rainfall (Append. 4).
Conversely, earlier studies reported the earliest egg-laying dates
during the driest conditions in December and January (Ash 1978,
Ash and Gullick 1989, Ash and Atkins 2009). However, these
reports lacked systematic and detailed breeding observation of
the target species in the area. According to our camera trap data
(77.50%), many eggs were laid in the morning, which is consistent
with other birds (Winkler 2016). The females laid on average a
single egg per day, similar to other pheasants (Khalil et al. 2016)
and other precocial species (Hepp and Kennamer 2018).
Significant variation in the geometrical parameters of eggs across
habitats could be explained by climatic conditions and food
availability for females. The clutch size (4.66) for Harwood’s
Spurfowls was similar to that of Swainson’s Spurfowl (Jansen and
Crowe 2005). We found clutch size of Harwood’s Spurfowl to
decrease significantly as the breeding season progresses, possibly
as a result of a gradual decline in food resources and nest cover,
as well as an increase in threats (predominantly predation). This
phenomenon is common in ground-nesting birds (Lu and Zheng
2003, Suarez et al. 2005, Balasubramaniam and Rotenberry 2016)
because breeding females progressively face food scarcity
(Winkler 2016).

Although linear egg dimensions of Harwood’s Spurfowl were
similar to its sister species, Clapperton’s Spurfowl (Pternistis
clappertoni) (Schonwetter 1961), we rely on the derived parameter
(i.e., egg shape), as this parameter has an adaptive value for life-

history traits in birds (Stoddard et al. 2017, Montgomerie et al.
2021). Moreover, egg shapes could be determined by clutch size
(Barta and Székely 1997, Montgomerie et al. 2021). Following the
classification of egg shape index (Sarica and Erensayin 2004, de
Oliveira-Boreli et al. 2023), Harwood’s Spurfowl has more spherical
and whiter eggs, regardless of some phenotypic variation in shape,
spottiness, and color across habitats (Appends. 2, 5). Because
spherical egg shapes are characterized by a uniform shell thickness
(Stoddard et al. 2017) and resistance to breakage (Bain 1991,
Montgomerie et al. 2021), such traits (including egg color) in our
study species could also represent an adaptation to excessive
sunlight and erratic weather conditions in UBNB. For example, in
Australian songbirds, the most spherical eggs were found among
those species that bred in open nests under the hottest conditions,
which exposed them to the highest amount of solar radiation
(Duursma et al. 2018). We consider it possible that the spherical
shape of Harwood’s Spurfowls’ eggs is a similar adaption to the
harsh sunlight conditions in UBNB, which could also explain the
spherical egg shape of other tropical galliform species (Stoddard et
al. 2017, Montgomerie et al. 2021). To what extent the colors and
patterns of Harwood’s Spurfowls’ eggs actually contribute to
temperature regulation, which ultimately may account for enhanced
breeding success, remains to be tested.

Incubation, hatching, and parental care

We found incubation to last for approximately 21 d, which matches
the known incubation period of 21-23 d in other spurfowl species
from South Africa (Little and Crowe 1993, Jansen et al. 2001).
Although females sit on the nest after laying the first egg, incubation
is delayed until the clutch is completed to guarantee hatching
synchronicity. This is consistent with reports for many precocial
birds, particularly ground nesters (e.g., Persson and Goéransson
1999, Gill 2007, Mayer et al. 2009, Balasubramaniam and
Rotenberry 2016, Winkler 2016). The average daily nest attendance
of nearly 95% indicates that females actively reduce the risk of
predation and egg hypothermia by leaving the nest only briefly for
feeding. Our data thus documented that Harwood’s Spurfowl has
an almost uniparental care strategy, with females exclusively
incubating the eggs and guiding their freshly hatched chicks to the
nearby vegetation. The role of territorial males was mainly to escort
the nesting females. Only in rare cases were males observed tossing
food toward chicks. Thisindicates that males predominantly control
the resources for the breeding females and by doing so, participate
at least indirectly in raising their chicks. This is in accordance with
the hitherto reported uniparental strategy in the congeneric
Swainson’s Spurfowl Pternistis swainsonii from South Africa (van
Niekerk 2017) and other polygynous phasianids (Winkler et al.
2015).
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Breeding success and failure

The average hatching success (86.94% at measured and 95.47%
at unmeasured nests) of Harwood’s Spurfowl is similar to some
African (Gray-winged Francolin Scleroptila afra: Little and
Crowe 1993; Red-winged Francolin Scleroptila I levaillantii:
Jansen et al. 2001) and Asian francolin species (Black Francolin
Francolinus francolinus asiae: Kumar et al. 2020), but higher than
reported for the other Gray Francolin (Ortygornis pondicerianus
interpositus: Khalil et al. 2016). Even though we cautiously
removed the vegetation cover and fenced trails leading to nests,
we suspected that disturbances during repeated visits (e.g., camera
placement, nest measurements, egg handling) could have
exacerbated the failure of measured nests indirectly. Indeed,
breeding success of measured nests was lower than that of
unmeasured (random) nests, mainly due to predation and farming
activities (Table 4). The relatively high percentage (47.37%) of
unhatched eggs in successful nests could be due to infertility and
embryo mortality. Touching eggs and catching laying parents in
particular (Radnezhad et al. 2011, Zhao et al. 2020), as well as
nest visits in general were reported as factors for hatching failure
in other birds (Green 2004, Zhao et al. 2020). Because Harwood’s
Spurfowl is a ground nester mainly in and around farmlands, it
is pronouncedly hunted for food (Robertson et al. 1997, Ash and
Atkins 2009, Abrha and Nigus 2017, Abrha et al. 2017, 2023).
Farming operations also exacerbated hatching failure of the
species, consistent with studies in other pheasant species (Coates
et al. 2017). Globally, predation is a major important threat for
several galliform species (e.g., Little and Crowe 1993, Clark et al.
1999, Persson and Goransson 1999, Lu and Zheng 2003,
Balasubramaniam and Rotenberry 2016, Zhao et al. 2020).

To conclude, as predation was the main reason for the nesting
failure, we recommend limiting mowing grasses and cutting trees
during the breeding season in and around farmlands and other
habitats (including woodlands, scrub, and bush vegetation) where
Harwood’s Spurfowls are dwelling in order to avoid disturbance,
sun exposure, and access to nesting sites. Hunting (including egg
collecting) should be prohibited throughout the year, and
conservation education and awareness creation should be
delivered to the local communities.

Author Contributions:

Abadi Mehari Abrha: Conceptualization, data collection, data
analysis, writing andrevising paper Kai Gedeon: Conceptualization,
funding acquisition, supervision, revising paper Lars Podsiadlowski:
Conceptualization, funding acquisition, supervision, revising paper
Till Topfer: Conceptualization, data analysis, funding acquisition,
supervision, writing and revising paper

Acknowledgments:

This part of PhD work was supported by the Leibniz Institute for
the Analysis of Biodiversity Change (LIB) and the German
Academic Exchange Service (DAAD). We also thank Mekelle
University for the logistical support of our research. We wish to
thank Demis Mamo, Feleke Seid, Alayu Fantaye, and Melaku Sisay
for field support. We are grateful to the Ethiopian Wildlife
Conservation Authority (EWCA) for providing permission to run

Journal of Field Ornithology 95(3): 8
https://journal.afonet.org/vol95/iss3/art8/

the project in three regions (Amhara Ref. No: 31/74/12; Oromia
Ref. No: 31179112, and Benishangul-Gumuz Ref. No: 31/70/12 ) in
Ethiopia. We are thankful to many farmers and cowherds for their
valuable help and support during data collection. Finally, we would
like to thank the reviewers and the editor for their helpful comments.

Data Availability:

Data will be made available on request.

LITERATURE CITED

Abrha, A. M., K. Gedeon, L. Podsiadlowski, and T. Topfer. 2023.
Dynamic occupancy modeling of a cryptic ground-dwelling
pheasant species in the Upper Blue Nile Basin in Ethiopia. Global
Ecology and Conservation 48: ¢02710. https://doi.org/10.1016/].

gecco.2023.e02710

Abrha, A. M., and N. K. Nigus. 2017. The ecology of Harwood’s
Francolin Pternistis harwoodi (Aves: Galliformes: Phasianidae)
at Merhabete District, central highlands of Ethiopia: implications
for conservation. Journal of Threatened Taxa 9(9):10633-10641.
https://doi.org/10.11609/j0tt.3189.9.9.10633-10641

Abrha, A. M., H. K. Nigus, B. G. Weldetnsae, M. Tilahun, A. G.
Nigusse, and K. T. Deribew. 2017. Effects of human disturbances
on two sympatric francolin species in the Central Highlands of
Ethiopia. Podoces 12(1):13-21. https://wesca.net/Podoces/

podoces12.1.html

Abrha, A. M., S. A. Zelelew, H. K. Nigus, and A. Alelign. 2018.
Diurnal activity patterns of Harwood’s Spurfowl Prernistis
harwoodi in relation to habitat types and climatic conditions in
the Central Highlands of Ethiopia. Ostrich 89(2):1-7. https://doi.
0rg/10.2989/00306525.2018.1429505

Asefa, M., M. Cao, Y. He, E. Mekonnen, X. Song, and J. Yang.
2020. Ethiopian vegetation types, climate and topography. Plant
Diversity 42(4):302-311. https://doi.org/10.1016/j.pld.2020.04.004

Ash, J. S. 1978. The undescribed female of Harwood’s Francolin
Francolinus harwoodi and other observations on the species.
Bulletin of the British Ornithologists’ Club 98(2):1-15. https:/
www.biodiversitylibrary.org/item/126876#page/7/mode/lup

Ash, J., and J. Atkins, editors. 2009. Birds of Ethiopia and Eritrea:
an atlas of distribution. Christopher Helm, London, UK.

Ash, J. S.,and T. M. Gullick. 1989. The present situation regarding
the endemic breeding birds of Ethiopia. Scopus 13:90-99. https://
biostor.org/reference/135205

Bain, M. M. 1991. A reinterpretation of eggshell strength. Pages
131-145in S. E. Solomon, editor. Egg and eggshell quality. Wolfe,
London, UK.

Balasubramaniam, P,, and J. T. Rotenberry. 2016. Elevation and
latitude interact to drive life-history variation in precocial birds:
a comparative analysis using galliformes. Journal of Animal
Ecology 85(6):1528-1539. https://doi.org/10.1111/1365-2656.12570

Barta, Z., and T. Székely. 1997. The optimal shape of avian eggs.
Functional Ecology 11(5): 656-662. https://doi.org/10.1046/
].1365-2435.1997.00136.x



https://journal.afonet.org/vol95/iss3/art8/
https://doi.org/10.1016/j.gecco.2023.e02710
https://doi.org/10.1016/j.gecco.2023.e02710
https://doi.org/10.11609/jott.3189.9.9.10633-10641
https://wesca.net/Podoces/podoces12.1.html
https://wesca.net/Podoces/podoces12.1.html
https://doi.org/10.2989/00306525.2018.1429505
https://doi.org/10.2989/00306525.2018.1429505
https://doi.org/10.1016/j.pld.2020.04.004
https://www.biodiversitylibrary.org/item/126876#page/7/mode/1up
https://www.biodiversitylibrary.org/item/126876#page/7/mode/1up
https://biostor.org/reference/135205
https://biostor.org/reference/135205
https://doi.org/10.1111/1365-2656.12570
https://doi.org/10.1046/j.1365-2435.1997.00136.x
https://doi.org/10.1046/j.1365-2435.1997.00136.x

Carroll, J. M., C. A. Davis, R. D. Elmore, and S. D. Fuhlendorf.
2015. A ground-nesting galliform’s response to thermal
heterogeneity: implications for ground-dwelling birds. PLoSONE
10(11):1-20. https://doi.org/10.1371/journal.pone.0143676

Clark, W. R., R. A. Schmitz, and T. R. Bogenschutz. 1999. Site
selection and nest success of ring-necked pheasants as a function
of location in Iowa landscapes. Journal of Wildlife Management
63(3):976-989. https://doi.org/10.2307/3802812

Coates, P. S., B. E. Brussee, K. B. Howe, J. P. Fleskes, I. A. Dwight,
D. P. Connelly, M. G Meshriy, and S. C. Gardner. 2017. Long-
term and widespread changes in agricultural practices influence
ring-necked pheasant abundance in California. Ecology and
Evolution 7(8):2546-2559. https://doi.org/10.1002/ece3.2675

Conover, M. R. 2007. Predator—prey dynamics: role of olfaction.
Taylor & Francis Group, Milton Park, Abington, UK. https://
doi.org/10.1201/9781420009125

Deeming, D. C., and M. C. Mainwaring. 2015. Functional
properties of nests. Pages 29-49 in D. C. Deeming and S. J.
Reynolds, editors. Nests, eggs and incubation: new ideas about
avian reproduction. Oxford University Press, Oxford, UK. https://
doi.org/10.1093/acprof:0s0/9780198718666.003.0004

de Oliveira-Boreli, F. P., D. F. Pereira, J. A. Gongalves, V. Z. da
Silva, and 1. de A. Nais. 2023. Non-destructive assessment of
hens’ eggs quality using image analysis and machine learning.
Smart Agricultural Technology 4: 100161. https:/doi.
org/10.1016/j.atech.2022.100161

del Hoyo, J., A. Elliott, and J. Sargatal, editors. 1994. Handbook
of the birds of the world, vol. 2. New world vultures to guineafowl.
Lynx Edicions, Barcelona, Spain.

Dinsmore, S. J., G. C. White, and F. L. Knopf. 2002. Advanced
techniques for modeling avian nest survival. Ecology 83
(12):3476-3488. https://doi.org/10.1890/0012-9658(2002)083[3476:
ATFMAN]2.0.CO:2

Duursma, D. E., R. V. Gallagher, J. J. Price, and S. C. Griffith.
2018. Variation in avian egg shape and nest structure is explained
by climatic conditions. Scientific Reports 8: 4141. https:/doi.
org/10.1038/s41598-018-22436-0

Emlen, S. T., and L. W. Oring. 1977. Ecology, sexual selection,
and the evolution of mating systems. Science 197(4300):215-223.
https://www.science.org/doi/10.1126/science.327542

Fierro-Calderén, K., M. Loaiza-Mufioz, M. A. Sanchez-
Martinez, D. Ocampo, S. David, H. F. Greeney, and G. A.
Londono. 2021. Methods for collecting data about the breeding
biology of Neotropical birds. Journal of Field Ornithology 92
(4):315-341. https://doi.org/10.1111/jofo.12383

Fishpool, L. D., and M. 1. Evans. 2001. Important bird areas in
Africa and associated islands: priority sites for conservation.
BirdLife International, Cambridge, UK.

Friis, I., S. Demissew, and P. van Breugel. 2010. Atlas of the
potential vegetation of Ethiopia. Biologiske Skrifter 58:1-307.
https://doi.org/10.1093/aob/mcq242

Gedeon, K., D. Rodder, C. Zewdie, and T. Topfer. 2017.
Evaluating the conservation status of the black-fronted francolin

Journal of Field Ornithology 95(3): 8
https://journal.afonet.org/vol95/iss3/art8/

Pternistis  atrifrons. Bird Conservation International 28
(4):653-661. https://doi.org/10.1017/S0959270917000363

Gill, F. B. 2007. Ornithology, third edition. W. H. Freeman, New
York, New York, USA.

Gill, F.,, D. Donsker, and P. Rasmussen, editors. 2024. IOC world
bird list (v 13.2). https://www.worldbirdnames.org/new/ioc-lists/
master-list-2/

Gomez, J., G. Linan-Cembrano, C. Ramo, M. Castro, A. Pérez-
Hurtado, and J. A. Amat. 2019. Does the use of nest materials in
a ground-nesting bird result from a compromise between the risk
of egg overheating and camouflage? Biology Open 8(12):1-8.
https://doi.org/10.1242/bi0.042648

Green, R. E. 2004. Breeding biology. Pages 57-83 in W. J.
Sutherland, I. Newton, and R. E. Green, editors. Bird ecology
and conservation: a handbook of Techniques. Oxford University
Press, New York, New York, USA. https://doi.org/10.1093/
acprof:0s0/9780198520863.003.0003

Guillette, L. M., and S. D. Healy. 2015. Nest building, the
forgotten behaviour. Current Opinion in Behavioral Sciences
6:90-96. https://doi.org/10.1016/j.cobeha.2015.10.009

Harris, R. B., S. M. Birks, and A. D. Leaché. 2014. Incubator
birds: biogeographical origins and evolution of underground
nesting in megapodes (Galliformes: Megapodiidae). Journal of
Biogeography 41(11):2045-2056. https://doi.org/10.1111/jbi.12357

Hepp, G. R., and R. A. Kennamer. 2018. Laying sequence
interacts with incubation temperature to influence rate of
embryonic development and hatching synchrony in a precocial
bird. PLoS ONE 13(1): e0191832. https://doi.org/10.1371/
journal.pone.0191832

Hoyt, D. F. 1979. Practical methods of estimating volume and
fresh weights of bird eggs. The Auk 96(1):73-77. https://academic.
oup.com/auk/article/96/1/73/5184694

Jansen, R. 2001. Population biology, behavioural ecology and
management of the Redwing Francolin Francolinus levaillantii
and Swainson’s Spurfowl Pternistis swainsonii. Dissertation,
Percy FitzPatrick Institute, University of Cape Town, South
Africa. http://hdl.handle.net/11427/6276

Jansen, R.,and T. M. Crowe. 2005. Relationship between breeding
activity and rainfall for Swainson’s Spurfowl, Pternistis
swainsonii, within southern Africa, with specific reference to the
Springbok Flats, Limpopo Province, South Africa. Ostrich-
Journal of African Ornithology 76(3-4):190-194. https://doi.
0rg/10.2989/00306520509485492

Jiménez, J. E., and M. R. Conover. 2001. Ecological approaches
to reduce predation on ground-nesting gamebirds and their nests.
Wildlife Society Bulletin 29(1):62-69.

Kesler, D. C., E. B. Webb, and J. R. Walters. 2018. Conservation
tools and strategies. Pages 830-852 in M. L. Morrison, A. D.
Rodewald, G. Voelker, M. R. Colon, and J. F. Prather, editors.
Ornithology: foundation, analysis, and application. Johns
Hopkins University Press, Baltimore, Maryland, USA.

Khalil, S., M. Anwar, and 1. Hussain. 2016. Breeding biology of
Grey Francolin (Francolinus pondicerianus) in Salt Range,
Pakistan. Pakistan Journal of Zoology 48:115-123.


https://doi.org/10.1371/journal.pone.0143676
https://doi.org/10.2307/3802812
https://doi.org/10.1002/ece3.2675
https://doi.org/10.1201%2F9781420009125
https://doi.org/10.1201%2F9781420009125
https://doi.org/10.1093%2Facprof%3Aoso%2F9780198718666.003.0004
https://doi.org/10.1093%2Facprof%3Aoso%2F9780198718666.003.0004
https://doi.org/10.1016/j.atech.2022.100161
https://doi.org/10.1016/j.atech.2022.100161
https://doi.org/10.1890/0012-9658(2002)083[3476:ATFMAN]2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083[3476:ATFMAN]2.0.CO;2
https://doi.org/10.1038/s41598-018-22436-0
https://doi.org/10.1038/s41598-018-22436-0
https://www.science.org/doi/10.1126/science.327542
https://doi.org/10.1111/jofo.12383
https://doi.org/10.1093/aob/mcq242
https://doi.org/10.1017/S0959270917000363
https://www.worldbirdnames.org/new/ioc-lists/master-list-2/
https://www.worldbirdnames.org/new/ioc-lists/master-list-2/
https://doi.org/10.1242/bio.042648
https://doi.org/10.1093%2Facprof%3Aoso%2F9780198520863.003.0003
https://doi.org/10.1093%2Facprof%3Aoso%2F9780198520863.003.0003
https://doi.org/10.1016/j.cobeha.2015.10.009
https://doi.org/10.1111/jbi.12357
https://doi.org/10.1371/journal.pone.0191832
https://doi.org/10.1371/journal.pone.0191832
https://academic.oup.com/auk/article/96/1/73/5184694
https://academic.oup.com/auk/article/96/1/73/5184694
http://hdl.handle.net/11427/6276
https://doi.org/10.2989/00306520509485492
https://doi.org/10.2989/00306520509485492
https://journal.afonet.org/vol95/iss3/art8/

Klett, A. R., H. F. Duebbert, C. A. Faanes, and K. F. Higgins.
1986. Techniques for studying nest success of ducks in upland
habitats in the prairie pothole region. Resource Publication
Number 158. U.S. Fish and Wildlife Service, Washington, D.C.,
USA.

Kross, S. M., and X. J. Nelson. 2011. A portable low-cost remote
videography system for monitoring wildlife. Methods in Ecology
and Evolution 2(2):191-196. https://doi.org/10.1111/
1.2041-210X.2010.00064.x

Kumar, A., D. K. Sharma, R. Lochan, S. Dewan, and S. Negi.
2020. Relative abundance, habitat preference, and breeding
ecology of Asian Black Francolin, Francolinus francolinus asiae
(Bonaparte, 1856) (Galliformes: Phasianidae) from north-
western Himalaya. Journal of Asia-Pacific Biodiversity 13
(2):162-168. https://doi.org/10.1016/}.japb.2020.02.001

Last, G. 2009. The geology and soils of Ethiopia and Eritrea.
Pages 25-26 in J. Ash and J. Atkins, editors. Birds of Ethiopia and
Eritrea: an atlas of distribution. Christopher Helm, London, UK.

Lislevand, T., J. Figuerola, and T. Szekely. 2009. Evolution of
sexual size dimorphism in grouse and allies (Aves: Phasianidae)
in relation to mating competition, fecundity demands and
resource division. Journal of Evolutionary Biology 22
(9):1895-1905. https://doi.org/10.1111/1.1420-9101.2009.01802.x

Little, R. M., and T. M. Crowe. 1993. The breeding biology of
the Greywing Francolin Francolinus africanus and its implications
for hunting and management. South African Journal of Zoology
28(1):6-12. https://doi.org/10.1080/02541858.1993.11448291

Lovell, P. G., G. D. Ruxton, K. V. Langridge, and K. A. Spencer.
2013. Egg-laying substrate selection for optimal camouflage by
quail. Current Biology 23(3):260-264. https://doi.org/10.1016/j.

Journal of Field Ornithology 95(3): 8
https://journal.afonet.org/vol95/iss3/art8/

McGowan, P. J. K. 1994, Family Phasianidae (pheasants and
partridges). Pages 434-552 in J. del Hoyo, A. Elliott, and J.
Sargatal, editors. Handbook of the birds of the world, Vol. 2.
New world vultures to guineafowl. Lynx Edicions, Barcelona,
Spain.

Merilaita, S., and M. Stevens. 2011. Crypsis through background
matching. Pages 17-33 in M. Stevens and S. Merilaita, editors.
Animal camouflage: mechanisms and function. Cambridge
University Press, Cambridge, UK. https://doi.org/10.1017/
CB09780511852053.002

Michalis, C., N. E. Scott-Samuel, D. P. Gibson, and I. C. Cuthill.
2017. Optimal background matching camouflage. Proceedings of
the Royal Society B: Biological Sciences 284:20170709. https:/
doi.org/10.1098/rspb.2017.0709

Mohammed, J. A., T. Gashaw, G. W. Tefera, Y. T. Dile, A. W.
Worqlul, and S. Addisu. 2022. Changes in observed rainfall and
temperature extremes in the Upper Blue Nile Basin of Ethiopia.
Weather and Climate Extremes 37: 10046. https:/doi.
org/10.1016/j.wace.2022.100468

Montgomerie, R., N. Hemmings, J. E. Thompson, and T. R.
Birkhead. 2021. The shapes of birds’ eggs: evolutionary
constraints and adaptations. The American Naturalist 198(6):
E215-31. https://doi.org/10.1086/716928

Narushin, V. G., M. N. Romanov, and D. K. Griffin. 2022.
Delineating an ovoidal egg shape by length and breadth: a novel
two-parametric mathematical model. Biosystems Engineering
224:336-345. https://doi.org/10.1016/j.biosystemseng.2022.11.003

Persson, 1., and G. Goransson. 1999. Nest attendance during egg
laying in pheasants. Animal Behaviour 58(1):159-164. https://doi.
org/10.1006/anbe.1999.1107

cub.2012.12.031

Lu, X., and G. Zheng. 2003. Reproductive ecology of Tibetan
Eared Pheasant Crossoptilon harmani in scrub environment, with
special reference to the effect of food. Ibis 145(4):657-666. https://
doi.org/10.1046/7.1474-919X.2003.00204.x

Madge, S., and P. McGowan. 2002. Pheasants, partridges and
grouse. Christopher Helm, London, UK.

Mainwaring, M. C., I. R. Hartley, M. M. Lambrechts, and D. C.
Deeming. 2014. The design and function of birds’ nests. Ecology
and Evolution 4(20):3909-3928. https://doi.org/10.1002/ece3.1054

Mainwaring, M. C., S. J. Reynolds, K. Weidinger. 2015. The
influence of predation on the location and design of nests. Pages
50-64 in D. C. Deeming and S. J. Reynolds, editors. Nests, eggs
and incubation: new ideas about avian reproduction. Oxford
University Press, Oxford, UK. https://doi.org/10.1093/acprof:
0s0/9780198718666.003.0005

Mayer, P. M., L. M. Smith, R. G. Ford, D. C. Watterson, M. D.
McCutchen, and M. R. Ryan. 2009. Nest construction by a
ground-nesting bird represents a potential trade-off between egg
crypticity and thermoregulation. Oecologia 159:893-901. https://
doi.org/10.1007/s00442-008-1266-9

Mayfield, H. F. 1975. Suggestions for calculating nest success.
Wilson Bulletin 87:456-466.

Preston, F. W. 1968. The shapes of birds’ eggs: mathematical
aspects. The Auk 85(3):454-463. https://doi.org/10.2307/4083294

Radnezhad, H., N. Satei, M. Kaboli, M. Karami, N. Khorasani,
R. Prodon, M. Foroughi, M. Abari, and S. Cheraghi. 2011.
Breeding ecology of the Iranian ground jay (Podoces pleskei).
African Journal of Biotechnology 10(21):4494-4500. https://
www.ajol.info/index.php/ajb/article/view/93655

Robertson, P. A., D. Yilma, D. Sileshi, S. Anteneh, W. Tadesse,
and A. Million. 1997. Harwood’s Francolin Francolinus harwoodi:
recent observations on its status, distribution, habitat
requirements, behaviour and threats. Bird Conservation
International 7:275-282. https://doi.org/10.1017/S095927090000157X

Rotella, J. J., S. J. Dinsmore, and T. L. Shaffer. 2004. Modeling
nest-survival data: a comparison of recently developed methods
thatcan beimplemented in MARK and SAS. Animal Biodiversity
and Conservation 27(1):187-205. https://doi.org/10.32800/
abc.2004.27.0187

Ruxton, G. D., W. L. Allen, T. N. Sherratt, and M. P. Speed. 2019.
Avoiding attack: the evolutionary ecology of crypsis,
aposematism, and mimicry. Oxford University Press, Oxford,
UK. https://doi.org/10.1093/0s0/9780199688678.001.0001



https://doi.org/10.1111/j.2041-210X.2010.00064.x
https://doi.org/10.1111/j.2041-210X.2010.00064.x
https://doi.org/10.1016/j.japb.2020.02.001
https://doi.org/10.1111/j.1420-9101.2009.01802.x
https://doi.org/10.1080/02541858.1993.11448291
https://doi.org/10.1016/j.cub.2012.12.031
https://doi.org/10.1016/j.cub.2012.12.031
https://doi.org/10.1046/j.1474-919X.2003.00204.x
https://doi.org/10.1046/j.1474-919X.2003.00204.x
https://doi.org/10.1002/ece3.1054
https://doi.org/10.1093%2Facprof%3Aoso%2F9780198718666.003.0005
https://doi.org/10.1093%2Facprof%3Aoso%2F9780198718666.003.0005
https://doi.org/10.1007/s00442-008-1266-9
https://doi.org/10.1007/s00442-008-1266-9
https://doi.org/10.1017%2FCBO9780511852053.002
https://doi.org/10.1017%2FCBO9780511852053.002
https://doi.org/10.1098/rspb.2017.0709
https://doi.org/10.1098/rspb.2017.0709
https://doi.org/10.1016/j.wace.2022.100468
https://doi.org/10.1016/j.wace.2022.100468
https://doi.org/10.1086/716928
https://doi.org/10.1016/j.biosystemseng.2022.11.003
https://doi.org/10.1006/anbe.1999.1107
https://doi.org/10.1006/anbe.1999.1107
https://doi.org/10.2307/4083294
https://www.ajol.info/index.php/ajb/article/view/93655
https://www.ajol.info/index.php/ajb/article/view/93655
https://doi.org/10.1017/S095927090000157X
https://doi.org/10.32800%2Fabc.2004.27.0187
https://doi.org/10.32800%2Fabc.2004.27.0187
https://doi.org/10.1093%2Foso%2F9780199688678.001.0001
https://journal.afonet.org/vol95/iss3/art8/

Sarica, M., and C. Erensayin. 2004. Poultry products. Pages
100-160 in M. Turkoglu and M. Sarica, editors. Poultry science.
Bey-Ofset, Ankara, Turkey.

Schonwetter, M. 1961. Galliformes. Pages 196-293 in W. Meise,
editor. Handbuch der Oologie. Band I. Akademie-Verlag, Berlin,
Germany. https://doi.org/10.1515/9783112622681

Steenhof, K., and I. Newton. 2007. Assessing nesting success and
productivity. Raptor Research and Management Techniques
181-192.

Stevens, M., and S. Merilaita. 2011. Animal camouflage:
mechanisms and function. Cambridge University Press,
Cambridge, UK. https://doi.org/10.1017/CBO9780511852053

Stevens, M., and G. D. Ruxton. 2019. The key role of behaviour
in animal camouflage. Biological Reviews 94(1):116-134. https:/
doi.org/10.1111/brv.12438

Stoddard, M. C., E. H. Yong, D. Akkaynak, C. Sheard, J. A.
Tobias, and L. Mahadevan. 2017. Avian egg shape: form,
function, and evolution. Science 356(6344):1249-1254. https://
doi.org/10.1126/science.aajl945

Suarez, F., M. B. Morales, I. Minguez, and J. Herranz. 2005.
Seasonal variation in nest mass and dimensions in an open-cup
ground-nesting shrub-steppe passerine: the Tawny Pipit Anthus
campestris. Ardeola 52(1):43-51. https://www.ardeola.org/en/
volumes/521/articles/43-51/?stc=ko

Terrill, R. S., and A. J. Shultz. 2023. Feather function and the
evolution of birds. Biological Reviews 98(2):540-566. https://doi.
org/10.1111/brv.12918

Tian, S., J. Xu, J. Li, Z. Zhang, and Y. Wang. 2018. Research
advances of Galliformes since 1990 and future prospects. Avian
Research 9(32):1-13. https://doi.org/10.1186/s40657-018-0124-7

Topfer, T., and K. Gedeon. 2020. Alpine birds of Africa. Pages
505-517 in M.I. Goldstein and D.A. DellaSala, editors.
Encyclopedia of the world’s biomes, volume 1. Elsevier,
Amsterdam, The Netherlands. https://doi.org/10.1016/
B978-0-12-409548-9.11872-X

Topfer, T., L. Podsiadlowski, and K. Gedeon. 2014. Rediscovery
of the black-fronted francolin Pternistis (castaneicollis) atrifrons
(Conover, 1930) (Aves: Galliformes: Phasianidae) with notes on
biology, taxonomy and conservation. Vertebrate Zoology 64
(2):261-271. https://doi.org/10.3897/vz.64.e31494

Troscianko, J., J. Wilson-Aggarwal, M. Stevens, and C. N.
Spottiswoode. 2016. Camouflage predicts survival in ground-
nesting birds. Scientific Reports 6:19966. https://doi.org/10.1038/

srepl19966

van Niekerk, J. H. 2001. Social and breeding behaviour of the
crested francolin in the Rustenburg district, South Africa. South
African Journal of Wildlife Research 31(1):35-42. https://hdl.
handle.net/10520/EJC117117

van Niekerk, J. H. 2017. Female-only care of Swainson’s Spurfowl
Pternistis  swainsonii chicks frees males for territorial
maintenance. Ostrich 88(3):207-216. https://doi.org/10.2989/003-
06525.2017.1283366

Journal of Field Ornithology 95(3): 8
https://journal.afonet.org/vol95/iss3/art8/

van Niekerk, J. H. 2018. Coalition formation, mate selection and
pairing behaviour of the Crested Francolin. Ostrich 89(1):71-78.
https://doi.org/10.2989/00306525.2017.1409289

White, G. C.,and K. P. Burnham. 1999. Program MARK: survival
estimation from populations of marked animals. Bird Study 46
(1):120-139. https://doi.org/10.1080/00063659909477239

Winkler, D. W. 2016. Breeding biology of birds. Pages 407-450 in
I. J. Lovette and J. W. Fitzpatrick, editor. Handbook of bird
biology. Wiley, Hoboken, New Jersey, USA.

Winkler, D. W., S. M. Billerman, and I. Lovette, editors. 2015.
Bird families of the world: an invitation to the spectacular
diversity of birds. Lynx Edicions, Barcelona, Spain.

Xiao, H., Y. Hu, Z. Lang, B. Fang, W. Guo, Q. Zhang, X. Pan,
and X. Lu. 2017. How much do we know about the breeding
biology of bird species in the world? Journal of Avian Biology 48
(4):513-518. https://doi.org/10.1111/jav.00934

Zhao, J. M., C. Yang, Y. Q. Lou, M. Shi, Y. Fang, and Y. H. Sun.
2020. Nesting season, nest age, and disturbance, but not habitat
characteristics, affect nest survival of Chinese grouse. Current
Zoology 66(1):29-37. https://doi.org/10.1093/cz/z07024



https://doi.org/10.1515%2F9783112622681
https://doi.org/10.1017%2FCBO9780511852053
https://doi.org/10.1111/brv.12438
https://doi.org/10.1111/brv.12438
https://doi.org/10.1126/science.aaj1945
https://doi.org/10.1126/science.aaj1945
https://www.ardeola.org/en/volumes/521/articles/43-51/?stc=ko
https://www.ardeola.org/en/volumes/521/articles/43-51/?stc=ko
https://doi.org/10.1111/brv.12918
https://doi.org/10.1111/brv.12918
https://doi.org/10.1186/s40657-018-0124-7
https://doi.org/10.1016/B978-0-12-409548-9.11872-X
https://doi.org/10.1016/B978-0-12-409548-9.11872-X
https://doi.org/10.3897/vz.64.e31494
https://doi.org/10.1038/srep19966
https://doi.org/10.1038/srep19966
https://hdl.handle.net/10520/EJC117117
https://hdl.handle.net/10520/EJC117117
https://doi.org/10.2989/00306525.2017.1283366
https://doi.org/10.2989/00306525.2017.1283366
https://doi.org/10.2989/00306525.2017.1409289
https://doi.org/10.1080/00063659909477239
https://doi.org/10.1111/jav.00934
https://doi.org/10.1093/cz/zoz024
https://journal.afonet.org/vol95/iss3/art8/

05:04PM ABADI 34

Append. 1. Camera placement adjacent to nest location (A). A typical rock-dependent nest (B) and a nest under a short Vachellia
tortilis tree (C and D) show background matching (plumage color and patterns of females and nesting sites) in Upper Blue Nile Basin
(UBNB).



Append. 2. Variability in Harwood’s Spurfowl egg colors and texture. Egg colors were white (A)

and dusty white (B) with tiny spots in both nests. The clutch for (A) was taken out of the nest for

handling and photography.



Append. 3. Pearson correlation coefficients for the geometrical egg parameters of Harwood’s

Spurfowl. ** Implies very significant correlation between parameters (P < 0.001).

Parameters Length Breadth Weight Volume Surface area  Shape index
Length 1

Breadth 431" 1

Weight 434" 2777 1

Volume 704 944™ 376" 1

Surface area 8217 869" 413" 983" 1

Shape index -488" 577" -124 2767 .097 1
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Append. 4. Average rainfall distribution and clutch size initiation in each month during the study

period. Rainfall data was extracted from NASA/POWER satellite-based weather system

(https://power.larc.nasa.gov/data-access-viewer/).
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Append. 5. Variability in Harwood’s Spurfowl egg shapes. Egg shapes ranged from oval to more

spherical. The photographs depict both intra- and inter-clutch variation (A-D).
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