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Survival and successful reproduction are the key components of the lives of most
organisms (Lack 1968). The survival of both parent and offspring are influenced by a
multitude of factors such as weather conditions, predation, disturbance, disease and
point events as well as food availability and energy expenditure. Most animals,
including birds, are adapted to their specific environment, thus enabling them to meet
the demands for growth, reproduction and maintenance. Adaptations are not only
limited to full grown birds: during each stage of life birds are prone to selective
pressures from their environment (Klaassen 1994). This is the starting point of this
thesis: the ecology and physiology of shorebird chicks – “from an egg to a fledgling”.

In the three sections of this thesis I intend to discuss how shorebirds
(Charadrii) and their chicks are adapted to their environment thus enabling them to
reproduce, grow and fledge successfully. Population size, breeding phenology and
breeding success are important ecologically for most bird species (Section 1). In
addition I will focus on the period between hatching and fledging and discuss the
factors that influence the growth and energy expenditure of shorebird chicks in a sub-
tropical environment (Section 2) and across the latitudes (Section 3).

Eggs and chicks
Shorebird chicks are classified as precocial or semi-precocial, meaning they are capable
of locomotion, they leave the nest soon after hatching and they become
homeothermic within about 10 days (Starck & Ricklefs 1998a). Precocial shorebird
chicks (e.g., Charadriidae and Scolopacidae) are self-feeding, and benefit from
precocial mobility in open environments where predators would easily find a nest
containing chicks, and it enables them to exploit food resources that would have made
parental feeding of altricial chicks uneconomical. Semi-precocial shorebird chicks
(e.g., Haematopodidae and Burhinidae) are mobile, like precocial chicks, but they
benefit from parental feeding in the same way as altricial chicks. This mode of 
development has evolved in specialised feeders, such as oystercatchers, whose chicks
cannot catch or manipulate food items.

There is a large amount of variation in adult size across the bird taxa, and as a
result egg sizes differ between species (Lack 1968, Ricklefs 1984a, Ricklefs & Starck
1998a). Egg size in turn impacts on the size of the hatchling (Rahn et al. 1984), also
within a species. For example, Grant (1991) found that hatchling mass, head and foot
measurements of the Whimbrel, Numenius phaeopus, were determined by egg volume.
Therefore to be successful in an evolutionary and ecological sense chicks hatching
from larger eggs should have a greater chance of survival than chicks hatching from
smaller eggs (Lack 1968). The evolution of large eggs is, however, ultimately limited by 
adult size. 

Precocial birds lay larger eggs relative to adult body size than do altricial
species (Sotherland & Rahn 1987). Eggs of precocial species also have longer
incubation periods (Portman 1955, Vleck & Bucher 1998), a 30% greater energy cost 
of development, and produce chicks with a greater tissue mass and more residual yolk
mass than do eggs of the same mass of altricial species (Ricklefs 1984a, Vleck & Vleck
1987, Ricklefs & Starck 1998a). Due to their mode of development, shorebird chicks
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hatch in a more developed state than chicks of altricial species. The more advanced
development stage and larger size of precocial chicks over altricial ones enables these
chicks to avoid predation and feed themselves – essentially the same survival 
techniques performed by the adults of all bird species.

Breeding phenology and success
The timing of breeding of birds is subject to a number of cues which can include
increasing day length, photoperiod (Gwinner 1986, Martin 1987, Deviche & Sharpe 
2003), increasing temperatures or changes in rainfall, food availability or nest-site 
availability (del Hoyo et al. 1996, Hau et al. 1999, Scheuerlein & Gwinner 2002). These
cues trigger hormonal responses in birds and thus result in the onset of their breeding
attempts (Lack 1968, Deviche & Sharpe 2003, Ketterson & Nolan 1992). Predation
risk or unusual environmental conditions can influence the end of the breeding season
(Schekkerman et al. 2004). Breeding success of birds is affected by similar factors,
including food availability, environmental conditions and predation risk (Goodburn
1991, Ens et al. 1992, Leseberg et al. 2000). 

African Black Oystercatchers, Haematopus moquini, breed on both the rocky
and sandy shores of the mainland and offshore islands of southern Africa during the
austral summer, from November to March (Leseberg et al. 2000). This large shorebird
species is exposed to predation from land-based predators in addition to being
sensitive to the influences of direct and indirect disturbance. The population of this
species is small, and therefore influences on breeding success can have dramatic
affects on the population of this species. Therefore I chose to discuss the breeding
phenology and success of this species alone.

The incubation period of birds can vary with regards to the start, the peak
and the length of the egg laying period (Lack 1968). Using methods described in 
Underhill and Calf (2005) the start date of incubation of each nest was determined.
This information, combined with regular count data, was used in Chapter 2 to 
determine the breeding phenology of African Black Oystercatchers in a study over
three breeding seasons, from 2001 to 2004, on Robben Island, South Africa. The 
factors that influenced the breeding phenology of African Black Oystercatchers are
discussed.

African Black Oystercatchers breed over the austral summer holiday period
and consequently their eggs and chicks are vulnerable to the direct and indirect effects
of human disturbance, in addition to the threat of predation (Jeffrey 1987, Hockey
1999a, Adams et al. 1999). Robben Island, South Africa, is unlike most of the offshore
islands on the South African coast because it is a busy tourist destination with a
resident human population and it hosts predators that are usually associated with the
mainland, e.g., feral cats, Felis catus (Calf et al. 2003). Therefore, oystercatcher breeding
attempts may be limited by factors such as disturbance and predation in addition to
food availability, environmental conditions and the age and experience of the breeding
pair. For this reason, in Chapter 3 we describe the breeding success of African Black
Oystercatchers on Robben Island and discuss the factors that influence their breeding
success.
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Growth and energetics
After hatching, chicks have to grow to achieve the fledging stage. Postnatal growth 
rates typically exhibit a sigmoid shape, characterised by the growth rate coefficient,
point of inflection, and asymptotic body mass. The growth rate coefficients of
precocial land birds have been found to be lower than those of altricial land birds
(Ricklefs 1973). This difference in growth rate coefficients may be explained by an 
elevated metabolic demand to fuel the metabolic costs for locomotion in precocial 
species (Schekkerman et al. 1998a, Vleck & Bucher 1998, Schekkerman & Visser
2001). Furthermore, it has been hypothesised that growth rates in precocial chicks are 
being restricted due to a trade-off between functional maturity and growth, which
would explain also the differences in growth rates between altricial and precocial
chicks (Ricklefs 1984a, Ricklefs & Starck 1998a).

Similar differences in energy expenditure may exist between parent-fed
semi-precocial and self-feeding precocial chicks (Schekkerman & Visser 2001). In self-
feeding precocial chicks the energetic burden of collecting food is shifted from the 
adult to the chick. This results in greater energetic demands for the chick, due to 
greater activity and the requirement for thermoregulation (Schekkerman et al. 1998a,
Schekkerman & Visser 2001). Parent-fed semi-precocial chicks do not expend energy 
on collecting food, but rely almost entirely on their parents (Starck & Ricklefs 1998a).
If foraging leads to greater energy expenditure and slower growth (Schekkerman &
Visser 2001), there is a need to compare self-feeding and parent-fed precocial chick
growth rates, energetic expenditure and time budgets to determine the ecological
consequences of these different developmental modes.

For birds of a given mass, chick growth rates are highest in the Arctic and
lowest in tropical climates (Ricklefs 1968, 1976). These differences in growth rate have
been attributed to differences in food availability and day length, which Lack (1968)
suggested would increase with latitude and energy expenditure. Energy requirements
of chicks are influenced by requirements for both maintenance and growth. However,
changes in growth rate are thought to have little impact on the energy requirements of
chicks (Ricklefs 1969, 1973, 1983, 1984b). Klaassen and Drent (1991) showed that 
faster embryonic and post-natal growth rates are associated with higher resting
metabolic rates at hatching. Therefore it is not only tissue and synthesis energy
requirements, but also basal metabolic requirements that affect growth rate. 

Much work has been carried out on shorebird (Charadrii) growth and
energetics of free-living chicks in the temperate and arctic zones of the northern
hemisphere, including studies on Black-tailed Godwit, Limosa limosa, and Northern
Lapwing, Vanellus vanellus, in the Netherlands (Schekkerman & Visser 2001); Red
Knot, Canutus canutus, in Siberia (Schekkerman et al. 2003); Little Stint at several sites
in Siberia (Schekkerman et al. 1998a); Lesser Golden Plover, Pluvialis aegyptius, and
several other species at Churchill, Canada (Visser & Ricklefs 1995, Krijgsveld et al.
submitted manuscript); and Pied Avocets, Recurvirostra avosetta, in the German
Waddensee and southern Spain (Joest 2003). It has been found that in cold
temperatures precocial chicks rely on parental brooding to maintain their body
temperature (Beintema & Visser 1989a; Visser & Ricklefs 1993a; Schekkerman et al.
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1998b). Accordingly both parents and chicks experience a feeding time constraint as a 
result of time spent brooding. In addition, the growth rates of chicks in cold
temperatures are faster and energy expenditure higher than expected for chicks of
their size due to an increased energetic demand to maintain body temperature
(Schekkerman et al. 1998b). These chicks must be more efficient feeders or food
availability must be greater in order to fuel their larger energy requirements whilst they
have limited time available for feeding. Birds in tropical and sub-tropical regions
experience different climatic conditions, battling the opposite extreme, namely heat 
stress (Brown & Downs 2003). Heat stress is associated with other adaptations, e.g.,
reducing the metabolic rate of individuals to reduce heat production.

This thesis therefore includes and discusses the differences in prefledging
growth and energetic expenditure of precocial and semi-precocial shorebirds in a sub-
tropical environment and compares the growth and energy expenditure of precocial
and semi-precocial shorebirds across latitudes. I aim to address the following three
research questions: 

1. What is the effect of (adult) body mass on growth rate, maximum daily energy
expenditure, and the total amount of energy required to grow from a
hatchling to a fledgling? We address this question by selecting study species
covering a wide range of adult body masses; between 27 g (Little Stint,
Calidris minuta, Table 1.1), and 695 g (African Black Oystercatcher,
Haematopus moquini, Table 1.1).

2. What is the effect of developmental mode on growth rate, the maximum daily
energy expenditure, and the total amount of energy required to grow from a
hatchling to a fledgling? We address this question by comparing species with
chicks that exhibit development modes from semi-precocial (African Black
Oystercatcher and Spotted Thick-knee, Burhinus capensis, Table 1.1) and
precocial chicks (Little Stint, Crowned Lapwing, V. coronatus, Blacksmith
Lapwing, V. armatus, and Kittlitz’s Plover, Charadrius pecuarius, Table 1.1). 

3. What is the effect of latitude on growth rate, maximum daily energy
expenditure, and the total amount of energy required to grow from a
hatchling to a fledgling? We address this question by comparing species
breeding between 33°S (African Black Oystercatcher, Spotted Thick-knee,
Crowned Lapwing, Blacksmith Lapwing, and Kittlitz’s Plover, Table 1.1), and
73°N (Little Stint).

African Black Oystercatcher chicks are parent-fed semi-precocials, and as a result their
chicks do not expend much time and energy feeding. It was therefore expected that
this species would exhibit faster growth and possibly lower energy expenditure than 
precocial species in the same environment. But food may be a limiting factor for the
growth of African Black Oystercatcher chicks, especially since they cannot find food
themselves and are dependent on the rate at which parents can forage and deliver
food. The average clutch size of African Black Oystercatchers is two and because
oystercatchers are parentally fed, sibling rivalry may occur. For this reason, in
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Chapter 4 factors that affect the growth and fledging success, hatch date, brood size
and sibling rivalry of African Black Oystercatchers are discussed along with possible
factors affecting the establishment and maintenance of weight differences in two-
chick broods. 

The Little Stint is one of the smallest shorebird species breeding in the Arctic,
and due to its small size and high surface-to-volume ratio Little Stint chicks were
expected to expend a large amount of energy on thermoregulation compared to larger
species. In Chapter 5 we determine the impact of environmental conditions on
prefledging growth, energy expenditure and time budgets of the arctic-breeding Little
Stint chicks.

To date, the relationship between daily energy expenditure (DEE, kJ.d-1), and
body mass (M, g) in growing chicks has been modelled using the power curve,
DEE = a · Mb, where b represents the allometric scaling exponent (e.g. Weathers &
Siegel 1995, Schekkerman & Visser 2001, Visser & Schekkerman 1999). This model 
takes into account a single allometric scaling exponent throughout the entire
development period. However, this model did not appear to be appropriate for the
data in this thesis. Instead of using a biphasic approach to describe the non-linear
relationship between DEE and body mass of the data in this thesis a single, more
parsimonious curve was created by modifying the aforementioned power curve so that
the overall allometric scaling exponent (b-(c/M)) varies with body mass:

DEE = a · Mb-(c/M)

where b and c are coefficients. In Chapter 5 we introduce this new model. 
Shorebirds breeding in the tropics or sub-tropics do not require as much

energy to maintain body temperature as birds at higher latitudes (Schekkerman &
Visser 2001, Schekkerman et al. 2003). We chose to study shorebirds in the Western 
Cape, a sub-tropical environment in order to quantify the growth and energy
expenditure of chicks growing at this latitude. 

Kittlitz’s Plovers, Blacksmith Lapwings and Crowned Lapwings have
different adult body masses (42.6, 158 and 167 g, respectively), different breeding 
seasons (Blacksmith Lapwings nesting during the winter and Kittlitz’s Plovers and
Crowned Lapwings nesting during the summer) and different parental behaviour
(Crowned Lapwings assisting their chicks in finding food, whereas Kittlitz’s Plover
and Blacksmith Lapwing chicks are completely self-feeding). In Chapter 6 the impact
of body size, timing of breeding and parental behaviour on the relative growth and
energy expenditure of chicks of these precocial shorebird species are determined and
the adaptations made and strategies chosen by precocial shorebirds in a sub-tropical
environment are discussed.

Due to their mode of development and the warm climate in which they grow,
it was expected that African Black Oystercatchers would have a lower resting
metabolic rate and daily energy expenditure than precocial species living in the same 
environment and both precocial and semi-precocial Charadriiformes species at higher
latitudes. In Chapter 7 the energetic implications of semi-precocial development are
discussed for the African Black Oystercatcher. 
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Table 1.1. Adult mass (g), hatchling mass (g), degree of precociality, prefledging period and
breeding latitude of the six study species included in this thesis
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Spotted Thick-knees occur throughout southern Africa (Maclean 1997) and
breed in the Western Cape from the end of August through to April (Maclean 1997). 
Similar to African Black Oystercatchers, Spotted Thick-knee clutch sizes are small, the
modal size being two eggs (Hockey & Dowie 1995); chicks are semi-precocial (Hockey 
& Dowie 1995) and sibling rivalry occurs (Hockey & Dowie 1995). Spotted Thick-
knees are, however, nocturnal and because they breed during the austral summer their
foraging time is limited to about nine hours per day. Therefore it was expected that
Spotted Thick-knee chicks would have slower growth than African Black
Oystercatcher chicks as a result of limited foraging time. In Chapter 8 the growth and
energy expenditure of Spotted Thick-knees are discussed and compared to those of
other precocial and semi-precocial shorebirds.

In Chapter 9 I readdress the three research questions, making use of the 
entire dataset available from the literature to further explore the role of body mass,
mode of development, and latitude in growth and energy requirements of wader 
(Charadrii) chicks. Furthermore, I will also include data of chicks of other
charadiiform taxa such as gulls and terns, and skuas (Lari). A relationship has already
been described between growth rate coefficient and asymptotic body mass for
Charadriidae and Scolopacidae. We extended this type of analysis to include energy
expenditure and to look at growth and energy expenditure differences between species
across the latitudes.
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Abstract
Breeding phenology of African Black Oystercatchers, Haematopus moquini, was
monitored over three austral summers on Robben Island, South Africa from 2001 to 
2004. African Black Oystercatchers have a long breeding season, from November to 
March, enabling a second or sometimes a third nesting attempt after depredation or a 
natural disaster that destroys nests, and successfully raise chicks to fledging. The three 
breeding seasons of this study differed in breeding season start, end and overall length 
and the periods taken to re-lay after a clutch or a brood was lost. Using kernel density 
estimation techniques we found that the start of the breeding season, defined as the 
first eggs laid, was most influenced by environmental conditions, (birds laid eggs once 
the frequency of storms in the Western Cape reduced) and predation (laying more 
synchronously when exposed to greater predation risk). The end of first clutch 
initiation was similar in all three breeding seasons, which suggests that despite 
differences in the start of the breeding season, birds attempt to start incubation before 
an optimal period. Oystercatchers on Robben Island chose to re-lay after clutch or 
brood loss but predation risk may have prevented some pairs from re-laying. The 
timing of egg laying of African Black Oystercatchers on Robben Island was less 
synchronous than has been recorded for species breeding at higher latitudes which 
may be a consequence of more subtle environmental cues at the lower latitude. 
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Introduction 
The timing of breeding of birds is subject to a number of environmental cues that 
trigger hormonal responses which result in their starting to breed (Lack 1968, 
Ketterson & Nolan 1992, Deviche & Sharpe 2003). These cues include increasing day 
length, photoperiod (Gwinner 1986, Martin 1987, Deviche & Sharpe 2003), increasing 
temperatures or changes in rainfall or food availability (Hau et al. 1999, Scheuerlein & 
Gwinner 2002). For example, reproduction of Darwin’s finches is closely linked with 
rainfall (Hau et al. 1999); Scheuerlein and Gwinner (2002) found that food availability 
influenced the timing of egg laying in Stonechats, Saxicola torquata axillaris, and Covas 
et al. (2003) found that increased food availability enabled young Sociable Weavers, 
Philetarius socius, to start breeding at a younger age. Differences in weather conditions, 
photo-period and food availability prior to and during each breeding season, can, 
therefore, influence the start, the peak and the length of the egg laying period (Lack 
1968). The amount of depredation of clutches and young broods or unusual 
environmental conditions can influence the end of the breeding season (Schekkerman
et al. 2004). For example, arctic breeding shorebirds appear to lay more synchronously 
when predation risk is great (Schekkerman et al. 2004). The start of the breeding 
season may also be influenced by the availability of nest sites. For example, the 
Senegal Thick-knee, Burhinus senegalensis, lays eggs when rivers become shallower 
making nest sites available (del Hoyo et al. 1996). 

The African Black Oystercatcher, Haematopus moquini, is a conspicuous 
member of rocky and sandy intertidal communities along the coast and offshore 
islands of South Africa and Namibia (Summers & Cooper 1977, Hockey 1983b, 
Martin 1997). The world population of African Black Oystercatchers is small, about 
5000 individuals in the early 1980s (Hockey 1999b), and the species was classified as 
“near-threatened” both in South Africa and globally (Underhill 2000, BirdLife 
International 2004). As a result of its status, most current research effort has been 
focused on basic biology and conservation issues (Hockey 1983a, Leseberg et al. 2000, 
Hockey et al. 2003). 

African Black Oystercatcher chicks are precocial but are parent-fed. Parental 
effort in feeding offspring, until some time after fledging, limits the number of broods 
raised by a pair each year. Thus it is uncommon for pairs to raise more than one 
brood during a single breeding season (Hockey 1996, Parsons & Underhill 2003). 

Fledglings stay with their parents for some months after fledging before 
leaving. They either stay within 150 km of their natal site or migrate northwards along 
the west coast of South Africa to “nursery grounds” on the coast of Namibia (Hockey 
1999a, Hockey et al. 2003). At three to four years old, young African Black 
Oystercatchers return to their natal sites and attempt to establish territories (Summers 
& Cooper 1977, Hockey 1996). Unlike some oystercatcher species, African Black 
Oystercatchers are sedentary once they start to breed (Hockey 1996) and most pairs 
defend well-defined territories throughout the year comprising an intertidal area for 
foraging and a supra-tidal area for nesting (Summers & Cooper 1977, Hockey 1996).  

African Black Oystercatchers start incubating once the last egg of the clutch is 
laid (Hockey 1983a). We used the methods described by Underhill and Calf (2005) to 
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estimate the start of incubation of eggs, and thus clutches, from an index of egg 
volume, calculated from length and breadth measurements, and egg mass. The actual 
or estimated date of the start of incubation for each nest of African Black 
Oystercatchers monitored on Robben Island, South Africa, was used to describe their 
breeding phenology. From this, we were able to determine the start, peak and length 
of the egg laying period of three breeding seasons. We hypothesised that the start and 
end of incubation of first clutches is influenced by external forces, namely food 
availability, predation pressure or environmental cues. In addition, we were also able 
to determine the time oystercatchers took to re-lay after the loss of a clutch or a brood 
and hypothesised that the time taken to re-lay was influenced by internal forces, the 
time taken for the female to replenish nutrient reserves before re-laying. Results of 
regular counts of eggs, chicks and fledglings were also used to determine differences 
in breeding phenology between the three breeding seasons. We discuss the factors that 
may have influenced the breeding phenology of African Black Oystercatchers on 
Robben Island.  

Methods
Study area 
Oystercatchers were studied from November 2001 to June 2004 on Robben Island 
(33 47’S 18 21’E, Figure 2.1), ca. 11 km from the port of Cape Town, South Africa. 
Robben Island has an area of 507 ha, and the perimeter is approximately 10 km 
(Figure 2.1). Most of the shoreline is rocky with varying degrees of exposure 
(Crawford & Dyer 2000). A 400 m long section of sandy shore occurs immediately 
south of Murray’s Bay Harbour (Figure 2.1). African Black Oystercatchers are found 
on the intertidal zone and the narrow upper shore, 5–20 m in width (limited in width 
by vegetation growth). Birds were not seen on the vegetated interior of the island. 
Oystercatchers are totally dependent on the intertidal zone for their food, and most 
lay their clutches on the shelly and rocky areas of the upper shore. 

Breeding, eggs, estimation of the incubation starting date and chicks 
Nest searching occurred twice a week from the beginning of October until the end of 
April each year, and most breeding attempts were discovered when eggs were present. 
On finding a nest, eggs were uniquely marked and their mass recorded to within 
±0.1 g using an electronic balance (Tanita model 1479V) and length and two breadth 
measurements were taken at right angles, 90°, to each other over the widest part of 
the egg using dial calipers (to determine an index of egg volume despite asymmetry in 
the egg). Nests were revisited and eggs reweighed at 3–4 day intervals until hatching. 
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Figure 2.1. The location of Robben Island, in Table Bay about 11 km from Cape Town, South
Africa. African Black Oystercatchers were monitored in the 5 m to 20 m upper shore and intertidal 
zone along the entire shoreline of Robben Island – the narrow strip on the seaward side of the
perimeter road. The dark shaded area in the south of the island is the settlement; the dark shaded
area in the north is the prison, and the light shaded cross is the airstrip. 
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The exact start date of incubation, defined as the day that all eggs of the 
clutch were laid and the adults attend the eggs throughout the day, was known for a 
small number of nests. For the remaining eggs, and hence clutches, the start date of 
incubation and the standard deviation were estimated from egg dimensions and mass 
measurements using methods described in Underhill and Calf (2005). This method is 
based on the fact that eggs lose approximately 15–16% of their mass during 
incubation (Ar & Rahn 1980) although between laying and the start of incubation, 
mass loss of eggs is small. A sample of eggs first weighed between laying and the start 
of incubation were used to determine a species specific constant of egg mass loss rate 
with a mean and standard deviation. 

Assuming that the rate of mass loss for each egg is linear until the egg was 
starred, the shell starts to crack and the membrane is punctured a day or two before 
hatching, one can estimate the slope coefficient (g.day–1) of the linear regression of 
mass on date of measurement for each egg. This slope coefficient has a mean and 
standard deviation. For eggs first measured after the start of incubation, a point 
estimate of the number of days for which the egg had been incubated was estimated 
from the change in egg mass, egg measurements, the estimated species specific 
constant and the slope coefficient determined for the individual egg. From this point 
estimate the start date of incubation of each nest could be estimated. 

On hatching, chicks within a brood were uniquely marked. They were ringed 
on the right leg with a 10 mm stainless steel ring (SAFRING) when they had reached 
approximately 100 g. Chicks were captured every four to six days during their 
prefledging period and their survival monitored. 

Breeding phenology 
The pattern of the start of incubation within each breeding season was displayed using 
kernel density estimation techniques (Silverman 1986, Wand & Jones 1995). The use 
of the kernel method to estimate the density function of the dates of the start of 
incubation was first implemented in Underhill et al. (1993). In this application, the 
“kernel function” for each egg was the Normal distribution, with the mean and 
standard deviation estimated using the method described above. In the data analysis, 
time was scaled in weeks, and the density function for each year was scaled so that the 
total area under the curve is equal to the number of eggs for the year. This produces a 
function which describes the instantaneous rate of egg-laying per week for a given 
date. Percentiles of the density functions can be estimated; for example, the median 
date of egg-laying was the date by which half (50%) the eggs were laid. The kernel 
density also enables various statistics relating to the length of the egg-laying period to 
be precisely defined and estimated. For example, the core of this period can be taken 
as the period between the lower and upper quartiles of the kernel density. This is the 
period during which the “central” 50% of eggs are laid. In this paper, we estimate this 
period, as well as the laying periods for the central 90% and 95% of eggs. The “95% 
start of incubation” period was computed as the time difference between the 97.5% 
and 2.5% percentiles. 95% confidence intervals for these percentiles were computed 
by bootstrapping (Manly 1991); 10 000 random samples with replacement were taken 
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from the set of observations, and the density function and associated percentiles were 
re-estimated. The 10 000 estimates of each percentile were sorted, and those with 
ranks 250 and 9751 were taken as the limits for the 95% confidence interval. 
 Randomisation tests were used in order to test that the percentiles for each of 
the three seasons were the same (Manly 1991). The null hypothesis used to test 
whether the percentiles for each of the three years were the same, was  

S = 3
i=1|pi – p|

where pi was the percentile for the n1 observations of the ith year, and p was the 
percentile for the combined data set. If the null hypothesis was correct then the 
percentiles for each year are similar and similar to the overall value, S is small, and vice
versa. The value of S for the observed data was computed (denoted S1). The observed 
data were randomly reassigned 9999 times; so that each reassignment had n1

observations assigned to the first year, the following n2 observation to the second year, 
and the final n3 observations to the third year. The statistic S was computed for each 
randomisation of the data. A count was kept of the number of times the value of S
was greater than or equal to S1. This count, divided by 10 000, estimates the 
significance level of the test. If it is less than 0.05, the null hypothesis is rejected at the 
5% significance level. Oatley & Underhill (2001) used this procedure in a similar 
context.  

Breeding phenology determined by counts 
African Black Oystercatcher breeding attempts were counted twice monthly from 
December 2001 to June 2004 along the entire coastline. These counts were 
standardised over high tide, involving a four to six hour census around the island on 
foot. Breeding attempts were counted in the following categories: eggs, chicks or 
fledglings. Although young oystercatchers remain with their parents for several 
months before migrating northwards, fledging date was defined as the first day on 
which wing length exceeded 180 mm or when chicks could fly at least 100 m. This 
occurs around the age of six weeks, when the chicks are about two-thirds of adult 
body mass. Fledglings were included in the counts for two reasons: firstly, to finalise 
the phenology study by determining the end point of parental investment for each 
pair, and secondly, to attempt to determine when the fledglings left their parents and 
their natal site. The period of time between fledging and the last time the fledgling was 
seen on the island was determined for chicks of the first and second breeding seasons. 
Insufficient data were available for the third breeding season to complete this analysis. 

Because of their behaviour, it was easy to miss chicks and fledglings during 
counts. Any seen during the detailed observational studies within two days of a count 
were therefore included in the total. If chicks or fledglings were not seen, but parents 
showed defensive behaviour, a pair was counted as possibly having chicks or 
fledglings. This was later verified through detailed observations. 

Time to re-lay after clutch or brood loss 
The time between losing a clutch and starting a new clutch was determined for each 
pair in all seasons. The estimated start of incubation and the mid point of the interval 
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between the last time the clutch or the brood was observed present and the first date 
that it was observed to be lost, were used for this analysis. Errors were relatively small 
because monitoring of nests and broods was at three to five day intervals. 

Results
Breeding
Breeding success is summarized in Table 2.1. Of particular interest is the decline in the 
number of chicks that fledged over the three year study; the third season had a smaller 
number of pairs attempting to breed; all broods that disappeared did so within two 
weeks of hatching and no breeding pair attempted more than three clutches in a single 
season.

Twenty clutches of the second breeding season were washed away by an 
extremely high tide on 17 February 2003 (Calf & Underhill 2005); seven of these were 
second breeding attempts. Only one of the 10 nests laid after 17 February was a first 
clutch of the season, three nests were second breeding attempts and five nests were 
third breeding attempts (Calf & Underhill 2005). The chicks from these re-lay nests 
fledged in April (Calf & Underhill 2005). A similar extremely high-tide occurred on 
10 February 2004 but the main nesting period was already over and only two nests 
were washed away (Calf & Underhill 2005).  

Throughout the prefledging period, 54 chicks from 45 broods in the first 
breeding season, 60 chicks from 37 broods in the second breeding season and 
24 chicks from 14 broods in the third breeding season were captured ringed and 
monitored to fledging. 

Table 2.1. Breeding performance of African Black Oystercatchers on Robben Island, South Africa, 
over three consecutive breeding seasons: the first (2001-2002), second (2002-2003) and third 
(2003-2004).

Season First Second Third
Date first nest was found 15 Nov 2001 14 Nov 2002 29 Nov 2003 
Number of clutches 68 85 52
Number of broods found after hatching 7 1 2
Number of pairs 57 67 49
Clutches failed 14 29 29
Broods failed 11 8 3
Number of re-lays 11 18 5
Number of hatchlings from clutches 70 76 31
Number of fledglings from clutches 50 35 16
Number of fledglings from broods 9 0 3
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Breeding phenology determined from the incubation start ng date i
Over this three-year study 205 clutches (complete egg sets) were found on Robben 
Island: 16 one-egg (8%), 177 two-egg (86%) and 12 three-egg (6%) clutches. The 
pattern did not vary between the years ( 29 = 2.29, P > 0.05): two-egg nests were the 
most frequent. The incubation starting date was estimated for all clutches found 
during the study: 137 eggs from 68 clutches from the first breeding season, 166 eggs 
from 85 clutches from the second breeding season and 103 eggs from 52 clutches laid 
during the third breeding season (Figure 2.2). Average egg volume within a clutch was 
not significantly related to the estimated starting date of incubation (Spearman Rank 
Correlation: r = –0.0366, P = 0.4682). 

The second breeding season started later than the first, even though the first 
eggs were laid at about the same time (Figure 2.3, Table 2.2). This is shown by the 
seven day difference in the estimated value for the 2.5% percentile, a 16 day difference 
at the median (50% percentile) and a four day difference at the 95% percentile for the 
first clutches (Figure 2.3, Table 2.2). The third breeding season started later than the 
previous two breeding seasons: 50% of the first clutches were laid by 8 January 
(Figure 2.3 , Table 2.2). This season was short; only four pairs attempted to re-lay. As 
a result, 50% of all clutches were laid by 9 January, only a day later than the equivalent 
value for first clutches. 

Ninety-five percent of the first clutches were laid over a period of 95, 85 and 
71 days in the first, second and third breeding season, respectively. The period was 98, 
112 and 71 days for all clutches in the three breeding seasons, respectively (Figure 2.3, 
Table 2.3). The middle 50% of first clutches in the first and second breeding seasons 
were laid over a period of 37 and 39 days respectively but the central 50% of the first 
clutches of the third breeding season were laid over only 17 days (Figure 2.3,  Table 
2.3).

The null hypotheses that the percentiles of the distributions of the starting 
dates of incubation were the same in the three study years was rejected (P  0.001 in 
all cases; Table 2.4). In the comparison between pairs of years, all but four were 
statistically significant (Table 2.2, Table 2.4). 

The dates for the end of laying of first clutches were similar for the three 
breeding seasons (Table 2.2). The dates for the end of laying of all clutches showed 
greater variation across the seasons (Table 2.2). 
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Figure 2.2. The percentage of eggs laid per week for African Black Oystercatchers on Robben
Island, South Africa, over three breeding seasons: the first (2001–2002, —), second (2002–2003,
····) and third (2003–2004, —·—). 
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Figure 2.3. Timing of the start of incubation of African Black Oystercatcher clutches on Robben
Island, South Africa, for three breeding seasons: the first (2001–2002, —), second (2002–2003,
····) and third (2003–2004, –·–). 
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Table 2.2. Percentiles of the incubation starting dates for African Black Oystercatchers on 
Robben Island, South Africa, for three breeding seasons: first (2001-2002), second (2002-2003) 
and third (2003-2004). The dates in the table are those by which the percentage of eggs given in 
the row had started incubation. The two columns for each breeding season refer to the first 
clutches and all clutches, including re-lays, respectively. The figures below the dates are the 
bootstrapped 90% confidence intervals for each percentile, given as days only; if the two numbers 
are increasing, then both dates are in the same month as the date given above; otherwise one is 
for the month before or after, as determined by the context (e.g. 5–14 under 9 Nov means 5 Nov–
14 Nov, and 21–17 under 25 Nov can only mean 21 Nov–17 Dec).  

First Second Third
Percentile First All First All First All 
2.5% 9 Nov 11 Nov 16 Nov 19 Nov 25 Nov 27 Nov 

5–14 6–15 9–23 11–24 21–17 22–18
5% 14 Nov 15 Nov 23 Nov 25 Nov 17 Dec 17 Dec 

10–17 12–18 18–27 21–29 25–21 27–21
25% 30 Nov 3 Dec 9 Dec 13 Dec 30 Dec 31 Dec 

26–14 30–7 6–13 9–18 28–2 29–3
50% 13 Dec 23 Dec 29 Dec 7 Jan 8 Jan 9 Jan 

9–21 15–28 21–3 2–12 6–10 7–11
75% 7 Jan 10 Jan 17 Jan 25 Jan 16 Jan 20 Jan 

1–11 6–14 12–21 22–27 13–20 16–25
95% 27 Jan 1 Feb 31 Jan 8 Mar 2 Feb 15 Feb 

21–12 26–16 28–8 2–10 27–17 10–17
97.5% 12 Feb 16 Feb 9 Mar 11 Mar 17 Feb 18 Feb 

26–20 31–20 31–14 9–14 31–19 15–19

Table 2.3. The estimated lengths of the periods (in days) during which the central 50%, 90% and 
95% of African Black Oystercatcher clutches on Robben Island, South Africa, were initiated. 
Results were separated for three breeding seasons: the first (2001-2002), second (2002-2003) 
and third (2003-2004). The second row for each period is the 90% bootstrapped confidence 
interval.  

First Second Third
Percentile First All First All First All 
50% 37 38 39 42 17 20

32–43 34–42 34–43 38–46 14–21 16–24
90% 74 78 69 103 47 60

67–90 71–92 64–79 96–107 41–79 54–80
95% 95 98 85 112 71 83

76–104 81–103 73–94 106–120 49–89 62–88
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Table 2.4. Significance levels for the permutation tests to compare the start dates of the 
incubation period of African Black Oystercatchers on Robben Island, South Africa. Each line tests 
the null hypothesis that the given characteristic of the overall distribution of the starting dates of 
incubation is the same for the three study years. The first column gives the overall significance 
level. The permutation tests between pairs of breeding seasons (first (2001-2002), second (2002-
2003) and third (2003-2004)) provide insights into the location of inter-year differences in the 
characteristics of the distributions. 

Characteristic Overall First vs. 
second

First vs. third Second vs. 
third 

Percentile
2.5% <0.001   0.033 <0.001   0.192 
5% <0.001   0.006 <0.001 <0.001
25% <0.001   0.001 <0.001 <0.001
50% <0.001   0.001 <0.001   0.682 
75% <0.001 <0.001   0.002   0.013 
95%   0.001   0.001   0.101   0.010 
97.5%   0.001   0.004   0.502   0.008 
Central period 
50% <0.001   0.073   0.001 <0.001
90% <0.001   0.052 <0.001 <0.001
95%   0.001   0.015   0.012   0.002 

Breeding phenology determined from counts 
In the first breeding season, the largest number of nests was observed in mid January; 
the maximum count of 25 nests with eggs (Figure 2.4). Chick rearing peaked in mid 
February when 53 pairs had chicks (Figure 2.4). The number of fledglings reached a 
maximum of 48 in early April (Figure 2.4).  

Although the first nest of the second breeding season was found in mid 
November, the largest number of nests was not observed until the end of January, 
when there was a maximum count of 25 nests with eggs (Figure 2.4). Chick rearing 
peaked the same month with a total of 37 chicks, and the number of fledglings peaked 
at 29 in the end of March (Figure 2.4).  

The largest number of nests was observed in mid January in the third 
breeding season, with a count of 24 nests (Figure 2.4). Chick rearing peaked in mid 
February and early March 2004: 18 pairs with chicks (Figure 2.4). The number of 
fledglings peaked at 19 during April (Figure 2.4). 

Fledglings stayed on the island for an average of 46 days (median = 40, 
SD = 23, range = 12 – 89, n = 33) in the first breeding season and 46 (median = 44, 
SD = 15, range = 22 – 79, n = 19) days in the second breeding season. The time 
between fledging and leaving the island was not determined for the third breeding 
season.



African Black Oystercatcher breeding phenology 33

0

20

40

60
ea

rly
 D

ea
rly

 F

ea
rly

 A

ea
rly

 J

ea
rly

 A

ea
rly

 O

ea
rly

 D

ea
rly

 F

ea
rly

 A

ea
rly

 J

ea
rly

 A

ea
rly

 O

ea
rly

 D

ea
rly

 J

ea
rly

 M

ea
rly

 M

date

nu
m

be
r

Figure 2.4. Timing of breeding: the dates that nests, eggs ( ), chicks ( ) and fledglings (*) of
African Black Oystercatchers were seen on counts around Robben Island, South Africa from
December 2001 to June 2004.

Table 2.5. Number of days between nest or brood loss and re-lay for African Black
Oystercatchers on Robben Island, South Africa over three breeding seasons: the first (2001-
2002), second (2002-2003) and third (2003-2004).

Mean Median SD Range n
First attempt 13.6 12.9 4.5 8.3 – 19.8 8
Second attempt 25.9 21.6 11.8 10.9 – 55.6 18
Third attempt 22.5 19.3 5.5 18.3 – 31.0 5
All seasons 22.2 19.2 10.8 8.3 – 55.6 31
Time to second attempt 21.9 19.5 11.3 8.3 – 55.6 25
Time to third attempt 23.3 19.1 9.0 14.2 – 36.0 6
First attempt lost as chicks 25.3 22.1 17.7 8.3 – 55.6 6
First attempt lost as eggs 21.4 19.5 8.8 9.3 – 47.0 25
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Time to re-lay after clutch or brood loss
The median period between losing a clutch and starting a new clutch across all 
breeding seasons was 20 days (Table 2.5). The median periods for the three seasons 
were significantly different: 11 days, 23 days and 20 days, respectively (Kruskal-Wallis: 

22 = 11.209, P = 0.004, Table 2.5). When comparing the loss of a clutch and the loss 
of a brood, no difference was found in the time taken to re-lay (Mann-Whitney U: 
U = 70.5, P = 0.76, Table 2.5). 

Discussion
The three breeding seasons of this study were different in a variety of ways: the timing 
of the start and end of the breeding season, the overall length of the breeding season, 
and the period taken to initiate re-lays after clutch or brood loss. The timing of the 
end of laying of the first clutches was similar for all three breeding seasons. 

The first breeding season started about the same time as the second, but the 
start was slower in the second breeding season with fewer birds starting incubation 
early in the season. Breeding attempts of some pairs were halted by the extremely high 
tide on 17 February 2003. This was late in the breeding season and re-lays occurring 
after this event extended the season. The third breeding season started later than the 
previous two seasons, had a slower start and fewer pairs attempted to breed and there 
were fewer re-lays after clutch or brood loss. The first breeding attempts in the third 
breeding season were more synchronous than the previous two breeding seasons; 50% 
of the clutches in the middle of the breeding season were laid over a much shorter 
period, only 17 days, compared to 37 and 39 days for the first and second breeding 
seasons respectively. The difference in the time to re-lay after a clutch or brood loss 
between seasons is probably a result of the same factors that influence the start and 
end of the breeding season. 

There are four factors that may have caused differences in the breeding 
phenology of African Black Oystercatchers on Robben Island: the age and experience 
of the breeding pair, food availability, predation risk and environmental conditions 
such as climate and sea conditions. These factors will be further discussed. 

Age and experience of the breeding pair 
It has been found that older, more experienced birds of some species are more 
successful breeders than younger birds (Coulson & White 1958, Nysewander 1977, 
Bunce et al. 2005, Sarsvari & Hegyi 2005, Sæther 2005). The timing of egg-laying by 
individual females of three oystercatcher species was found to be correlated between 
years (del Hoyo et al. 1996) and thus suggests that age and experience is not an 
influencing factor in oystercatchers. The ages of the oystercatchers in this study were 
unknown. Since the population of African Black Oystercatchers on Robben Island is 
increasing (Tjørve & Underhill submitted manuscript-a), it is likely that there were 
young and inexperienced breeders in all three breeding seasons of this study. 
Therefore other factors may have influenced the timing of egg-laying. 
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Food availability 
Food availability is generally thought to be the ultimate factor underlying the timing of 
nesting for seasonally breeding birds. The peak of the breeding season is timed to 
coincide with the period of maximum food availability for growing chicks (Lack 
1968). The prey of African Black Oystercatchers, like that of many other oystercatcher 
species, is intertidal and shows little seasonality in productivity (Hockey 1981, L'Hyver 
& Miller 1991). Nevertheless, it would be beneficial to adult oystercatchers to time the 
period when they are feeding chicks to the period of greatest food availability – spat 
settling, growth of different cohorts of mussels and limpets and changes in ash-free 
dry matter. Food availability may be greatest during the warm summer months, 
although there is little change in the temperature of ocean current passing the island, 
which is the same time that African Black Oystercatchers choose to breed. 

Predation pressure 
Breeding success of Eurasian Oystercatchers starting early or late in the breeding 
season is reported lower than for birds breeding in the middle of the season (Ens et al.
1996). Therefore, it is beneficial for breeding birds to attempt to start incubation at 
the same time as most other breeding pairs to improve the chances of their offspring’s 
survival. Decreased breeding success during this study was a consequence of increased 
depredation by Kelp Gulls, Larus dominicanus, mole snakes, Pseudaspis cana and feral 
cats, Felis catus (Calf & Underhill 2002, 2003). Unfortunately depredation was only 
quantified as effect and no counts of potential predators were carried out during this 
study. The synchronous, short third breeding season with fewer pairs attempting to 
breed and few re-lays after egg loss could be a result of increased predation pressure. 
Ens et al. (1996) noted that Eurasian Oystercatcher eggs may have been predated 
before they were found, thus reducing the total number of nests and number of 
breeding pairs. The same impact of predators may have occurred during the third 
breeding season on Robben Island. 

Environmental conditions 
Compared to Eurasian or American Black, H. bachmani, Oystercatchers, African Black 
Oystercatchers have a mild climate in which to breed (Hockey 1996). The weather in 
the Western Cape is driven by frontal systems; the summers are usually unaffected by 
the fronts but during winter they bring cold, wet and windy weather to the mainland 
(Figure 2.5). Increased day length, increased temperature and decreased rainfall 
associated with the onset of summer may, therefore be used by African Black 
Oystercatchers as cues to start breeding. 

The temperatures in the Western Cape during winter are comparable to a 
boreal spring when Eurasian Oystercatchers breed (Hockey 1996), but African Black 
Oystercatcher nests need to survive two series of spring high tides during the month-
long incubation stage. The combination of cold fronts bringing storms with 
potentially large waves and spring high tides can generate substantial differences 
between tidal predictions and the observed tide heights (Searson & Brundit 1995, Calf 
& Underhill 2005). Searson and Brundit (1995) stated that extreme sea levels are 
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associated with fortnightly and equinoctial cycles and a 4.4 year equinoctial-perigial 
coincidence. Unless a storm surge is associated with extreme tidal sea levels 
exceptional high tides will not occur (Searson & Brundit 1995). The likelihood of 
oystercatchers losing eggs to an exceptional high tide would thus be greatest during a 
cold front during a spring high tide period. 

According to Searson and Brundit (1995) sea levels around the Cape coast are 
highest during winter months and in Simon’s Bay February, March and September are 
shown as months in which high sea levels can be expected. The start of incubation for 
all three breeding seasons was in October to November and incubation of all clutches 
was completed in mid February to mid March. Most African Black Oystercatchers 
thus initiate breeding early enough and end egg laying late enough to reduce the risk of 
egg loss from being washed away by high sea levels as a result of spring tides and 
winter storms. Nesting should be completed well before the return of winter storms in 
the autumn. Environmental conditions are therefore important factors that influence 
the start and end of the breeding season, and they may be the reason why the end of 
laying of first clutches was similar in all three breeding seasons. Oystercatchers could 
attempt to lay their first clutch before a specific date thus improving the chances of 
their eggs surviving incubation and possibly increasing the chances of their chicks 
fledging and leaving the island before the return of winter storms. 

Although nests were lost relatively late in the breeding season as a result of 
the extremely high tides in the second and third breeding seasons and despite the 
greater level of depredation than in the first breeding season pairs chose to re-lay in 
February. The mild weather could have prompted these birds to attempt renesting.  

There were only 12 days between the end dates of the first clutches and all 
clutches in the third breeding season. Only four pairs attempted renesting after the 
10 February 2004 tidal event, but none of these pairs had lost their clutch in this 
event. The eggs had been lost to depredation some time before 10 February 2004. The 
cause of this short breeding season may therefore be a result of other factors such as 
depredation or the age and experience of the breeding pair rather than environmental 
conditions. 

Breeding phenology of the African Black Oyste catcher and that of other 
oystercatcher species 

r

African Black Oystercatchers in the south Western Cape start to breed earlier than 
those further north on the West Coast of South Africa and Namibia (M. du Toit and 
P. Bartlett pers comm.). This difference could possibly be associated with differences 
in food availability or environmental conditions along the coast. 
 Oystercatcher species at higher latitudes have shorter laying periods than at 
lower latitudes (Hockey 1996). At high latitudes birds have a short window of fair 
weather and good food availability in which to successfully rear chicks (Schekkerman
et al. 2003). Synchronicity of breeding in other oystercatcher species can be attributed 
to shorter summers and shorter periods of good food availability than that 
experienced by the African Black Oystercatcher. 
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Figure 2.5. Ambient temperature (˚C) and monthly rainfall (mm) over the three year study in the
Cape Town area, South Africa. The average is given by the square and the line signifies the 
standard deviation. 
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Conclusion
The three breeding seasons of this study were different. The date of completion of 
laying of first clutches was, however, relatively constant between the three breeding 
seasons of this study. The start and the end of the breeding season seems to be 
influenced by external factors including environmental conditions (the frequency of 
cold fronts being a major cue to the start and end of egg laying), depredation (greater 
levels during the third breeding season may have resulted in more synchronous egg 
laying) and possibly food availability. It seems that although re-lays are completed 
after the best time to lay a clutch is past, African Black Oystercatchers attempt to re-
lay to have a chance to successfully raise chicks except when predation risk is very 
high. The cause of clutch or brood loss, depredation or a natural event, may determine 
whether oystercatchers attempt to re-lay. The time taken to re-lay is most likely 
determined by internal factors, the time taken for the female to replenish nutrient 
stores before relaying. 
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Abstract
Breeding success of African Black Oystercatchers, Haematopus moquini, was monitored 
over three austral summers on Robben Island, South Africa from 2001 to 2004. 
Robben Island is a busy tourist destination which has a resident population that live 
and work on the island in addition to tourists that visit the island daily. The island also 
has potential predators of birds’ eggs and chicks in the form of feral cats, Felis catus,
Kelp Gulls, Larus dominicanus, mole snakes, Pseudaspis cana, and house rats, Rattus rattus.
The mean number of fledglings produced per pair declined from 0.74 in the first 
breeding season to 0.41 and 0.35 in the subsequent breeding seasons. This fledgling 
success was slightly greater than the estimated threshold value necessary to maintain a 
stable population, and similar to fledging success observed in other oystercatcher 
species. Increased depredation of eggs and chicks and high tide events on 17 February 
2003 and 10 February 2004 were the most likely causes of fledging success in the 
second and third breeding seasons compared to that of the first breeding season. 
Predation can be aggravated by human disturbance, and it was found that the area 
with greatest resident and tourist activity had the greatest egg and chick losses in all 
three breeding seasons. The area adjacent to the disturbed area had reduced breeding 
success in the second breeding season, which could have been a result of increased 
predation associated with the settlement. Breeding success in the area near the Kelp 
Gull breeding colony decreased in the third breeding season; the period during which 
the greatest number of Kelp Gulls were breeding. The potential success of a breeding 
attempt decreased if incubation of the clutch started later in the breeding season. 
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Introduction 
Offshore islands generally have limited human disturbance to seabird and shorebird 
breeding populations, due to their inaccessibility and the long-term conservation and 
monitoring carried out by government and private bodies (Hockey 2000). Robben 
Island is about 10 km from Table Bay Harbour, Cape Town, South Africa. The island 
was used as a prison for many years until the last prisoners and warders left the island 
in December 1996 (Smith 1997). Since then, the prison has become a museum and the 
island a busy tourist destination that attracts about 300 000 visitors per year (S Davis, 
Robben Island Museum, in. litt.). Access to the island by tourists is strictly controlled; 
their visits are limited to three hours in which they are taken on a prison and a bus 
tour. Accordingly, tourist disturbance to wildlife on the island is restricted to the area 
near the harbour and the section of shore where the bus stops during the tour. The 
resident human population of the island is about 140 and they have access to the 
whole island but most activity is confined to the same section of shoreline used by the 
tourist buses. In addition, Robben Island is one of the few offshore islands on the 
South African coast that hosts a number of different predators including feral cats, 
Felis catus, Kelp Gulls, Larus dominicanus, mole snakes, Pseudaspis cana, dogs, Canis 
familiaris, and house rats, Rattus rattus (Calf & Underhill 2003). Therefore the island is 
an ideal study site to monitor the affects of disturbance on a discrete population of 
birds.

A number of seabird and shorebird species breed on Robben Island, 
including an increasing population of African Black Oystercatchers, Haematopus 
moquini (Tjørve & Underhill submitted manuscript-a). The number of African Black 
Oystercatchers currently resident on the island exceeds the one percent population 
level for the species, this being 55 birds (Wetlands International 2002).  

The African Black Oystercatcher is the only representative of the family 
Haematopodidae that breeds in Africa (Summers & Cooper 1977, Hockey 1983a, 
Martin 1997). In the early 1980s the world population of African Black Oystercatchers 
was estimated to be 5000 individuals (Hockey 1983b) and they are classified as “near-
threatened” both in South Africa and globally (Underhill 2000, BirdLife International 
2004). Since the last census the oystercatcher population has increased to an unknown 
extent (Hockey 2001) but in 2002 the population was estimated to be between 5000 
and 6000 individuals (Wetlands International 2002). 

African Black Oystercatchers breed on both rocky and sandy shores of the 
mainland and offshore islands of southern Africa from November to March (Leseberg
et al. 2000). Because African Black Oystercatchers breed over the busiest time of the 
holiday season, their eggs and chicks are vulnerable to the direct and indirect effects of 
human disturbance, in addition to the threat of predation (Jeffrey 1987, Hockey 
1999a, Adams et al. 1999, Hockey 2000, Leseberg et al. 2000). Hockey (2000) found 
that in addition to egg losses, the loss of chicks was limiting to oystercatcher breeding 
success in unprotected, disturbed areas.

African Black Oystercatcher young are semi-precocial; they leave the nest 
soon after hatching but, because they are unable to catch and handle prey, adults 
provision them until after fledging (Hockey 1984a, Hockey 1996). Oystercatchers feed 
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on mussels, limpets and other invertebrates found within the intertidal zone on sandy 
and rocky shores. Foraging time is therefore limited by access to the intertidal zone 
during low tide. Consequently, the direct and indirect impacts of human disturbance 
(Jeffrey 1987) and food availability may mean that chicks face starvation as well as the 
risk of predation.  

Although Robben Island constitutes an important conservation area for the 
species (Barnes 1998, Underhill et al. 2001) oystercatchers on the island are subject to 
disturbance. Hockey (2000) found that oystercatchers breeding in protected areas and 
on offshore islands seem capable of fledging a greater number of young than those in 
unprotected areas as a result of low levels of disturbance and predation. 

This study was conducted to determine the influence of disturbance from 
tourism and predation risk on the breeding success of African Black Oystercatchers 
on Robben Island. We evaluated the impact of human disturbance and predation on 
oystercatcher breeding success for three consecutive breeding seasons. Mortality and 
survival rates, hatching survival and fledging survival for all African Black 
Oystercatcher nests on Robben Island were compared across the breeding seasons. 
We determined breeding success for areas of different disturbance or predation risk 
around the island to see whether birds in areas of greater disturbance were less 
successful breeders. Birds breeding near the start or the end of the breeding season 
may be less successful as a result of predation (Lack 1968). The seasonal value of an 
egg was determined for African Black Oystercatcher nests on Robben Island. We 
discuss other factors that may limit breeding success of oystercatchers on Robben 
Island: food availability, environmental conditions and the age and experience of the 
breeding pair. The breeding success observed for African Black Oystercatchers was 
compared to that found by Hockey (1983a) and results from studies on other 
oystercatcher species. 

Methods
Study area 
Oystercatcher breeding was monitored during three consecutive austral summers, 
October to May, from 2001 to 2004 on Robben Island (33 47’S 18 21’E, Figure 3.1) 
in Table Bay about 11 km from the port of Cape Town, South Africa.  
Robben Island has an area of 507 ha, and the coastline is approximately 10 km in 
perimeter (Figure 3.1). Most of the shoreline is rocky with varying degrees of exposure 
(Crawford & Dyer 2000), but there is a 400 m long section of sandy shore south of 
Murray’s Bay Harbour, an area where sand accumulates (Figure 3.1). During this study 
human disturbance was greatest in the area between the start of the settlement and 
Boundary Road. This is the area in which buses and most tourist activity occur. 
Relative to recreational beaches on the mainland, disturbance caused by tourists was 
small. Residents had access to the whole island but most of their activity was restricted 
to the area between the harbour and Boundary Road. 
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Figure 3.1. The location of Robben Island, South Africa, in Table Bay about 11 km from the port
of Cape Town. African Black Oystercatchers were monitored in the 5 m to 20 m upper shore and
intertidal zone along the entire shoreline of Robben Island – the narrow strip on the seaward side 
of the perimeter road. The dark shaded area in the south of the island is the settlement; the dark
shaded area in the north is the prison, and the light shaded cross is the airstrip. 
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African Black Oystercatchers are found on the narrow upper shore, 5–20 m 
in width and the intertidal zone (limited in width by vegetation growth). Birds were 
not seen on the vegetated interior of the island. The African Black Oystercatchers are 
totally dependent on the intertidal zone for their food and most lay their clutches on 
the shelly and rocky areas of the upper shore. 

iti

Ringed population 
From October 2001 to October 2003 111 adult oystercatchers were ringed with a 
stainless steel ring (SAFRING) on the right leg and a unique combination of colour 
rings. No birds were caught from October 2003 to April 2004 in order to eliminate 
the possible risk of egg predation caused by catching attempts at the nest. 
Oystercatchers are territorial and it was anticipated that the same pairs would nest in 
the same territories each year. We attempted to monitor this for colour ringed birds 
and determine their fledging success. 

Nest pos ons 
The GPS position of each nest was recorded. All nests were mapped with a GIS 
programme (ARCVIEW version 3.1 for Windows, Environmental Systems Research 
Institute, Inc.).

Nests, egg measurements and chicks 
Nest searching occurred twice a week from the beginning of October until the end of 
April and breeding attempts were usually discovered during the laying or incubation 
stage. On finding a nest, eggs were uniquely marked, their masses were recorded to 
within ±0.1 g using an electronic balance (Tanita model 1479V) and length (l)
measurements and two breadth measurements (b1 and b2) at right angles (90°) to each 
other over the widest part of the egg, were taken using a pair of dial callipers. 
Thereafter nests were revisited once a week during the first breeding season and at 3 
to 4 day intervals during the subsequent breeding seasons until hatching.  

Egg masses and measurements were compared between seasons, and 
comparisons between first, second and third clutches were made using ANOVA. 
Logistic regression was used to determine whether egg size influenced hatching 
success.
 On hatching, chicks within a brood were uniquely marked. They were ringed 
on the right leg with a 10 mm stainless steel ring (SAFRING) when they had reached 
approximately 100 g. Chicks were captured every four to six days during their 
prefledging period and their survival monitored. 

Seasonal value of an egg 
The relationship between the start date of incubation (estimated using methods 
described in Underhill and Calf (2005) and Tjørve and Underhill (submitted 
manuscript-b) and the success of a breeding attempt was determined for each nest of 
the three breeding seasons using logistic regression. The estimated start date of 
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incubation was used as the explanatory variable in logistic regressions, with hatching 
and fledging success as response variables. 

Breeding success 
Due to the obvious breeding behaviour of the oystercatchers and the narrow strip of 
coastline on which the oystercatchers bred, the chance of missing breeding attempts 
(nests or chicks) with frequent monitoring was small and it was assumed that all 
breeding attempts, eggs laid and chicks hatched were discovered during the three 
breeding seasons for the population of oystercatchers on Robben Island. We used the 
Mayfield method (Mayfield 1960, 1975) to determine mortality and survival rates 
(probability) of nests during the incubation stage and chicks during the prefledging 
period. If a nest was predated or abandoned, the date of loss or abandonment was 
estimated as the mid interval date between the date last observed and the date the loss 
or abandonment was first observed. 

For nest survival the unit of exposure used was nest days: this is the number 
of days each nest was known to be viable. Nest mortality was calculated by dividing 
the total number of nests lost by the total number of nest days during the incubation 
stage, and nest survival was calculated as one minus the mortality rate (Mayfield 1960, 
1975).

Hatching survival was calculated by dividing the number of hatchlings by the 
number of eggs present just before hatching. Total hatching survival was calculated by 
dividing the total number of hatchlings by the total number of eggs laid. 

Oystercatcher chicks are semi-precocial and dates of predation or chick loss 
were difficult to determine; values produced from data collected are estimations. 
These estimations were the mid interval date between the date last observed and the 
date of the determination that the chick was no longer alive. Fledging survival was 
calculated by dividing the number of fledglings by the number of chicks hatched. 
Total fledging survival was calculated by dividing the number of fledglings by the total 
number of eggs laid. In addition, fledgling success per breeding pair and per nest were 
determined. 

Breeding success along the shore 
Breeding success of oystercatchers exposed to different predation or disturbance risks 
was estimated. The shore of the island was divided into four sections (Figure 3.1). The 
first was from Murray’s Bay Harbour to the intersection of West Perimeter Road and 
Boundary Road which was the area most frequently disturbed by residents and 
tourists. The second section was from Boundary Road to the shooting range where 
there was little disturbance. The third section was from the shooting range to the 
Sea Challenger, where a Kelp Gull breeding colony was established in 2000 and became 
larger in subsequent years (Calf et al. 2003). The fourth section was from the 
Sea Challenger to Murray’s Bay Harbour where there was the least human disturbance 
because the area was protected as part of an African Penguin Sphensicus demersus
breeding colony. The number of failed breeding attempts, the number and percentage 
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of successful breeding attempts and the number of fledglings per pair was calculated 
for each section of the shore. 

Results
Breeding pairs 
The number of breeding pairs, i.e. pairs that laid eggs, varied between the three 
consecutive breeding seasons: 64, 68 and 49, respectively. In the first breeding season, 
2001–2002, the number of pairs observed on the island in the beginning of November 
was 61. Sixty-four pairs attempted to breed – 5% more than the number of pairs 
present at the start of the breeding season. At the start of the second breeding season, 
2002–2003, there were 97 pairs on the island, and 68 (70%) pairs attempted to breed. 
There were 87 pairs at the start of the third breeding season, 2003–2004, and 47 (54%) 
of these attempted to breed. 

Both individuals of five breeding pairs from the first season and 15 pairs from 
the second breeding season were colour-ringed. All ringed individuals remained on 
their territories in the following breeding seasons. Despite being on their territories in 
the following seasons, not all ringed pairs attempted to breed in subsequent seasons. 
None of the birds from colour-ringed pairs returned the following season with a 
different partner. 

itiNest pos ons 
African Black Oystercatcher nests were found along the entire coast of Robben 
Island. The oystercatcher territories are linearly distributed along the shore, and the 
nests are found in a narrow strip of the upper shore just above the high tide water 
mark (limited by vegetation growth). There were no nests in the interior of the island. 
One pair bred on the sandy shore south of the harbour during the second breeding 
season, but otherwise all breeding attempts were made on the rocky shore. In all three 
breeding seasons nest density was low on the western side of the island. This side of 
the island is exposed because it faces the ocean rather than the bay. 

Clutch size, egg measurements and chicks 
Over the three-year study 205 nests were found on Robben Island: 16 one-egg (8%), 
177 two-egg (86%) and 12 three-egg (6%) clutches. Three-egg clutches have become 
more common in African Black Oystercatchers breeding on the west coast islands of 
South Africa (PAR Hockey pers. comm.) but no significant increase in clutch size was 
found across the three breeding seasons (Chi squared: 24 = 2.29, P > 0.05) on 
Robben Island. One hundred eggs from 68 clutches from the first breeding season, 
146 eggs from 85 clutches from the second breeding season and 64 out of 103 eggs 
from 52 clutches laid during the third breeding season were used in the analysis.  

Egg size was normally distributed. Median and mean egg measurements for 
all seasons for first, second and third clutches are shown in Appendix 1. We found the 
fresh mass of eggs to be 57.9 g (SD = ± 4.1, n = 36). No biologically significant 
difference was found in egg size (l × b1 × b2) between first, second and third clutches 
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(ANOVA: F2, 393 = 2.80, P = 0.06), and egg size did not change significantly during 
the breeding season (Linear regression: R2 = 0.001, df = 395, P = 0.506). There was a 
significant difference in egg size (ANOVA: F2, 393 = 4.02, P = 0.02) and in egg mass 
(ANOVA: F2, 359 = 3.93, P = 0.05) across the three breeding seasons. Egg size was 
related to hatching success: eggs that hatched were larger than those that failed to 
hatch (Mann-Whitney U: U = 16741.0, P = 0.013). 

Fifty-four chicks from 45 broods in the first breeding season, 60 chicks from 
37 broods in the second breeding season and 24 chicks from 14 broods in the third 
breeding season fledged successfully. 

Seasonal value of an egg 
The date of the start of incubation of a nest was related to its hatching and fledging 
success. Eggs that were laid earlier in the season had a better hatching success 
(Logistic regression:  logit (hatching success) = 6.438 + –0.033 (days after 1 July), 
t = –4.71, df = 395, P < 0.001) and a better fledging success (Logistic regression: logit 
(fledging success) = 4.467 – 0.028 (days after 1 July), t = –4.67, df = 395, P < 0.001). 

Breeding success 
The first nest of the first breeding season was found on 15 November 2001 and 
68 nests from 57 breeding pairs were found during the season (Table 3.1). The chicks 
of seven pairs were found after hatching (Table 3.1). The first nest of the second 
breeding season was found on 14 November 2002 and 85 nests from 68 breeding 
pairs were found during the season (Table 3.1). The chicks of one pair were found 
after hatching (Table 3.1). The third breeding season started later than the previous 
two seasons (Tjørve & Underhill submitted manuscript-b): the first nest was found on 
the 29 November 2003. During the breeding season there were 49 breeding pairs and 
a total of 52 nests found with an additional two clutches found after hatching 
(Table 3.1). 
 Twenty-one percent of the eggs present at hatching in the first breeding 
season did not hatch (Table 3.3). This decreased to 12% and six percent in the second 
and third breeding seasons, respectively (Table 3.3). 

During the first breeding season 15% of the broods were lost between 
hatching and fledging (Table 3.2). All but four chicks were lost within 14 days of 
hatching (mean = 8.4 days, SD= 6.2, n = 32). Two 19 day old chicks from the same 
brood, a 23 day old and a 24 day old chick, were lost after they were two weeks old. 
The number of broods lost between hatching and fledging was greater in the second 
breeding season, 22% (Table 3.1, Table 3.2). The mean age of chick loss during this 
breeding season was 6.3 days (SD= 6.7, n = 26). All but two chicks were lost within 
two weeks; one chick was lost at 20 days, and one at 32 days. The corpses of the two 
large chicks that were lost showed signs of cat predation; breast muscles and guts 
devoured leaving some bones, feathers and the rings (Calf & Underhill 2003). Forty-
seven of the first clutches failed: 14 were washed away; 11 were depredated as eggs or 
chicks; two were trampled and two were abandoned after semi-predation (a single egg 
was depredated). The third oystercatcher breeding season was less successful than the 
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previous two (Table 3.2): 72% of the number of breeding pairs in the previous season 
despite a similar total number of adult birds present at the start of the breeding 
season. Predation of eggs was greater (Table 3.2). Most chicks that were lost, 
disappeared on hatching day and all chick losses occurred within 12 days (mean = 3.2, 
SD = 3.1, n = 11). Re-lays were less successful than first clutches due to a higher rate 
of egg loss (Table 3.2). 
 The second breeding season saw the greatest number of chicks hatch from 
first clutches (68 compared to 59 and 31 in the first and third breeding seasons, 
respectively) and the first breeding season had the greatest number of chicks hatch 
from second clutches (9 chicks compared to 4 and none in the second and third 
breeding seasons, respectively). There were no third clutches in the first breeding 
season and the third clutch of the third breeding season did not result in fledglings but 
two of the five third clutches of the second breeding season hatched four chicks and 
three of these survived to fledging. 

According to the Mayfield method, the survival rate of nests during 
incubation decreased across the three breeding seasons (Table 3.3). The probability of 
a brood surviving to fledging was greatest in the first breeding season and lowest in 
the second breeding season (Table 3.3). The overall survival of an egg to fledging 
decreased from 0.368 fledglings per egg in the first breeding season to 0.199 and 0.155 
in the second and third breeding seasons, respectively (Table 3.3). A similar decreasing 
trend was observed in the number of fledglings per pair (Table 3.3). 

Table 3.1. Number of African Black Oystercatcher nests on Robben Island, South Africa, across 
three consecutive breeding seasons: the first (2001–2002), second (2002–2003) and third (2003–
2004).

First Second Third
Number of first clutches 57 67 47
Number of second clutches 11 13 4
Number of third clutches 0 5 1
Total number of nests 68 85 52
Broods found after hatching 7 1 2
Clutches disappeared as eggs 15 (22%) 43 (51%) 26 (53%) 

Table 3.2. African Black Oystercatcher hatchlings and fledglings per nest on Robben Island, 
South Africa, across three consecutive breeding seasons: first (2001–2002), second (2002–2003) 
and third (2003–2004). These values are shown in figure 3.2. 

First Second Third
Hatchlings Fledglings Hatchlings Fledglings Hatchlings Fledglings 

First clutch 1.04 (59) 0.72 (41) 1.01 (68) 0.46 (31) 0.66 (31) 0.34 (16) 
Second and third 
clutches

1.00 (11) 0.81 (9) 0.44 (8) 0.22 (4) 0.00 (0) 0.00 (0) 

Including broods 
found after 
hatching

0.78 (59) 0.41 (35) 0.35 (19) 
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Table 3.3. Survival and mortality of eggs during incubation, hatching survival and numbers of 
fledglings produced per pair and per nest for African Black Oystercatchers on Robben Island, 
South Africa, over three consecutive breeding seasons: the first (2001–2002), second (2002–
2003) and third (2003–2004). 

Calculation First Second Third
Nest incubation mortality M = # nests lost / # nest days 0.014 0.026 0.052
Nest incubation survival S = 1–M 0.986 0.974 0.948
Probability of nest survival during incubation Sdays of incubation (28) 0.671 0.485 0.223
Egg mortality M = # eggs lost / # egg days 0.013 0.022 0.051
Egg survival S = 1–M 0.987 0.978 0.949
Probability of egg survival during incubation Sdays of incubation (28) 0.686 0.530 0.232
Brood mortality during prefledging period M = # brood lost/# brood days 0.019 0.038 0.021
Brood survival during prefledging period S = 1–M 0.981 0.962 0.979
Probability of brood survival Sdays of prefledging period (40) 0.464 0.211 0.433
Chick mortality during prefledging period M = # chicks lost/# chick days 0.016 0.027 0.016
Chick survival during prefledging period S = 1–M 0.984 0.973 0.984
Probability of chick survival Sdays of prefledging period (40) 0.526 0.330 0.520

Hatching survival 
# hatchlings / # eggs just before 
hatching 0.794 0.876 0.939

Total hatching survival # hatchlings / # eggs laid 0.625 0.470 0.301
Fledging survival # fledglings / # chicks hatched 0.588 0.423 0.516
Survival of an egg to fledging # fledglings / # eggs laid 0.368 0.199 0.155
Fledglings per pair # fledglings / # breeding pairs 0.877 0.485 0.388
Fledglings per nest # fledglings / # nests 0.735 0.384 0.352
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Figure 3.2. Hatching and fledging success of African Black Oystercatchers on Robben Island,
South Africa, over three consecutive breeding seasons: the first (2001–2002), second (2002–
2003) and third (2003–2004).

Extreme high tide events 
Unusually stormy weather resulting in high seas and long intervals between waves
combined with a spring high tide produced large breakers that pushed beyond the
normal spring high tide limit on 17 February 2003 (Calf & Underhill 2005). By the 
middle of February 67 pairs had attempted breeding and 21 oystercatcher nests were
still active on Robben Island on 16 February. Fourteen of these were first breeding
attempts and seven were second breeding attempts after their first attempt failed.
Before 17 February, 10 pairs had relaid after their first clutch or chicks were lost. Of
these second clutches, three were predated before 17 February and the remaining
seven were washed away in the extreme high tide event.

The eggs of one nest hatched between the nest check on 16 February and the
high tide on 17 February and the chicks were able to find shelter from the waves and
thus survived. The tidal event on 17 February resulted in the loss of 20 clutches. No
chicks were lost during the high-tide event. Nine pairs nested after 17 February (five
pairs were attempting their third clutch, three pairs their second clutch and a single
pair attempted their first clutch of the season). The remaining pairs abandoned
breeding activities. Five of the relaid clutches survived to hatching, and three of these
successfully raised chicks to fledging. As a result of these relays, the breeding season
was extended (Tjørve & Underhill submitted manuscript-b), and the chicks from these
nests fledged in April. 

The third oystercatcher breeding season started later and was shorter in
length than the previous two (Tjørve & Underhill submitted manuscript-b). By 
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10 February 2004, 47 pairs had attempted to breed and one pair had attempted a 
second clutch. Two nests remained on the island, both first breeding attempts for the 
season and both were washed away in the extreme high tide event. Of the five nests 
laid after the high tide event in 2004 two were first clutches of the season and three 
were relays of pairs that had lost their clutches before the high tide event. One pair 
laid their third clutch of the season after 10 February 2004. All of these nesting 
attempts were depredated as eggs. 

Breeding success along the shore 
Breeding success (percentage of successful breeding attempts) was significantly 
different in the four sections of the shore across the three breeding seasons: 
(1) Murray’s Bay Harbour to the intersection of West Perimeter Road and Boundary 
Road, (2) from Boundary Road to the shooting range, (3) from the shooting range to 
the Sea Challenger and (4) from the Sea Challenger to Murray’s Bay Harbour 
( 212 = 338.67, P < 0.01). 

In all three seasons most nests were found in the section of shore between 
Murray’s Bay Harbour and the intersection of Western Perimeter Road and Boundary 
Road (1). During the three seasons 59%, 38% and 31%, respectively, of the nests 
found were within this area (Table 3.4). During the second breeding season the 
section of shore from the intersection of Western Perimeter Road and Boundary Road 
to the shooting range (2) had the same percentage of nests, 38%, as the section from 
the harbour to the Boundary Road intersection (Table 3.4). 

The area of highest egg (35% of breeding attempt losses) and chick (13% of 
breeding attempt losses) depredation was the area most frequented by tourists and 
residents, between Murray’s Bay Harbour and the intersection between West 
Perimeter Road and Boundary Road (1, Figure 3.3). Forty-eight of the first, 11 of the 
second and three of the third clutches were lost in this area over the three breeding 
seasons (Figure 3.3). The percentage of successful breeding attempts in this section of 
the shore was 40.8%, 12.5% and 11.8% in the three breeding seasons respectively 
(Table 3.4, Figure 3.3). The success of breeding attempts in this section of the shore 
declined between the first and the second breeding season. A similar trend was seen in 
the section from the intersection of West Perimeter Road and Boundary Road and the 
shooting range (2, Table 3.4). A decrease in the success of oystercatcher breeding 
attempts in the section from the shooting range to the Sea Challenger, the gull colony 
(3), was observed between the second and the third breeding seasons, 66.7% to 14.3% 
(Table 3.4, Figure 3.3). Fifty-seven percent of the oystercatcher breeding attempts in 
the section from the Sea Challenger to Murray’s Bay Harbour (4) were successful 
(Table 3.4, Figure 3.3). Breeding success was relatively consistent in this section across 
the three breeding seasons: 61.5%, 50% and 60% respectively. Unlike the first and the 
second breeding season eggs and chicks were depredated along all sections of the 
coast during the third breeding season (Figure 3.3c).  

The number of breeding pairs compared to pairs present on the shore 
between Alpha 1 and Boundary Road decreased significantly from the first to the third 
breeding season ( 23 = 170.63, P < 0.01). There were 17 pairs with territories between 
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Alpha 1 and Boundary Road in the first breeding season (Figure 3.3a); 14 (82%) of 
these attempted breeding. The analogous figures in the second breeding season were 
24 pairs of which 14 (58%) attempted to breed (Figure 3.3b), and in the third breeding 
season, 7 pairs out of 26 (27%) in this area attempted to breed (Figure 3.3c). 

Table 3.4. Breeding success of African Black Oystercatchers in four different areas of the shore of 
Robben Island, South Africa, over three consecutive breeding seasons: the first (2001–2002), 
second (2002–2003) and third (2003–2004). 

Breeding 
season

Harbour to 
Boundary Road 

Boundary Road 
to Shooting 
Range 

Shooting Range 
to Sea
Challenger

Sea Challenger
to Harbour 

Number of breeding attempts 
First 40 14 10 13
Second 32 32 9 14
Third 17 15 7 15

Failed
First 20 4 4 5
Second 28 26 3 7
Third 15 12 6 6

Succeeded
First 20 10 6 8
Second 4 6 6 7
Third 2 3 1 9

Percentage of successful breeding attempts 
First 50.0 71.4 60.0 61.5
Second 12.5 18.8 66.7 50.0
Third 11.8 20.0 14.3 60.0

Number of fledglings per pair
First 0.45 0.79 0.80 0.69
Second 0.13 0.28 1.11 0.86
Third 0.18 0.27 0.14 0.80
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From eggs to fledglings 
Fifty-seven (84%) of all the clutches found during the first breeding season consisted 
of two eggs; 27 of these hatched two chicks and nine hatched one chick successfully. 
Ten (37%) of the clutches that hatched two chicks raised both chicks to fledging. 
Seventy-four (87%) of the clutches found during the second breeding season 
consisted of two eggs; 28 of these hatched two chicks and nine hatched a single chick. 
Twelve (43%) of the two-egg clutches that hatched raised both chicks to fledging. 
During the third breeding season, 47 (90%) nests were two-egg clutches; 14 hatched 
both chicks and one hatched a single chick. Three (21%) two-egg clutches that 
hatched both chicks fledged both chicks. When looking at fledging success in relation 
to clutch size one can argue that fledging success is greater for one-egg clutches than 
for two or three-egg clutches ( 22 = 63.8, P < 0.001). The small number of one-egg 
clutches, 16, and three-egg clutches, 12, compared to the large number of two-egg 
clutches, 177, means that there was a greater chance for two-egg clutches to lose one 
egg or one chick to predation than for one-egg or three-egg clutches. 

Most chicks were lost within two weeks of hatching. It was presumed that the 
majority of chick losses were due to predation rather than starvation or any other 
environmental impacts because no sickly or starving chicks were found and the 
corpses of two large chicks were found consumed in the characteristic manner of a cat 
predation (Calf & Underhill 2003). The 17 February 2003 tidal event resulted in a loss 
of all nests present at the time (the second breeding season) in all areas along the 
coast.  

Discussion
Breeding pairs 
African Black Oystercatchers are sedentary; their food availability varies little during 
the year and they do not migrate large distances after the breeding season, but remain 
on or near their territories for most or all of the year (Summers & Cooper 1977, 
Hockey & Underhill 1983, Underhill et al. 1999). During this study it was not possible 
to determine whether oystercatchers on Robben Island remained on their territories 
because an insufficient number of birds were colour-ringed. All breeding birds that 
were ringed were found in the same territories in following breeding seasons. Pairs 
were present in areas where breeding attempts had been unproductive the previous 
breeding season, and some of these pairs did not attempt to breed; note, for example, 
the declining number of breeding birds between Alpha 1 and Boundary Road 
(Table 3.4). 

The declining number of breeding pairs compared to pairs present at the 
beginning of the breeding season may be a consequence of increasing predation and 
pairs choosing not to attempt breeding as a result. 

Clutch size and egg measurements 
The modal clutch size for this study was determined to be two eggs, the same as 
determined by Summers and Cooper (1977) and Hockey (1983a). This is the same 
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clutch size recorded for American Black Oystercatchers H. bachmani (Hartwick 1974), 
Blackish Oystercatchers H. ater (del Hoyo et al. 1996) and some other oystercatcher 
species (Hockey 1996). These species have a range in clutch size from one to three 
eggs. A modal clutch size of three eggs has been recorded for American 
Oystercatchers H. paliatus (Baker & Cadman 1980), Eurasian Oystercatchers (Vermeer
et al. 1992, Ens et al. 1996, Hockey 1996) and the Variable Oystercatcher H. unicolor
(del Hoyo et al. 1996), and the variability in clutch size can be from two to five eggs 
(Hockey 1996). 

Clutch size has been recorded to decrease during the breeding season for 
Eurasian Oystercatchers (Ens et al. 1996) and replacement clutches were smaller than 
first clutches in American Oystercatchers (Nol et al. 1984). This was assumed to 
enable faster incubation, which could enable successful chick rearing before weather 
conditions deteriorated in autumn (Ens et al. 1996, Hockey 1996). Less variation in the 
number of eggs in a clutch and no reduction in clutch size was found in African Black 
Oystercatchers during this study. This may be attributable to the mild climatic 
conditions and long breeding season in South Africa resulting in females being able to 
accrue sufficient energy to lay eggs the same size throughout the breeding season 
without the rush to complete incubation or chick rearing. Eggs laid later in the 
breeding season are, however, at greater risk of being washed away by early autumn 
storms. Clutch size of African Black Oystercatchers is already small, two eggs, 
therefore a reduction in brood size would decrease the chances of breeding success in 
relaid clutches. 

Food resources might limit clutch and egg size of African Black 
Oystercatchers. Since the 1980s the Palearctic mussel Mytilus galloprovincialis has 
invaded the South African coast, where it has displaced the indigenous mussel 
Aulacomya ater (Robinson & Griffiths 2002). The birds breeding on west coast islands 
where M. galloprovincialis has invaded are laying three-egg clutches more frequently than 
before the mussel invasion (P. A. R. Hockey pers. comm.). By October 2003, 
M. galloprovincialis had invaded from 10% to 70% of the lower shore of Robben Island, 
which is less than on the adjacent mainland (KMCT unpubl. data). Since the invasion 
has occurred on the lower shores only, this food supply is exposed for short periods 
and has not greatly influenced food availability for African Black Oystercatchers. 
Therefore the invasion of this mussel has not reached levels observed on other 
offshore islands or on the mainland, and it is does not seem to have impacted 
oystercatcher clutch size on Robben Island.  

The eggs of African Black Oystercatchers are large relative to those of other 
oystercatcher species (Hartwick 1974, Baker & Cadman 1980, Vermeer et al. 1992). 
Mass of modal clutch as a percentage of female mass is 15.5% for African Black 
Oystercatchers (Hockey 1996), which is less than that of the Eurasian Oystercatcher, 
23.3%, the American Oystercatcher, 23.3%, and the American Black Oystercatcher, 
21.9%. Therefore despite being large eggs, egg mass is small compared to female size 
–possibly a consequence of food availability. Summers and Cooper (1977) found the 
fresh mass of eggs to be 59.7 g (n = 27), and Hockey (1983a) found the mass of fresh 
eggs to be 55.8 g (n = 105), which was not significantly different to the 57.9 g 
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determined in this study (t = 1.72, P > 0.05 and t = –0.38, P > 0.05). Egg size was 
consistent through the breeding season and across the breeding seasons; therefore 
energy resources may have been consistent. 

Seasonal value of an egg 
Oystercatchers are usually single-brooded and repeat clutches are produced when the 
eggs or chicks are lost (Ens et al. 1996). Eurasian Oystercatchers breed over a relatively 
short period, three to four months, and during this period clutch size, hatching 
success, hatchlings fledged and fledglings per clutch all decrease (Ens et al. 1996). 
African Black Oystercatchers have a longer breeding season, laying over a period of 
up to six months (Tjørve & Underhill submitted manuscript-b). Clutch size in African 
Black Oystercatchers does not vary during the breeding season but it was found that 
hatching and fledging success are dependent on the date upon which clutch 
incubation started. 

Breeding success 
Hockey (2001) estimated the threshold level for African Black Oystercatchers to 
maintain a stable population as 0.33 fledglings per pair during a single breeding 
season. The oystercatchers breeding on Robben Island exceeded this value in all three 
breeding seasons of this study despite the decreasing fledging success. Fledging 
success in the third breeding season on Robben Island was close to, but slightly above, 
the threshold for replacement. The declining success rate of the oystercatchers on 
Robben Island may be a result of several factors; predation, disturbance, food 
availability, environmental conditions and the age and experience of the breeding 
pairs. The influence of these factors will be further discussed. 

Sampling methods for the second and third breeding seasons of 
oystercatchers on Robben Island, South Africa, included nest checks twice a week and 
in some cases checking on the day of hatching. As a result the number of hatchlings 
observed for this and the following breeding season were more accurate than that of 
the first season. 

Predation 
Oystercatchers breeding on Robben Island were exposed to similar predation risks as 
birds breeding on mainland shores, namely land-based predators such as cats, snakes 
and rats. These predators can greatly reduce the breeding success of oystercatchers, 
especially when exposed to disturbance. For example, oystercatchers breeding on the 
mainland in unprotected areas produced 0.25 fledglings per pair compared to 
0.70 fledglings per pair in protected areas where fewer predators and less disturbance 
could impact breeding success (Leseberg et al. 2000, Hockey 2001). 

Oystercatcher egg losses have been attributed to gull predation (Hartwick 
1974, Nysewander 1977). In 2000, Kelp Gulls bred on Robben Island for the first 
time; 15 pairs bred in 2001, 68 pairs nested on the island in 2002 (Calf et al. 2003), and 
87 pairs nested in 2003 (KMCT unpubl. data). The Kelp Gull breeding season 
coincides with that of the oystercatchers, and Kelp Gulls are known predators of 
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African Black Oystercatcher eggs (Summers & Cooper 1977). Ten eggs with 
characteristic gull predation marks were found in both 2002 and 2003 (KMCT pers 
obs). The oystercatchers breeding in the areas surrounding the gull colony, the quarry 
and associated beaches, were at the highest risk of losing eggs or chicks to Kelp Gulls. 
During the third oystercatcher breeding season the Kelp Gull breeding colony was at 
its largest and during this season a large decrease in oystercatcher breeding success 
was observed in the area. Prop and Quinn (2003) and Quinn et al. (2002) discuss the 
trade-off relationship between Red-Breasted Geese, Branta ruficollis, and birds of prey. 
They argue that Red Breasted Geese choose to nest near birds of prey for the 
protection against other predators despite the potential threat of the bird of prey to 
their breeding attempt (Quinn et al. 2002). Hartwick (1974), Nysewander (1977) and 
Vermeer et al. (1992) report a similar relationship between American Black 
Oystercatchers and gulls – oystercatchers benefiting from reduced predation from 
mammals or crows. African Black Oystercatchers may also benefit from reduced 
predation by other potential predators through a nesting close to Kelp Gulls. 
However, the nesting density of oystercatchers did not increase and fledgling success 
decreased in this area during the study – the decrease in fledging success in this area 
may not have been associated directly with increasing numbers of breeding Kelp Gulls 
but with the general increase in predation. 

Feral cats can have devastating effects on small mammal and bird populations 
(Hatley & Ankersen 2003, Nogales et al. 2004). The number of feral cats observed on 
the shoreline increased during this study (KMCT unpubl. data). Egg and chick losses 
also increased. Cat eradication on the island should increase oystercatcher breeding 
success.

In addition to increases in the number of feral cats and gulls, the number of 
mole snakes on the shore of the island has also increased during the study period 
(Calf 2004). Predation of oystercatcher eggs by a mole snake was observed (Calf 2004) 
and mole snakes were also observed to predate Kelp Gull eggs and chicks in 
November and December 2003 (Calf 2004). 

Ens et al. 1996 suggested that it may be wrongly concluded that Eurasian 
Oystercatchers, H. ostralegus, refrained from breeding in a particular season if the 
clutch was depredated during or shortly after laying. Even though methods for 
searching for nests were the same in the second and third breeding seasons, predation 
of eggs was greater in the third season and the chance of not finding a nest before 
predation was greater. Breeding success may therefore be lower than calculated for the 
third breeding season and the impact of predation would then be more dramatic than 
stated. Thus the total breeding success may have been lower than the 0.33 fledglings 
per pair necessary to maintain a stable population. 

Direct and indirect impac s of d sturbance t i
Because of its status as a World Heritage Site, Robben Island is a tourist attraction and 
the number of visitors has increased in recent years. Although tourist movement on 
the island is strictly controlled, a minimum of two bus tours per hour disturb the 
section of coast from the harbour to Boundary Road from 11:00 to 19:00 hours 
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during the summer. The road in most of this area is very close to the high water mark 
and as a result oystercatchers nest close to the road. Each bus tour thus results in 
disturbance of incubating birds, causing the birds to possibly leave their nests and 
expose their eggs to potential predators. This may explain the large number of egg 
predations in the area from Murray’s Harbour to the intersection of West Perimeter 
Road and Boundary Road. Disturbance and the indirect effects of disturbance could 
also cause birds to abandon attempting to nest in these areas: note, for example, the 
reduction in breeding pairs between Murray’s Bay Harbour and Boundary Road. 

None of the 12 three-egg clutches found on Robben Island over the three 
seasons successfully raised three chicks to fledging. In some cases the third egg was 
abandoned while it was hatching or it was assumed infertile because the egg did not 
start to hatch. Abandonment of the third egg during hatching is possibly a 
consequence of human disturbance; the adults moving two of their hatchlings to safer 
environs within the territory as quickly as possible, thus sacrificing their last chick. 
Human disturbance may also cause adults to leave their chicks upon hatching, the 
third chick possibly being incapable of surviving due to the energetic cost of 
thermoregulation and hatching. 
 The section of shoreline between Murray’s Bay Harbour and Boundary Road 
had the lowest percentage of successful breeding attempts in all three breeding 
seasons. This is most likely a result of the combined effect of disturbance and 
predation in this area. Increased predation occurred in all areas of the island over the 
study period, but the affects were most obvious in the areas from the harbour to 
Boundary Road and from Boundary Road to the shooting range. Success of breeding 
attempts in these areas decreased in the second breeding season and remained at a 
similar low level in the third breeding season. The area between the Sea Challenger and 
the harbour was the only area where oystercatchers successfully bred in all three 
breeding seasons. This is also the only area that had minimal human disturbance and 
there were few Kelp Gulls.  

Food availability 
African Black Oystercatchers, like other oystercatcher species, prey on invertebrates in 
the intertidal zone, and this food source shows little seasonality (Hockey 1981, 
L'Hyver & Miller 1991). As a result, food supplies should be limiting to breeding birds 
on Robben Island only if there is not enough space for sufficiently sized territories. 
The oystercatcher population on Robben Island has been increasing (Tjørve & 
Underhill submitted manuscript-a), therefore competition for food is not likely to be 
limiting to breeding success unless territory sizes become marginal in their ability to 
support breeding attempts. 

Environmental conditions 
The mild South African climate provides African Black Oystercatchers with long 
summers in which to breed (Hockey 1996). The weather in the Western Cape is 
driven by frontal systems, so oystercatchers nest during the summer months to 
prevent their eggs from being washed away by winter storms. Nesting should be 
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completed well before the return of winter storms in the autumn, but unusual weather 
can have catastrophic consequences, such as that which occurred on 17 February 
2003. Although extreme high tide events occurred during the last two seasons of this 
study, the fledging success was above the replacement level to maintain a stable 
population. Fledging success did, however, decrease during this three-year study, and 
this reduction is more likely to be attributable to predation than environmental 
conditions. 

Age and experience of breeding pairs 
Breeding success of ground-nesting birds has been attributed to breeding experience – 
the more experienced breeders are often more successful than younger birds because 
they lay larger eggs in larger clutches earlier in the breeding season (Coulson & White 
1958,  Nysewander 1977, Bunce et al. 2005, Sarsvari & Hegyi 2005, Sæther 2005). The 
ages of the oystercatchers in this study were unknown. The population of African 
Black Oystercatchers on Robben Island is increasing (Tjørve & Underhill submitted 
manuscript-a) therefore there may be more young and inexperienced breeders than in 
a stable population. Consequently, breeding success of birds on Robben Island could 
be lower than that of an older breeding population.  

Adaptive strategies to maximise fitness 
Raising three-egg clutches to fledge three chicks is unusual in African Black 
Oystercatchers (Hockey 1999b, PAR Hockey pers comm.), and birds on Robben 
Island were not able to achieve this. Incubation and hatching survival in African Black 
Oystercatchers was greater than fledging survival. Therefore the prefledging period 
was the period that influenced breeding success the most. 

Ens et al. (1992) and Kersten (1997) hypothesised that Eurasian Oystercatcher 
adults may be unable or unwilling to expend their own energy in rearing two or three 
chicks, thereby sacrificing their longevity and lifetime reproductive success. On the 
basis of the fledging success of the first breeding season, 0.877 fledglings produced 
per pair, it was proposed that oystercatchers on Robben Island operated a brood 
reduction strategy (Calf & Underhill 2002): adults preferentially feeding one chick 
(O'Conner 1984), because most pairs reared one chick to fledging despite 93% of 
nests containing two or three eggs. This did not take predation into account.  
 It is difficult to determine the cause of chick loss if one does not observe 
predation events but it should have been possible to observe chicks starving, because 
it is not an immediate event and chicks were monitored frequently. One would 
assume that the adaptive value of starving a chick would only occur when the adults 
become time stressed feeding two or more chicks. There would be little adaptive 
benefit of starving a small chick if this could reduce the possibility of successfully 
raising at least one chick to fledging. If brood reduction was occurring in 
oystercatchers on Robben Island, one would therefore expect chick losses to occur 
during the period of maximum food requirements of the brood, close to fledging 
when the chicks’ requirements are at their largest. This was not observed during this 
study. Most chicks that disappeared did so during the first two weeks after hatching, a 
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period when they are small, not particularly agile and most vulnerable to predation. 
The corpses of two large chicks were found showing evidence of cat predation. The 
loss of eggs and small chicks suggests that chick loss is more likely a result of 
predation rather than brood reduction.  
 Hockey (1983a) found that 87.5% chick mortality in African Black 
Oystercatchers occurs in the first week after hatching and thereafter chick mortality 
reduced to less than 30%. Similarly, 61–62% of Eurasian Oystercatcher chick 
mortality occurred during the first week after hatching (Hartwick 1974). Predation has 
been identified as a major cause of chick deaths in oystercatchers (Hockey 1996). 
Therefore chick mortality observed in this study is more likely a result of predation 
than brood reduction. 

Comparison of breeding success with other oystercatcher species 
Low breeding success has been seen in oystercatchers worldwide (Hartwick 1974, 
Baker & Cadman 1980, Nol et al. 1984, Hazlitt & Butler 2001, Vermeer et al. 1992). 
This low success rate has been attributed to loss of eggs rather than the mortality of 
dependant chicks (Hockey 1996). For example, in Virginia, 14% of 229 nests of 
American Oystercatchers hatched, and of the nests that produced hatchlings, 69% 
fledged at least one chick (Nol 1989). Blackish Oystercatchers in Argentina hatched 
only one out of 20 nests, and only one chick fledged (Nol 1984). Hockey (1996) 
reported that the causes of egg loss in most oystercatcher species are predators and 
storms, and because these factors vary locally, fledging success can vary in different 
areas within the same species. For example, the fledging success of the American 
Black Oystercatcher varied from 0.19 to 1.1 fledglings per pair (Hartwick 1974). 
Fledging success can also vary between years; for example, American Oystercatchers 
produced 0 to 0.5 young per pair over four years (Nol 1989). The results found in this 
study are not unusual for oystercatchers and the differences in breeding success 
between the three seasons can be attributed to the same causes as found in other 
studies, namely predators and storms in addition to the direct and indirect influences 
of disturbance. 

Conclusion
Robben Island supports a large population of African Black Oystercatchers, but also 
supports a busy tourist attraction and a resident human population. Although the 
population of oystercatchers is subject to disturbance, fledging success during this 
study was above the estimated threshold level to maintain population levels. 
Oystercatcher numbers on Robben Island have increased in recent years (Tjørve & 
Underhill submitted manuscript-a) and may be a result of successful breeding on the 
island. Breeding success during this study did, however, decrease over the three years. 
This decrease could be attributable to several factors, but the most likely is increasing 
predation of eggs and chicks and storms unusually early in autumn washing eggs away. 
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Appendix 3.1. Egg measurements of African Black Oystercatchers on Robben Island, South 
Africa, for three different breeding seasons: first (2001–2002), second (2002–2003) and third 
(2003–2004). Data were separated according to breeding season and clutch number within that 
season. Egg masses were those taken on finding the nest. Equality of means was tested for 
mass, length, breadth 1 and breadth 2 within and between the three breeding seasons using 
ANOVA, but none of these differences were statistically different. Eggs of the first, second and 
third clutches were significantly different in the breadth 1 (ANOVA: F2,393 = 6.50, P = 0.002) and 
breadth 2 (ANOVA: F2,393 = 6.74, P = 0.001)  measurements. 

Clutch Mass (g) Length (mm) Breadth 1 (mm) Breadth 2 (mm) n
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First season 
first clutch 

55.4 55.5 4.38 61.6 61.3 2.43 42.2 42.3 0.95 42.2 42.3 0.97 112

First season 
second clutch 

53.6 54.0 5.15 61.2 60.4 3.03 42.2 42.4 1.50 42.3 42.4 1.49 22

Second 
season first 
clutch

56.0 55.5 3.87 61.1 61.0 2.18 41.8 41.9 1.10 41.8 41.8 1.12 127

Second 
season
second clutch 

56.8 56.4 4.43 60.7 60.8 2.48 42.4 42.4 1.29 42.5 42.5 1.31 45

Second 
season third 
clutch

56.8 57.0 3.94 60.9 61.2 3.08 43.3 42.5 1.65 43.3 42.5 1.61 9

Third season 
first clutch 

56.4 56.4 4.01 61.0 61.0 2.60 41.9 41.8 1.03 41.9 41.8 1.03 91

Third season 
second clutch 

53.9 53.7 2.19 61.8 62.0 0.87 41.0 41.0 0.51 41.0 41.0 0.54 5

Third season 
third clutch 

57.3 57.3 0.35 61.0 61.0 0.21 42.1 42.1 0.14 42.1 42.1 0.14 2

Totals 
First clutch 55.9 55.7 4.09 61.3 61.1 2.40 42.0 42.0 1.05 42.0 42.0 1.06 330
Second clutch 55.2 55.7 4.80 61.0 60.8 2.62 42.2 42.4 1.39 42.2 42.2 1.38 52
Third clutch 56.8 57.0 3.54 60.9 61.1 2.76 43.1 42.3 1.55 43.1 42.5 1.53 11
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Appendix 3.2. Breeding parameters of African Black Oystercatchers on Robben Island, South 
Africa, for three consecutive breeding seasons: the first, (second) and third breeding seasons. 

Total
nests

Nests in 
which at 
least
one
chick
hatched

Total
chicks
hatched

Chicks
hatched
per nest 

Nests
producing
at least 
one
fledgling

Total
fledglings
produced

Fledglings  
per nest 

Fledglings 
per egg 

First clutches 
1-egg 5 (6) 

3
3 (1) 

0
3 (1) 

0
0.60 (0.17) 

0.00
3 (1) 

0
3 (1) 

0
0.60 (0.17) 

0.00
0.6 (0.17) 

0.00
2-egg 48 (57) 

42
30 (33) 

15
51 (57) 

29
1.06 (1.00) 

0.69
30 (18) 

12
36 (28) 

15
0.75 (0.49) 

0.36
0.38 (0.24) 

0.18
3-egg 4 (4) 

2
2 (4) 

1
5 (10) 

2
1.25 (2.50) 

1.00
2 (2) 

1
2 (2) 

1
0.50 (0.50)

0.50
0.17 (0.17) 

0.17
Totals 57 (67) 

47
35 (38) 

16
59 (68) 

31
1.04 (1.01) 

0.66
35 (21) 

13
41 (31) 

16
0.72 (0.46) 

0.34
0.36 (0.23) 

0.17
Second clutches 
1-egg 0 (1) 

0
0 (0) 

0
0 (0) 

0
0.00 (0.00) 

0.00
0 (0) 

0
0 (0) 

0
0.00 (0.00) 

0.00
0.00 (0.00) 

0.00
2-egg 9 (12) 

4
6 (2) 

0
6 (4) 

0
0.67 (0.33) 

0.00
6 (1) 

0
7 (1) 

0
0.78 (0.08) 

0.00
0.39 (0.04) 

0.00
3-egg 2 (0) 

0
2 (0) 

0
3 (0) 

0
1.50 (0.00) 

0.00
1 (0) 

0
2 (0) 

0
1.00 (0) 

0.00
0.33 (0.00) 

0.00
Totals 11 (13) 

4
8 (2) 

0
11 (4) 

0
1.00 (0.31) 

0.00
8 (1) 

0
9 (1) 

0
0.81 (0.08) 

0.00
0.41 (0.04) 

0.00
Third clutches 
1-egg 0 (1) 

0
0 (0) 

0
0 (0) 

0
0.00 (0.00) 

0.00
0 (0) 

0
0 (0) 

0
0.00 (0.00) 

0.00
0.00 (0.00) 

0.00
2-egg 0 (4) 

1
0 (2) 

0
0 (4) 

0
0.00 (1.0) 

0.00
0 (2) 

0
0 (3) 

0
0.00 (0.75) 

0.00
0.00 (0.38) 

0.00
3-egg 0 (0) 

0
0 (0) 

0
0 (0) 

0
0.00 (0.00) 

0.00
0 (0) 

0
0 (0) 

0
0.00 (0.00) 

0.00
0.00 (0.00) 

0.00
Totals 0 (5) 

1
0 (2) 

0
0 (4) 

0
0.00 (0.80) 

0.00
0 (2) 

0
0 (3) 

0
0.00 (0.60) 

0.00
0.00 (0.33) 

0.00
Nest
total 

68 (85) 
52

43 (42) 
16

70 (76) 
31

1.03 (0.89) 
0.60

43 (24) 
13

50 (35) 
16

0.74 (0.41) 
0.31

0.37 (0.21) 
0.16

Broods 7 (1) 
2

7 (1) 
2

5 (0)
2

9 (0) 
3

0.92 (0.21) 
1.50

Grand
total 

75 (86) 
54

50 (43) 
18

48 (24)
15

59 (35) 
19

0.57 (0.41) 
0.35
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Abstract
We investigated the growth of African Black Oystercatchers, Haematopus moquini, on 
Robben Island, South Africa, over three austral summers, 2001–2004. Oystercatcher 
chicks from our study population were found to have a Gompertz growth rate 
coefficient that was 2% less than predicted for body mass based on the equation for 
waders. The growth rate of body mass was observed to vary greatly between chicks. 
Fast-growing African Black Oystercatchers had a shorter prefledging period, were 
larger at fledging and were more likely to fledge successfully. Leg growth lagged 
initially, then increased and slowed again as the chicks became older, whereas wing 
growth was slow initially but increased with age. Chicks with small growth rate 
coefficients for body mass exhibited retarded growth of all body measures except 
wing length. This enables these chicks to fledge in a shorter period of time than their 
slow growth would otherwise allow. Neither hatching date nor brood size influenced 
the growth rate coefficients. African Black Oystercatchers display sibling rivalry, and 
once a dominance relationship is established, the larger chick remains so during the 
prefledging period. The larger sibling fledges earlier and at a heavier mass; this may 
improve their chances of survival. 



African Black Oystercatcher chick growth 69

Introduction 
Oystercatcher chicks are semi-precocial waders (del Hoyo et al. 1996), which means 
that they are mobile soon after hatching but rely entirely on parental feeding until after 
fledging (Dircksen 1932, Lind 1965, Groves 1984, Hockey 1984a, 1996). Thus, prey 
availability, parental food provisioning and territory quality can influence the growth 
and survival of chicks (Groves 1984, Ens et al. 1992, Kersten & Brenninkmeijer 1995, 
Hazlitt et al. 2002). Kersten and Brenninkmeijer (1995) reported that fledging success 
of Eurasian Oystercatcher, Haematopus ostralegus, chicks increased with growth rate and 
that chicks fledging at an earlier age exhibited a faster growth rate. 
 Groves (1984) found that brood size impacted the growth rate of American 
Black Oystercatcher, Haematopus bachmani, chicks; chicks from one-chick broods 
exhibited greater masses than chicks from two-chick broods of the same age. In 
addition, dominance relations and sibling rivalry, between siblings of two-chick 
broods resulted in mass differences between siblings; larger chicks weighed up to 48% 
more upon fledging (Groves 1984). Oystercatchers start incubation once the clutch is 
complete, thus resulting in relatively synchronous hatching (Hockey 1983a, Ens et al.
1996). Chicks usually hatch within a few hours of each other, and chicks hatched first 
are brooded while the remaining eggs hatch (Hockey 1996). Chicks leave the nest 
shortly after the last chick hatches (Hockey 1996). Although siblings begin their life at 
roughly the same size and receive their first feeding at the same time, Safriel (1981) 
noted that within two weeks after hatching sibling rivalry results in significant mass 
differences between Eurasian Oystercatcher chicks. Hazlitt et al. (2002) proposed that 
parent American Black Oystercatchers adjust their effort according to the quality of 
their territory. Parental provisioning and food availability could therefore influence 
sibling rivalry and result in the development of dominance of one chick within the 
brood and thus a size difference between siblings. 

The results reported here are part of a larger study about the breeding biology 
of African Black Oystercatchers: e.g. Tjørve and Underhill (submitted manuscript-a, 
submitted manuscript-b, submitted manuscript-c). The aim of this study was to 
describe the growth of African Black Oystercatcher chicks and to determine and 
discuss the factors that affect their growth and successful fledging. We compare 
different methods of analysing growth and discuss their applicability to the growth 
data of African Black Oystercatchers. The rate of development of the embryo during 
the incubation period may influence development after hatching. Variation in 
embryonic rate may be paralleled by chick growth rate – factors not related to feeding. 
In this study, however, we only discuss post-hatching influences – the impact of hatch 
date, brood size, sibling rivalry and possible factors affecting the establishment and 
maintenance of weight differences in two-chick broods. We have also investigated 
how growth rate affects fledging success, the duration of the prefledging period and 
the size of fledglings.

African Black Oystercatchers breed over the austral summer (Leseberg et al.
2000), October to April. First hatchlings are observed in late November. Chicks grow 
during the long, warm period of southern summer. We compared the growth of 
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African Black Oystercatchers to that of other oystercatcher species in different 
climatic conditions to determine whether their growth rate and the length of their pre-
fledging periods were different. In addition, we hypothesised that oystercatchers 
would exhibit faster growth rates for their size than self-feeding precocial waders; their 
mode of development reducing energy expenditure on activity and thermoregulation 
thus enabling energy to be allocated to growth. 

Methods
Study site 
African Black Oystercatcher breeding was monitored during three consecutive austral 
summers, October to May, from 2001 to 2004 on Robben Island (33 47’S 18 21’E) in 
Table Bay about 11 km from the port of Cape Town, South Africa.  

Robben Island has an area of 507 ha, and the coastline is approximately 
10 km in perimeter. Most of the shoreline is rocky with varying degrees of exposure 
(Crawford & Dyer 2000) except for a 400 m-long section of sandy shore situated 
immediately south of Murray’s Bay Harbour. African Black Oystercatchers are found 
on the narrow, 5–20 m wide upper shore, and the intertidal zone. The birds are 
dependent on the intertidal zone for their food and most lay their clutches on the 
shelly and rocky areas of the upper shore. 

Nests, eggs and chicks 
From early October until the end of April the study area was searched for new nests 
twice a week. Breeding attempts were usually discovered during the laying or 
incubation stage. On finding a nest, eggs were uniquely marked, their mass was 
recorded to within ±0.1 g, using an electronic balance (Tanita model 1479V) and 
length (l, mm) and two breadth measurements (b1 and b2, mm) were taken over the 
widest part of the egg using a pair of dial callipers (to determine egg volume despite 
asymmetry in the egg). Thereafter, nests were revisited once a week during the first 
breeding season and at 3–4 day intervals until hatching during the following two 
breeding seasons. The volume and rate of egg mass loss was determined for each egg 
and we were able to forecast hatching date using methods described in Tjørve and 
Underhill (submitted manuscript-b). Chicks were therefore first caught and measured 
in the nest cup or soon after leaving the nest. 

Broods were monitored from hatching until fledging. When first captured, 
either in the nest cup or when first encountered on the shore, chicks were measured 
and marked. When approximately 100 g, chicks were ringed on the right leg with an 
alloy (SAFRING) ring and a unique combination of colour rings. Chick mass was 
measured to the nearest 0.1 or 0.5 g using a Pesola spring balance. We also measured 
the length of exposed culmen, head and tarsus to the nearest 0.1 mm with dial 
callipers. Foot length (tarsus plus toe) and wing length were measured to the nearest 
mm with an aluminium wing rule.  
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Mean biometrics were determined for hatchlings, prefledglings on their last 
capture and fledglings. Young oystercatchers remain with their parents for about one 
and a half months (Tjørve & Underhill submitted manuscript-b) after fledging, and it 
was sometimes possible to capture recently fledged chicks still with their parents. 
Fledging date was defined as the first day when wing length exceeded 200 mm or 
when chicks could fly at least 100 m. Fledging usually occurs when the chicks are 
about two-thirds of adult body mass (Hockey 1984a).

Growth
The large sample size of African Black Oystercatcher chicks of both known age and 
unknown age for which biometric measurements were taken enabled us to test 
different methods to fit growth models to data. We used body mass as the 
measurement for which we compared the fit of the models and used the best-fitting 
method to analyse the other biometric measurement data. 
 The growth models most frequently used to describe the growth of waders 
are the Gompertz growth function,

M = A · exp (–exp (– k · (t T))), 
and the logistic growth function,

M = A/(1 + exp (– k · (t  T))).
In these growth models the parameter M is body mass (g), A is the asymptotic body 
mass (g), k is the growth coefficient (d–1), t is the age of the chick (d) at the time of the 
observation, and T is the age of the chick at the point of inflection (d).  

A frequently-used method of fitting a growth model to data collected for a 
particular species, entails using a non-linear curve fitting algorithm, and directly fitting 
the growth model in arithmetic space, minimizing the sums of squared residuals 
between the fitted line and the data points (e.g. Steinen & Brenninkmeijer 2002 and 
Saffer et al. 2000) – so called least squares regression. 

Growth data sets usually show little variation in size compared to that of 
chicks about to fledge. This property of data is termed “heteroscedasticity”. The 
method of least squares provides a good fitting curve in the context of 
homoscedasdicity. Heteroscedasticity can be overcome through transforming the data 
as in the procedure described by Ricklefs (1967, 1973). This procedure involves 
transforming the data, estimating the asymptote, and performing a simple regression 
on the linear data (e.g. Starck et al. 1995). 

We chose to fit a non-linear algorithm in transformed space, because the data 
consists of subsets of data points that refer to the growth of a single chick. Growth 
parameters were estimated for individual chicks of known age with an accuracy of 
24 hours, and for which at least two measurements were taken. Both the Gompertz 
and the logistic growth models were used with a fixed asymptote of 695 g, mean adult 
body mass (KMCT unpubl. data), and a free asymptote. Median values for each 
parameter were used to produce a growth curve. The fit of the four curves were 
compared, and the best-fitting model was chosen to describe the data. 
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Ricklefs (1967) pointed out that his method is very sensitive to the choice of 
asymptote. Thus, if a slightly inaccurate asymptote is chosen, the data points will no 
longer form a straight line and could potentially bias the fitted straight line in simple 
linear regression. We modified Ricklefs analysis by applying Theil’s robust regression 
(Theil 1950a, 1950b, 1950c). 

We determined growth coefficients for each chick by calculating the slope 
between all combinations of two (or pairs of) data points and taking the median of 
these values. The Gompertz and logistic growth models were linearised to find the 
slope between two data points, k 1,2 (Ricklefs 1973). The growth coefficient for the 
pair of observations was calculated using the time difference between pairs of 
observations (t2–t1). If we have m observations on a chick, we can find  

p = m (m – 1)/2 
values for k by considering all pairs of observations. By applying Theil’s robust 
regression (Theil 1950a, 1950b, 1950c) the median of the p values can be taken as the 
estimate of k for the chick. The median k value of all chicks was then taken as the 
logistic or the Gompertz growth rate coefficient value, KL or KG respectively.

Once the KL or KG was determined the hatching mass (H, g), asymptotic 
mass (A, g), and hatching age (d), t being 0, were used to determine a value for T for 
the species. Hatchling measurements, H, were measured in the field and the upper 
asymptote measurements, A, were fixed at average adult body size for each 
measurement (KMCT unpubl. data). The constant T was determined for the 
Gompertz model from the equation T = (ln –ln (H/A)/KG, and for the logistic model 
from the equation T = ln (A–H/H)/KL. These parameters (KG or KL, T and t) were 
then used to create the growth curves for each body measurement. Further details on 
the determination of the growth curves can be obtained from Appendix 4.1. 

In addition to performing this analysis on chicks of known age, the sample 
size of chicks for which growth could be modelled was increased by including chicks 
of unknown age. 

Growth coefficients of all modelling methods were estimated from 
measurement increments of chicks captured at least twice. During any day a chick’s 
body mass may vary considerably, depending on whether it had received food or not. 
These random variations in body mass can amount up to 10 g (KMCT pers obs), 
which is of the same order of magnitude as the daily mass increase. To reduce the 
impact of daily variations on the estimated growth rate coefficients, only those data 
where at least 10 days elapsed between the first and the last measurements were 
selected.

No formal tests are available to compare the fit of the models when using the 
robust regression growth analysis. The fit of the different estimated curves were 
compared by the p-values of the estimated growth parameters. The growth rate 
coefficient of body mass for each chick was correlated to that of all other body 
measures using Spearman’s rank correlation. 
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Average growth rate (g.d–1) was calculated from the growth curve determined 
for African Black Oystercatchers with a fledging period of 40 days and over the period 
of maximum growth from day 10 to 30.  

The relationship between growth rate and fledging 
The relationship between growth rate of chicks and fledging success was examined 
with a logistic regression. In addition, the relationship between growth rate and 
fledging date, the length of the prefledging period and fledging body mass was 
examined using linear regression. The influence of hatching date and brood size on 
growth rate were also tested using linear regression. 

Sibling rivalry and its impact on chick growth and fledging success 
African Black Oystercatchers are capable of raising two chicks to fledging, and sibling 
rivalry may occur. Growth rate coefficients of large and small siblings were compared 
using t-tests for matched pairs. Sibling growth rate coefficients were compared to 
those of single chick broods and to sibling broods where one chick died, using t-tests 
assuming equal variances. 

Results
Growth
Two hundred captures of 54 chicks from 45 broods in the first breeding season,  
2001–2002, 80 captures of 60 chicks from 37 broods in the second breeding season, 
2002–2003, and 87 captures of 24 chicks from 14 broods in the third breeding season, 
2003–2004, were made during this study. Mean biometrics were determined for 
hatchlings, prefledglings on their last capture before fledging and fledglings 
(Table 4.1). Median hatching mass of chicks found in the nest cup was 38.7 g 
(mean = 39.2, SD = 2.7, n = 39). There was large variation in the age at fledging; the 
average age when chicks could fly was 37 days (SD = 3.72, range = 30–46, n = 27), 
but there were 11 chicks that took longer than 37 days. A fledging age of 40 days was 
used when calculating the growth curve for this study. Chicks weighed 360 – 547 g 
(median = 470.0, mean = 463.9 g, SD = 40.9, n = 49) on capture after fledging. This 
is 50% to 79% of the mean mass of adult African Black Oystercatchers in this 
population, 695 g (KMCT unpubl. data). 
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Table 4.1. Growth measurements of African Black Oystercatcher chicks from Robben Island, 
South Africa. Body mass (g), culmen length (mm), head length (mm), tarsus length (mm) and foot 
length (mm) were measured for both hatchlings and fledglings, but wing length (mm) was only 
measured for fledglings. 

Measurement n Median Mean SD Range 
Hatchling mass 39 38.7 39.2 2.7 34.2–45.5
Prefledging mass 54 424.0 428.3 34.6 380–516 
Fledging mass 49 470.0 463.9 40.9 360.0–547.0 
Hatchling culmen length 38 16.6 16.6 1.2 13.0–20.0
Prefledgling culmen length 54 44.5 45.6 8.4 34.4–97.6
Fledgling culmen length 48 50.7 49.9 5.6 39.9–60.6
Hatchling head length 38 41.7 42.3 2.3 39.7–50.0
Prefledgling head length 54 90.6 90.0 4.5 78.0–98.7
Fledgling head length 48 96.7 96.7 5.7 83.7–111.6
Hatchling tarsus length 38 28.6 29.3 3.2 25.5–39.5
Prefledgling tarsus length 54 56.2 57.7 3.5 42.5–67.2
Fledgling tarsus length 48 59.2 59.3 2.7 54.8–67.3
Hatchling foot length 38 53.8 53.3 2.1 48.0–57.0
Prefledgling foot length 54 101.0 101.6 3.8 93.0–109.0
Fledgling foot length 48 103.0 103.2 3.6 96.0–112.0
Prefledgling wing length 54 182.5 177.6 18.6 92.0–199.0
Fledgling wing length 48 212.0 217.8 17.4 199.0–270.0 

Growth analysis methods 
African Black Oystercatchers tended to fledge when they reached a certain size rather 
than a certain age and as a consequence fast-growing chicks fledge up to 16 days 
earlier than slow-growing chicks. As a result, the data from the age of the first 
fledgling (30 days) onwards refers to the subset of chicks that have not fledged. This 
truncation introduces a downward bias into the growth curve if all data points are 
analysed together. Calculating the growth of individual chicks up to the age of 40 days, 
this bias is removed.  

The analysis of growth of individual chicks using least squares regression with 
a free asymptote, resulted in unrealistic estimations of asymptotic mass (Figure 4.1a, 
Table 4.2). In addition, the curves were S-shaped, having levelled off before fledging 
age (Figure 4.1a). Wader (Charadrii) chicks continue to grow after fledging. This 
growth may be at a different, most likely at a slower rate, but growth does not level off 
before fledging.  

Therefore we decided not to use the Gompertz or logistic growth models 
with a free asymptote (Figure 4.1a). The robust regression analysis of chicks of known 
age resulted in a curve that estimated values for size slightly less than the analysis of 
chicks of both known and unknown age, for both the Gompertz and logistic growth 
models (Figure 4.1b, Table 4.2). 

The least squares and the robust regression analysis resulted in the logistic 
growth curves overestimating the growth of young chicks. The Gompertz growth 
models did not do this. We therefore chose to compare the methods in the estimation 
of the Gompertz growth curve only. The curves were very similar (Figure 4.2); the 



African Black Oystercatcher chick growth 75

Gompertz growth curve estimated for chicks of known and unknown age through 
robust regression was identical to that estimated for chicks of known age using least 
squares, although the parameterisation was different. Similar growth analyses have 
been carried out by Ricklefs (1973) for several species; the results from the robust 
regression were therefore assumed to be reliable in this case.  

The robust regression method enables one to estimate growth parameters on 
a larger data set, including for chicks of unknown age, thus we chose to use this 
method when analysing the growth of all other structural components. Based on the 
P-values of the estimated parameters, growth of all structural components except wing 
length was better described by the Gompertz growth model than the logistic model. 
The growth parameters for all measurements for African Black Oystercatchers are 
given in Table 4.3 (Figure 4.3). 

Although the Gompertz growth model fitted the growth of tarsus and foot 
better than the logistic model, the fit was not particularly good. A poor fit was also 
observed for the logistic and Gompertz growth models fitted to wing measurements. 
This may be due to the growth patterns of oystercatcher legs and wings. The growth 
of tarsus and foot measurements was slow initially, increased briefly, and then slowed 
down (Figure 4.3). Although feathers may grow rapidly, they can be energetically 
expensive in terms of heat loss or mechanical wear. The lag in wing growth may 
therefore be a consequence of delaying wing growth and expending energy on growth 
of other body parts. Once the wing started growing, growth was rapid (Figure 4.3). 
The poor fit of the logistic and Gompertz models could be a statistical artefact that 
arises upon returning to arithmetic space from transformed space. In addition, the 
inflection points of both the logistic and the Gompertz models are fixed, thus the 
models may be too inflexible to successfully model growth in the tarsus, foot and 
wing of African Black Oystercatchers. We attempted to analyse the growth of the 
tarsus, foot and wing using the Richards model. This also proved to be too inflexible 
to model the data. This pattern of growth was recorded for African Black 
Oystercatchers by Hockey (1984a) and similar patterns have been recorded for other 
shorebird species (Beintema & Visser 1989b, Schekkerman et al. 1998a, 1998b). 
Further investigation into different growth models for shorebirds is therefore 
required.

The modelling of growth data after the initial lag period is not a good 
statistical method (Motulsky & Christopoulos 2004). There are a large number of 
models available to analyse growth; many with a larger number of parameters than the 
logistic or Gompertz growth models. These multiple-parameter models are difficult to 
linearise and are represented in arithmetic space to reveal biological patterns. 
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Figure 4.1. Growth of body mass (g) of African Black Oystercatcher chicks from Robben Island,
South Africa. Solid circles represent chicks of known age, and open circles represent chicks of 
unknown hatch date that were captured at least twice, and for which the age at first capture was
estimated by comparing their measurements to those of chicks of known age. Growth curve
parameters are given in Table 4.2 for (A) the Gompertz  growth model with a fixed (—) and  free 
(– –) asymptote and the logistic growth model with a fixed (····) and free (–··–) asymptote using
least squares and (B) the Gompertz and logistic growth models with a fixed asymptote for chicks
of known age (—, – –) and chicks of both known and unknown age (····, –··–), respectively.
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Table 4.2. Median growth parameters including lower quartile (L.Q.) and upper quartile (U.Q) of 
body mass (g) of African Black Oystercatcher chicks from Robben Island, South Africa, from both 
the Gompertz growth model, M = A · exp (–exp (–k · (t – T))), and the logistic growth model, 
M = A/(1 + exp (–k · (t – T))). Least-squares with fixed and free asymptotes and using robust 
regression with a fixed asymptote were used to estimate growth for chicks of known age and 
chicks of known and unknown age, respectively. The number of chicks contributing data (n),
asymptotic body mass, (A, g, KMC unpubl. data), growth rate (k, d–1), and the point of inflection 
(T, d) are given.

Measurement n A (g) k T
Gompertz (fixed A) 56 695.0 0.04755

(0.0415, 0.0553) 
22.7
(19.7, 24.7) 

Gompertz (free A) 51 538.6
(444.7, 616.1) 

0.0748
(0.0527, 0.0939) 

15.7
(13.6, 18.9) 

logistic (fixed A) 56 695.0 0.0813
(0.0665, 0.0985) 

29.9
(26.1, 34.0) 

logistic (free A) 53 445.5
(366.9, 518.9) 

0.1366
(0.1102, 0.1627) 

18.64
(15.4, 21.3) 

Gompertz (known, robust) 58 695.0 0.0474
(0.0406, 0.0528) 

32.3
(26.0, 20.1) 

Gompertz (known and unknown, robust) 92 695.0 0.0496
(0.0428, 0.0543) 

21.3
 (2.7, 19.4) 

logistic (known, robust) 58 695.0 0.0891
(0.0709, 0.1032) 

31.6
(–, –) 

logistic (known and unknown, robust) 92 695.0 0.0686
(0.0686, 0.1038) 

31.6
(–,–)

 There was variation in the growth rate coefficients of body mass of 
oystercatcher chicks: from 0.0238 to 0.0712 d–1 (Figure 4.4, Table 4.4). Similar degrees 
of variation were observed in other body measurements (Table 4.4). Chicks with small 
growth rate coefficients for body mass showed slowed development in all body 
measurements except wing length (Table 4.5). Accordingly, a young chick can have 
the same biometrics as an older chick with retarded growth; the only difference being 
wing length. Mass should therefore be better correlated with the biometric measures 
than with age. 

It was determined from the calculated growth curve that African Black 
Oystercatcher chicks gained 10.7 g.d–1 during their 40 day prefledging period and 
12.1 g.d–1 over the period of maximum growth.  
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Figure 4.2. Growth of body mass (g) of African Black Oystercatchers from Robben Island, South
Africa, modelled with the Gompertz growth model using least squares (—), and robust regression
for chicks of known age (····) and chicks of both known and unknown age (– –). Solid circles
represent chicks of known age. Open circles represent chicks of unknown hatch date that were
captured at least twice, and for which the age at first capture was estimated by comparing their
measurements to those of age-determined chicks.

Table 4.3. Growth parameters of African Black Oystercatcher chicks from Robben Island, South
Africa. Parameters for body mass (g), culmen (mm), head (mm), tarsus (mm), foot (mm) and
wing (mm) were determined through robust regression for chicks of known and unknown age. All 
measurements were described by the Gompertz growth model (M = A ·exp (–exp (–k · (t + T))))
except wing length which was described by the logistic model (M = A/(1 + exp (–k · (t + T)))). The 
number of chicks contributing data (n), the three parameters of the growth equation (asymptotic
mass (A, g, KMCT unpubl. data), growth rate (k, d–1), and the point of inflection (T, d)) and body
mass at hatching (H) and at fledging (F) are given.

Measurement n A k t H (g) F (g) Percentage
H/A

Percentage
F/A

Body mass 87 695.0 0.0496 21.31 39.2 463.9 5.6 66.7
Culmen 96 63.2 0.0360 8.10 16.6 49.9 25.9 79.0
Head 96 125.0 0.0330 2.49 42.3 96.7 33.8 77.4
Tarsus 96 56.1 0.0963 –4.46 29.3 59.3 52.2 ***
Foot 96 115.0 0.0513 –5.12 53.3 103.2 46.3 89.7
Wing 96 275.5 0.0892 10.52 23.9 217.8 8.7 79.1
*** mean fledgling tarsus length was greater than mean adult tarsus length of this study 
population. This may have been a result of the relatively small sample size of fledglings
measured.
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Figure 4.3. Growth of body mass (g), culmen length (mm), head length (mm), tarsus length (mm),
foot length (mm) and wing length (mm) of African Black Oystercatcher chicks from Robben Island,
South Africa. Solid circles represent chicks of known age, and open circles represent chicks of 
unknown hatch date that were captured at least twice, and in which the age at first capture was
estimated by comparing their measurements to those of age-determined chicks. Growth curve
parameters are given in Table 4.3.

Table 4.4. Variation in the growth rate coefficient, k, of morphometric measurements of African 
Black Oystercatcher chicks from Robben Island, South Africa. These morphometric measures
include body mass (g), culmen (mm), head (mm), tarsus (mm), foot (mm) and wing (mm). 

Measurement n Median Mean SD Range L.Q. U.Q
Body mass 92 0.0495 0.0482 0.011 0.02–0.07 0.0428 0.0543
Culmen 95 0.0361 0.0373 0.011 0.02–0.08 0.0296 0.0420
Head 96 0.0325 0.0326 0.006 0.01–0.08 0.0290 0.0373
Tarsus 94 0.0963 0.1031 0.051 0.01–0.28 0.0703 0.1260
Foot 96 0.0513 0.0508 0.017 0.00–0.13 0.0417 0.0590
Wing 95 0.0535 0.0533 0.012 0.02–0.09 0.0462 0.0610
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Figure 4.4. Variation in the growth rate coefficients of body mass for African Black Oystercatcher
chicks from Robben Island, South Africa.
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Table 4.5. Results of Spearman’s rank correlation of the growth rate of body mass (g) with the 
length of culmen (mm), head (mm), tarsus (mm), foot (mm) and wing (mm) of African Black 
Oystercatcher chicks from Robben Island, South Africa. 

n r P
Culmen 92   0.507 0.000
Head 92   0.655 0.000
Tarsus 92   0.369 0.000
Foot 92   0.684 0.000
Wing 92 –0.030 0.778

The influence of growth rate on fledg ng i
Chicks with larger growth rate coefficients had a greater probability of fledging 
successfully (logistic regression:  = 7.48, S.E. = 2.69,  = –96.38, S.E. = 48.79, 
n = 97, P = 0.048). Chicks with larger growth rate coefficients fledged at an earlier 
date (Pearson Product Moment Correlation: r = –0.261, n = 67, P = 0.033) and in a 
shorter period of time (Pearson Product Moment Correlation: r = –0.482, n = 62, 
P < 0.000) at a heavier body mass (Pearson Product Moment Correlation: r = 0.498, 
n = 62, P = 0.004). Growth rate coefficients were not influenced by hatching date 
(Pearson Product Moment Correlation: r = 0.023, n = 71, P = 0.850). Of the 50 single 
chicks and 17 pairs of siblings for which growth was known, no discernable 
relationship between growth rate coefficients and brood size was found (Pearson 
Product Moment Correlation: r = –0.079, n = 84, P = 0.477). 

Sibling rivalry and its impact on chick growth and fledging success 
Mean clutch size of African Black Oystercatchers is two eggs, but clutches of one and 
three eggs are found. None of the 12 three-egg clutches found on Robben Island 
during the three year study produced two or three fledglings; clutches of three eggs 
were therefore excluded from the analysis. Of the 105 two-egg clutches found during 
this study, 68 hatched two chicks. The chicks of 24 of these two-egg clutches did not 
fledge successfully; 24 clutches resulted in a single fledgling, and 20 clutches resulted 
in both chicks fledging successfully. A single sibling pair found after hatching 
successfully fledged and was included in this analysis. 

Growth rate coefficients could be determined and compared for 17 of the 21 
sibling pairs where both chicks fledged. The difference in mass between siblings 
started to become noticeable after about two weeks (Figure 4.4 and Figure 4.5). The 
larger chick in the sibling pairs had a significantly larger growth rate coefficient than 
the smaller chick (one-tailed matched pairs t test: t = –2.74, df = 16, P = 0.007). 
Median growth rate coefficients of 50 single chicks did not differ significantly from 
those of siblings (one-tailed t-test assuming equal variances: t = 0.83, df = 90, 
P = 0.20, Figure 4.4 and Figure 4.6). Single chick growth rate was slightly greater than 
that of small sibling chicks (one-tailed t-test assuming equal variances: t = 1.49, 
P = 0.07) but was not greater than that of large sibling chicks (one-tailed t-test 
assuming equal variances: t = –0.484, P = 0.315). Growth rate coefficients for chicks 
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where a sibling died could only be determined for two of the chicks in this study –
one of them was the larger sibling, and the other was the smaller sibling. Their growth 
rate coefficients were not significantly different from that of other siblings that
fledged successfully (one-tailed t-test assuming equal variances: t = 1.08, df = 34, 
P = 0.144). No chicks were seen to be sick or starving, and no corpses of sick or
starved chicks were found during this study.
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Figure 4.5. Growth of the larger sibling ( ) and the smaller sibling ( ) of African Black
Oystercatcher broods from Robben Island, South Africa. The plot contains all measures of the
chicks of 17 pairs of siblings that fledged. The solid line represents the larger sibling, and the
dotted line represents the smaller sibling. The Gompertz model was used to describe growth of 
small and large chicks, M = 695 exp (–exp (–0.0473 · (t + 22.3))) and
M = 695 exp (–exp (–0.0495 · (t + 21.3))), respectively.
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Figure 4.6. Growth of single and sibling African Black Oystercatcher chicks from Robben Island,
South Africa. The plot contains all measures of 50 single chicks ( ) and all measures of 17 pairs
of siblings ( ) that fledged during the prefledging period. The Gompertz model was used to 
describe growth of single and sibling large chicks, M = 695 exp (-exp (-0.0497 · (t + 21.3))) and
M = 695 exp (-exp (-0.0479 · (t + 22.0))), respectively.

Discussion
Using the Gompertz model and robust regression, which, of the variety of regression
models tested here, was the most flexible to accommodate the growth patterns of
African Black Oystercatcher chicks, we found that chicks with faster growth had a
greater probability of fledging than those with slower growth.

Beintema and Visser (1989b) noted the difficulty of fitting growth curves to
morphometric measurements of waders, particularly the growth of the wing. We were
equally dissatisfied with the flexibility of regression models to fit the data for African
Black Oystercatcher chicks. Further investigation into more flexible growth models is
required.

The impact of growth rate on fledging
Fledging success of African Black Oystercatcher chicks in this study was low and
decreased during the three year study (Tjørve & Underhill submitted manuscript-c).
No chicks in this study were observed to die from starvation but predation and
unpredictable bouts of severe weather (Tjørve & Underhill submitted manuscript-b,
submitted manuscript-c), factors unrelated to parental foraging performance or food
availability, constrained fledging success. Tjørve and Underhill (submitted manuscript-
c) suggested that predation of oystercatcher eggs and chicks was most likely by Kelp
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Gulls, Larus dominicanus, mole snakes, Pseudaspis cana, and feral cats, Felis catus and that 
predation can be aggravated by human disturbance. 

Growth rate of African Black Oystercatchers did impact chick fledging 
success; chicks with larger growth rate coefficients had greater fledging success, 
shorter prefledging periods and were larger at fledging than chicks with small growth 
rate coefficients. If food resources allow it, rapid growth therefore seems beneficial to 
African Black Oystercatcher chicks. Hatch date and brood size did not significantly 
influence the size of chick growth rate coefficients. 

The relationship between growth of body mass and that of other body par s t
The precocial and semi-precocial mode of development impacts on the growth and 
development of body parts (Ricklefs 1973). The general pattern and mode of 
development of African Black Oystercatcher chicks is closely adapted to their 
ecological circumstances during the prefledging period.  Since chicks are unable to 
catch and manipulate prey they are parentally fed, but their locomotory systems are 
sufficiently developed to enable chicks to move and hide in the exposed coastal 
environment. Growth of their legs was slow initially, increased rapidly and then 
slowed again. The fast growth of the legs after about five days may increase the 
mobility of chicks after hatching and thus improve their chances of escaping potential 
predators whilst unable to fly. Most of the chicks that disappeared, most likely due to 
predation, were lost within the first two weeks after hatching. During this period 
chicks are at their most vulnerable because they are more immobile and require more 
brooding than older chicks; this makes them more conspicuous to predators. In 
addition to improving the chicks’ chance of avoiding predation, increased mobility as 
chicks get older enables them to follow their parents into the intertidal zone, thus 
reducing locomotory costs for the adults as chick energy requirements increase. Wing 
growth was slow initially and then increased almost linearly. The initial lag may be a 
consequence of the large energy expense of feather growth from body heat loss and 
mechanical wear to feathers. 
 Schew and Ricklefs (1998) found that Japanese Quail, Coturnix coturnix 
japonica, chicks adjusted the growth of their tarsus and wing chord when under 
negative energy balance during food restriction trials. Van der Ziel and Visser (2000) 
stated that food restriction of Japanese Quail chicks resulted in growth retardation of 
structural components (body mass, wing, tarsus and head). Body mass growth was, 
however, found to be the most sensitive and wing growth the least sensitive to food 
restriction. African Black Oystercatcher chicks with a small growth rate coefficient 
showed retarded growth in all structural components measured, except growth of the 
wings. Van der Ziel and Visser (2000) argued that preference of wing growth over the 
growth of other structural components in quail chicks experiencing limited food 
availability may be adaptive; increasing the chances of survival for these precocial 
chicks by enabling escape by flight. Eurasian Oystercatcher chicks typically fledge after 
having reached a wing length of 180 mm (Kersten & Brenninkmeijer 1995). Kersten 
and Brenninkmeijer (1995) noted that Eurasian Oystercatcher chicks fledge 
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irrespective of their body mass (range from 190 to 400 g), that growth of other 
structural components (head and tarsus) exhibited less variation in growth than body 
mass, and that catch-up growth occurs after fledging when chicks can feed 
themselves. This seems to indicate that the retardation of body mass growth does not 
affect the final growth trajectory of oystercatchers. Wing growth of African Black 
Oystercatcher chicks, like that of Eurasian Oystercatcher chicks, seems to have been 
favoured. A similar growth pattern after fledging may therefore occur.  

The influence of brood size on the growth of African Black Oystercatcher 
chicks
During this study, the number of chicks produced from one-, two- and three-chick 
broods did not differ significantly (Tjørve & Underhill submitted manuscript-c). No 
three-egg clutches fledged three chicks: the third chick died during hatching or within 
the first week after hatching. Most pairs of oystercatchers monitored during this study 
laid two-egg clutches and 37% of the pairs that hatched two chicks fledged both 
(Tjørve & Underhill submitted manuscript-c).  

Chick loss in two- and three-chick broods may be due to the behaviour of 
both adults and chicks (Safriel 1975, Groves 1984, Hatley & Ankersen 2003). Groves 
(1984) and Hatley and Ankersen (2003) suggested that predators may locate young 
chicks by observing their parents. Oystercatcher chicks are often brooded by their 
parents during the first week after hatching (Safriel 1981, Groves 1984, Hockey 1984a, 
Kersten & Brenninkmeijer 1995), and predators can follow parents to their young 
chicks (Safriel 1975, Groves 1984). This is most likely the case for African Black 
Oystercatchers on Robben Island because during three breeding seasons all but six 
chicks were lost during the first two weeks after hatching (n = 69, Tjørve & Underhill 
submitted manuscript-c). As chicks get older they are brooded less frequently (Safriel 
1981, Groves 1984, Hockey 1984a, Kersten & Brenninkmeijer 1995). Groves (1984) 
and Hatley and Ankersen (2003) suggested that when chicks are larger predators 
would have a better chance of finding a chick on a territory with a two-chick brood 
than a one-chick brood and parent oystercatchers may be more capable of defending a 
single chick. During this study only six larger chicks, between 19 and 32 days old 
(Tjørve & Underhill submitted manuscript-c) were lost due to predation. This suggests 
that predators find it more difficult to find and catch larger chicks. 

Chick behaviour, in particular dominance relationships, may influence 
patterns of their mortality (Safriel 1981). The larger sibling may win food competitions 
and is thus satiated earlier than the smaller sibling – it and can then refuge in a 
protected position (Safriel 1981). The smaller sibling, however, may not be satiated as 
quickly, and as a result of hunger, may spend more time begging for food out in the 
open than the larger sibling. This makes the subordinate, hungry chick more 
conspicuous and thus more vulnerable to predation (Safriel 1981, Groves 1984). This 
dominance behaviour may play a greater role in predation risk when chicks are larger, 
their food requirements greater and the level of competition for food higher.  
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Two-chick broods are more demanding of parents’ time and energy than one-
chick broods, and differences in chick masses were established after two to three 
weeks. Groves (1984) found that once established, dominance relations between 
sibling American Black Oystercatcher chicks persisted, and heavier siblings were 
dominant. A similar dominance relationship was observed in sibling African Black 
Oystercatchers; the larger dominant chick remains larger during the prefledging 
period, and it fledges earlier and at a heavier mass than the smaller subordinate sibling. 
From the parents’ point of view, this is an advantage, as the smaller size and 
associated lower food requirements of the subordinate sibling reduces the amount of 
food that they have to deliver on any one day. From this perspective, it is possible that 
the variation in growth rate among chicks reflects the parental strategy to adjust the 
forthcoming maximal energy requirements of the chicks to the maximal amount of 
food that they are able to deliver. 

From an evolutionary perspective, parent African Black Oystercatchers 
should attempt to maximise fitness through maximising total chick growth and 
maximum parental effort. The large variation in growth rate in African Black 
Oystercatcher chicks that survived to fledging implies that chicks on Robben Island 
were able to survive and grow but were not able to achieve maximum growth. Sibling 
rivalry between African Black Oystercatchers chicks results in one dominating the 
other in food competition. This can result in the dominant chick growing faster, 
possibly fledging earlier and fledging at a greater mass. 

The influence of mode of development on growth of African B ack 
Oystercatcher chicks 

l

According to Ricklefs (1973, 1979), slow growth is associated with precocial 
development. Oystercatcher chicks, however, have precocial mobility, but also enjoy 
parental nourishment until well after fledging (Safriel et al. 1984). It was therefore 
expected that African Black Oystercatcher chicks would be able to grow at relatively 
faster rates than precocial wader species in the same environment. Based on known 
relationships between body mass and growth rate coefficients (Ricklefs 1973, 
Beintema & Visser 1989b, Visser & Ricklefs 1993a), and latitude and growth rate 
coefficients (Beintema & Visser 1989b), it was predicted that African Black 
Oystercatchers would grow slower than the smaller oystercatcher species growing in 
temperate regions. 

The growth rate coefficients of waders are generally below the values 
predicted by the curve based on 557 altricial and precocial species by Starck and 
Ricklefs (1998b), KG (d–1) = 0.96 · (A–0.316), where A is asymptotic mass (g) 
(Figure 4.7). Starck and Ricklefs (1998b) noted that the slopes of the allometric 
relationship for 75 Charadriiformes species, –0.10, was lower than the –0.316 
determined for all 557 species. The KG values of waders (Charadriidae, Scolopacidae, 
Recurvirostridae and Haematopodidae) are found between the values predicted from 
the equations of Ricklefs (1973) for altricial land birds and precocial land birds in 
general (including many Galliformes) (Figure 4.7). This slower growth may be a 
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consequence of most waders being precocial and the growth of precocial birds being 
slower than that of altricial species. The relationship between asymptotic mass and KG

of 15 species of Charadriidae and Scolopacidae was described by Beintema and Visser 
(1989b) as

KG = 0.390 · (A–0.312),
where A is asymptotic mass (g). Based on this predictive equation African Black 
Oystercatchers, with an asymptotic mass of 695 g, grew 2% less than the predicted 
value, 0.0506 d–1. Oystercatchers are, however, semi-precocial and this mode of 
development may enable them to have faster growth than precocial wader species due 
to lower energy costs for activity and thermoregulation. Gulls and terns (Lari) also 
exhibit semi-precocial development. The growth of African Black Oystercatcher 
chicks may be more similar to that of Lari as a consequence of mode of development 
similarities. Further analyses of growth are required in an attempt to differentiate 
between influencing factors on growth and to determine whether mode of 
development has a significant effect on growth. 

African Black Oystercatcher chicks had a lower KG than precocial wader 
species that breed in arctic, temperate and tropical regions (Figure 4.7). Eurasian 
Oystercatcher chick KG was recorded as 0.081 d–1 (Starck & Ricklefs 1998b). Using 
the predictive equation from Beintema and Visser (1989b), Eurasian Oystercatcher 
chicks with an asymptotic mass of 530 g grew at 147% of the predicted growth rate 
coefficient, 0.055 d–1. Semi-precocial development may enable Eurasian Oystercatcher 
chicks to grow faster than predicted. The KG of Eurasian Oystercatcher chicks was 
64% greater than that determined for African Black Oystercatchers in this study. The 
average daily mass increase of African Black Oystercatcher chicks across their 40 day 
prefledging period was determined as 10.7 g.d–1. This was 69% of the maximum 
growth rate determined by Hockey (1984a): 15.6 g.d–1. Eurasian Oystercatcher chicks 
exhibited an average daily mass increase of 13.1 g.d–1 (Kersten & Brenninkmeijer 
1995) and that of American Black Oystercatcher chicks was about 14 g.d–1, with an 
asymptotic, (adult) mass of 555 g (Webster 1942, Groves 1984, Andres & Flaxa 1995). 
African Black Oystercatchers in the study population inhabited mostly rocky shores 
and fed predominantly on invertebrates found on the rocks. This food source may be 
more time consuming to collect and possibly provides birds with less energy 
compared to Eurasian Oystercatchers feeding on mudflats. African Black 
Oystercatchers have a median clutch size of two eggs compared to three of some 
oystercatcher species breeding in temperate regions. In addition, they may raise fewer 
chicks to fledging. This suggests sparser food supply for African Black Oystercatcher 
chicks. Therefore the smaller growth rate coefficient and observed daily mass increase 
of African Black Oystercatcher chicks may be a result of body size, latitude and 
environmental or parentally controlled conditions that reduce the amount of energy 
available growth.  

Intraspecific variation in growth rate has been observed in oystercatchers 
(Groves 1984, Kersten & Brenninkmeijer 1995, Safriel et al. 1984), but also in other 
passerine and non-passerine species (Klaassen et al. 1992). Kersten and 
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Brenninkmeijer (1995) concluded that Eurasian Oystercatcher chick growth was
flexible, and that the variation in growth rate reflected the restricted availability of 
food. Food consumption by chicks in all species of oystercatcher is controlled by
parental provisioning (Kersten & Brenninkmeijer 1995) and may be affected by the 
number of siblings in the brood that compete for the same food supply (Groves 1984,
Ens et al. 1992). If adult African Black Oystercatchers of this study population were
raising siblings they did not supply the chicks equally with food. This was evident
from their unequal growth rate coefficients.

There are conflicting interests between adults and offspring African Black
Oystercatchers. Adults attempt to maximise their fitness through producing as many
fledglings as they possibly can. Chicks attempt to maximise their own fitness by
attempting to monopolise the food delivered by their parents and thus the dominant
sibling will benefit from faster growth. 
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Figure 4.7. The growth of African Black and Eurasian Oystercatcher ( ) chicks in relation to 
precocial wader species that breed in arctic ( ), temperate ( ) and tropical ( ) regions. The lines
represent the predicted relationship between KG (d–1) and asymptotic mass (g) from (····) Starck 
and Ricklefs (1998b) for 557 bird species, (– –) Ricklefs (1973) for altricial land birds, (—)
Beintema and Visser (1989b) for Charadriidae and Scolopacidae and (–·–), Ricklefs (1973) for 
precocial land birds. Data is also obtained from the above references. 
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Appendix 4.1. Estimating growth coefficients of chicks when the ages are unknown 

Our primary goal was to estimate the growth coefficients of chicks when there are two 
or more sets of measurements for each chick, but the exact age of the chick is 
unknown. We assumed that we had a good estimate of both the hatchling mass, H,
and the asymptotic mass, A, so that we were able to focus the information in the 
observations into the estimation of a growth coefficient. 
 Wader chicks fledge when approximately to thirds of adult body mass and 
cannot be easily captured thereafter. This truncates those data points which are 
essential to achieve a reliable estimate of the asymptote. Therefore hatching mass and 
asymptotic mass can be assumed and known and adult body mass is used as the 
asymptote. 
 The logistic growth model, M = A/(1 + exp (–k · (t T))), can be written as 
A/M – 1 = exp (–k · (t T)). In this model the parameter M is mass (g), A is the 
asymptotic mass (g), k is the growth coefficient, t is the age of the chick (d) at the time 
of the observation and T is a constant. Taking natural logarithms, one obtains 
log (A/M – 1) = – k · (t T) = B – k · t, with B = k · T. Suppose that the measurement 
has value M1 on calendar date t1, and M2 and on date t2. Then as above, log (A/M1 –
1) = B – k · t1 and log (A/M2 – 1) = B – k · t2. Subtracting the second of these from 
the first eliminates the term B, and yields (log (A/M1 – 1)) – (log (A/M2 – 1)) = k · (t2
– t1). This provides an estimate of k,

k = (log (A/M1 – 1)) – (log (A/M2 – 1)/(t2 – t1))   (1). 

A similar analysis can be done for the Gompertz growth model, M = A exp (–exp (–k
(t T))). It yields  

k = (log ( log (M1/A))) – (log ( log (M2/A)))/(t2 – t1)  (2). 

Equations (1) and (2) enable the use of growth data for unknown age chicks for which 
at least two measurements were taken to estimate the growth coefficient k. If we have 
m observations on a chick, we can find p = m (m – 1)/2 values for k by considering all 
pairs of observations. We now apply the principal underpinning Theil’s robust 
regression (Theil 1950a, 1950b, 1950c) and take the median of the p values as the 
estimate of k for this bird. 
 For q chicks of a species, we obtain q independent estimates of the growth 
coefficient k in this way, and choose their median as a representative growth 
coefficient for the species. Suppose now that we have a value for k derived from 
either the logistic model (equation (1)) or the Gompertz model (equation (2)). We 
assumed a value for the asymptote A, but still require a value for T. This can readily 
be determined by arranging the growth curve in such a way that the measurement at 
time t = 0 is given by the initial value H at hatching. Putting t = 0 into the logistic 
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growth model, M = A/(1 + exp (–k (t T))), yields H = A/(1+ exp (k ·T)), so that 
T = log ((A–H)/H)/k, where k is the growth coefficient estimated by equation (1). 
Similarly, for the Gompertz growth model, M = A exp (–exp (–k (t T))), putting t = 0
yields H = A exp (–exp (k · T)), so that T = log (–log (H/A))/k, with k from 
equation (2). This approach ensures that the two growth curves start at the hatchling 
value, H, at time t=0.
 The advantage of using Theil’s robust regression over least squares 
approaches and approaches based on Ricklefs’ (1967) graphical method is that 
sensitivity to the choice of asymptote is substantially reduced. The advantage of 
calculating the growth coefficients separately for each chick, rather than in a single 
least-squares type analysis, is that it removes the difficulty that the data values entered 
into the model for a single chick are not independent of each other, as assumed by 
such models. 



Chapter 5 
Growth and energetics of a small shorebird 

chick in a cold environment: the Little Stint, 
Calidris minuta, on the Taimyr Peninsula, Siberia 

Kathleen M.C. Tjørve, Hans Schekkerman, Ingrid 
Tulp, Les G. Underhill, Joep de Leeuw, 

& G. Henk Visser



Chapter 5 94

Abstract
The Little Stint, Calidris minuta, is one of the smallest shorebird species breeding in 

the Arctic. Their chicks are small and have a high surface area-to-volume ratio which 
can result in a large energy expenditure due to thermoregulation compared to larger 
species. We determined prefledging growth, energy expenditure and time budgets for 
Little Stint chicks in northwestern Taimyr, Siberia. The modified power curve was 
introduced to model the relationship between daily energy expenditure and body 
mass. Total metabolisable energy, TME, over the 15-day prefledging period was 107% 
greater than the allometric prediction for a bird the size of a Little Stint. Little Stint 
chicks also exhibited fast growth; their growth rate coefficient was 14% greater than 
the prediction for a bird their size. The growth of young chicks was particularly 
affected in cool weather which may be due to a reduction in foraging time in order to 
be brooded and possibly reduced foraging efficiency. Cooler weather may also reduce 
food availability which can impact foraging efficiency and thus the growth rate of 
chicks. We did not detect weather effects on energy expenditure of chicks, but lack of 
temperature variation during energy expenditure measurements may have prevented 
this. Both growth rate coefficient and energy expenditure of Little Stint chicks were 
greater than predicted and this is similar to that observed in other arctic shorebird 
species.
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Introduction 
Migrant shorebirds brave the low temperatures and high wind velocities of the high 
Arctic during the summer months, May to August (Chernov 1985, Meltofte et al.
submitted manuscript). The Little Stint, Calidris minuta, is one of the smallest 
shorebirds that migrates from as far as southern Africa to the Arctic to breed, and 
their chicks are among the smallest self-feeding warm-blooded animals on the tundra, 
weighing 4.3 g upon hatching (Underhill et al. 1993, Schekkerman et al. 1998a). The 
highest breeding densities of Little Stints occur in the arctic tundra subzone between 
72 N and 75 N in Siberia (Rogacheva 1992). 
 Little Stint chicks are self-feeding precocials (Schekkerman et al. 1998a) and in 
addition to energy needed for growth and development they also require energy for 
locomotion and thermoregulation whilst foraging (Starck & Ricklefs 1998a). As a 
result of their small size, Little Stint chicks have a large surface area compared to their 
body volume and thus lose heat rapidly in the cold (Schekkerman et al. 2003). Unlike 
adult birds, young chicks are incapable of maintaining their body temperature by 
producing sufficient heat through shivering (Dawson 1975, Visser & Ricklefs 1993a, 
Krijgsveld et al. 2001). In addition, although the down which covers young chicks 
provides a measure of insulation, it is far less effective than adult plumage (Visser & 
Ricklefs 1993a). Therefore young chicks require brooding by their parents to insulate 
them from the cold and to enable their body temperatures to increase by a transfer of 
heat from the parent after a feeding period (Kendeigh 1969, Krijgsveld et al. 2001). 
Chicks of small shorebird species grow relatively more rapidly than larger species 
(Beintema & Visser 1989b, Krijgsveld et al. 2001) and Kendeigh (1969) and Krijgsveld 
et al. (2001) showed that small species are capable of increasing their metabolism to a 
relatively higher level than large species to maintain body temperature. The fast 
growth of chicks of smaller species may be a result of their investing energy in growth 
and in mature function of tissue to its maximum capacity (Krijgsveld et al. 2001). 

Several studies of the energetics of free-living shorebird chicks have been 
completed in arctic and temperate zones (Schekkerman & Visser 2001, Joest 2003, 
Schekkerman et al. 2003, Visser et al. submitted manuscript) and these show that 
energy expenditure is greater in shorebirds growing at higher latitudes. We studied the 
growth and energetics of Little Stint chicks to explore how the energetic demands 
placed on them by the extreme environment of the arctic tundra and their small size 
affect their growth. We measured growth rate, daily energy expenditure (DEE) and 
time-activity budgets during the prefledging period of Little Stint chicks in the field. 
We compared growth and energy expenditure of Little Stints with predicted values for 
a species of its size and to values of other arctic and temperate-breeding shorebirds. 
We hypothesised that due to their small size and high surface area-to-volume ratio, 
Little Stint chicks have greater energy expenditure than predicted for their body size, 
and that environmental variation (e.g. weather) has a strong effect on their energy 
expenditure and time budgets and consequently impacts their growth. 
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Methods
Study area 
Measurements were performed on birds in the vicinity of the Willem Barents 
Biological Station at Medusa Bay, (73 04’N 80 30’E), near Dikson on the north-
western Taimyr Peninsula, Siberia, Russia. All growth and energetics data were 
collected in June to August 2002 and time-budget data were collected in the summers 
of 2000 to 2002. The landscape of the 4 km2 main study area is classified as arctic 
tundra (Chernov 1985), with the highest of the rolling hills reaching 39 m above sea 
level. The vegetation of the study area is mostly well-vegetated tundra (mosses, 
lichens, grasses, herbs and dwarf willows Salix polaris) with an area of large polygonal 
bogs to the east. Tulp et al. (2000), Tulp and Schekkerman (2001) and Schekkerman et
al. (2004) provide a more detailed description of the study area.  

Weather data 
Weather conditions for the study site, including ambient air temperature (Ta, ºC) ca. 
1 m above the ground and wind speed (m.s–1) ca. 10 m above the ground, were 
measured and logged every five minutes. Rainfall (mm) was recorded daily. 

Growth measurements 
Nests were located during laying or incubation. Hatch date was estimated using 
floatation tests (van Paassen et al. 1984, Schekkerman et al. 2004), and nests were 
monitored intensively close to the predicted hatch date. Chicks were ringed and 
weighed either in the nest cup or when broods were encountered on the tundra. 
Throughout the prefledging period, chicks were recaptured when encountered to 
record their growth. Mass (to the nearest 0.1 or 0.5 g) was measured using Pesola 
spring balances. Chicks were released at the site of their capture. 

Mean masses for hatchlings were determined in the nest and for prefledglings 
measured on their last capture at 14 to 15 days old. All chicks of known age with an 
accuracy of 24 hours and for which at least two measurements were taken, were used 
to describe growth of body mass. Growth parameters were determined for the 
Gompertz,  

M = A · exp (–exp (– K · (t T))), 
and logistic,

M = A/(1 + exp (– K · (t  T))),
growth models and the fits of both growth curves were compared. In these growth 
models, the parameter M is body mass (g), A is the asymptotic body mass (g), K is the 
growth coefficient (d–1), t is the age of the chick (d) at the time of the observation, and 
T is age at the point of inflection (d). The better fitting curve was chosen to describe 
the data. Chicks fledge while still increasing in mass, and it is not feasible to obtain a 
biologically meaningful estimate of the asymptote. The asymptote of body mass, A,
was therefore fixed at the mean adult body mass observed in the study area, 26.6 g 
(Tulp et al. 2002). The growth rate coefficient for the Gompertz curve, KG, or the 
logistic curve, KL, and the point of inflection were estimated for individual chicks 
through regression. The median values were taken as the growth rate coefficient and 
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point of inflection for the species. Parameter estimations were only obtained from 
chicks which were presumed to fledge successfully (data from chicks that were known 
not to fledge were removed from the analysis), to produce a curve for “normal 
successful” growth. 

Growth of chicks may be influenced both by temperature (affecting energy 
expenditure and the time available for foraging instead of being parentally brooded) 
and by food availability. As growth of shorebird chicks follows an S-shaped curve, 
therefore we compared the growth rate coefficients of chicks at different ages and 
over different intervals by means of a growth index (growth observed / growth 
predicted over the same time interval from the fitted growth curve for Little Stint 
chicks for the 2002 breeding season (cf. Schekkerman et al. 2003)). Growth indices 
were determined for chicks which were captured at two to five day intervals. The 
growth indices were normally distributed (Kolmogorov-Smirnov test: KS = 0.05209, 
P > 0.10). These growth indices were used to analyse the dependence of growth rate 
on mid-interval date (the date midway between the first and last measurement of the 
chick) and ambient temperature (Ta, °C) during the recapture interval through linear 
regression. Since shorebird chicks often lose mass during the first day(s) after hatching 
and this is not reflected in the fitted standard growth curves (Schekkerman et al.
1998a, 1998b, Tjørve et al. submitted manuscript-a), growth indices for chicks first 
weighed when less than a day old (often still in the nest) tend to be lower than those 
for older chicks. Therefore, we analysed the growth of neonates up to 5 g and chicks 
greater than 5 g at the start of the recapture interval separately. 

Energetic expenditure measurements using DLW 
Daily energy expenditure (DEE, kJ.d–1), defined as energy expenditure excluding that 
which is deposited into tissue, was measured using the doubly labelled water (DLW) 
technique (Lifson & McClintock 1966, Nagy 1980, Speakman 1997, Visser & 
Schekkerman 1999) on free-living chicks. Either single chicks or siblings in families 
with up to four chicks were captured, weighed to the nearest gram and then injected 
subcutaneously in the ventral region with 0.05 to 0.1 ml of DLW, depending on the 
mass of the chick. The DLW consisted of 36.7% D2O and 59.9% H218O. Both two-
sample (Nagy 1983) and single-sample (Webster & Weathers 1989) DLW protocols 
were used. The Little Stint chicks subjected to the two-sample protocol were kept 
warm in a well-ventilated cloth bag containing a hot water bottle after their injection 
for an equilibration period of approximately one hour after which four to six 10–15 l
initial blood samples were collected from the brachial vein, into glass capillary tubes, 
which were flame-sealed with a propane torch within minutes. These chicks were then 
released to their parent which stayed nearby during processing. Chicks subjected to 
the single-sample protocol and were released directly after the DLW injection, and no 
initial blood samples were taken. Broods were relocated and chicks recaptured after 
approximately 24 hours, and mass measurements and final blood samples were taken. 
Blood samples were collected from four chicks before injection with DLW to measure 
background isotope levels. 
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2H/1H and 18O/16O ratios in the blood samples were analysed with a SIRA 9 
isotope ratio mass spectrometer at the Centre for Isotope Research, University of 
Groningen, following procedures described by Visser and Schekkerman (1999) and 
Visser et al. (2000a). Due to difficulties injecting exactly known quantities of DLW 
(especially in small chicks), the chick’s body water pool (N, moles) was estimated 
using the equation for shorebird chicks (modified from Schekkerman and Visser 
2001) by inserting the appropriate body mass into the function: 

N = 0.000556 · M · (79.86 – (9.55 · (M/26.6)),
where M represents the chick’s body mass (g) during the DLW measurement, taken as 
the average of the initial and final masses, and 26.6 is the asymptotic body mass (g). 
Daily rates of carbon dioxide production were determined using the methods 
described and validated for growing chicks by Visser and Schekkerman (1999), Visser 
et al. (2000b) and Schekkerman and Visser (2001). Rates of carbon dioxide production 
were converted to DEE using a factor of 27.3 kJ.l–1 of carbon dioxide produced 
(Gessaman & Nagy 1988). Analyses were done in triplicate and averaged. 

Statistical analysis and a new model to establish the relationship between DEE
and body mass. 
The relationship between daily energy expenditure (DEE, kJ.d-1) and body mass, 
M (g), in growing chicks is usually modelled using the power curve,

DEE = a · Mb,
where a represents a coefficient and b represents the allometric scaling exponent 
(e.g., Weathers & Siegel 1995, Schekkerman & Visser 2001, Visser & Schekkerman 
1999). The power curve can be rewritten as a straight line in log-log space,

log (DEE) = A + b · log M,
where A equals log a, with A (and therefore a) and b estimated by linear regression. 
This model assumes a single allometric scaling exponent throughout the development 
period. However, this model was not appropriate for the Little Stint data (see Results). 
In the past, a non-linear relationship in log-log space has been solved by applying two 
different power curve functions to specific phases of the postnatal period, the 
biphasic approach, e.g. Freeman (1967) described the resting metabolic rate of 
Japanese Quail, Coturnix coturnix japonica, using the biphasic approach and Dietz and 
Ricklefs (1997) used this type of analysis to determine the moment in development 
when metabolism changed dramatically. This biphasic approach estimates a break-
point between the two models that is a mathematical artefact rather than a distinct 
physiological event. Weathers and Siegel (1995) found that this type of analysis did not 
adequately describe the metabolism of four out of 15 species included in their analysis. 
In addition, this method would require five estimated parameters; four for the two 
power curves and one for the break-point between them. We modified the original 
power curve by adding a third parameter so that the scaling exponent becomes (b–
(c/M)) and varies with body mass,  

DEE = a · M(b–(c/M)),
where a, b and c are coefficients to be estimated. This model is more parsimonious 
than the biphasic approach, with three parameters in place of five, and it overcomes 
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the mathematical artefact of the break-point between the two curves. The three 
parameters can be estimated by standard multiple linear regression software, because it 
can be written in the form: 

log (DEE) = A + b · log M + c · M–1 · log M
in log-log space, where A is log a and M is body mass (g). The parameters of this 
model cannot be directly compared to those of the power curve. To keep the results 
in this paper comparable to those of previous studies, analyses were completed using 
both the modified power curve and the traditional power curves. The programme 
GraphPad Prism (Motulsky & Christopoulos 2004) was used for both regressions. 
Because the power curve and the modified power curve are nested models, we used 
the F-test to determine which better fits the DEE data for Little Stints (Motulsky & 
Christopoulos 2004). The modified power curve used to describe the relationship 
between DEE and mass was the best-fitting model available to us at the time of the 
analysis. There may be another model that could better describe the data. This 
requires further consideration. 

The DEE data were tested for outliers using Grubb’s test (Motulsky & 
Christopoulos 2004), and the pattern of the residuals of the regressions were tested 
using the Wald-Wolfowitz Runs Test (Motulsky & Christopoulos 2004). We note that 
the DEE data contains repeated measures for chicks and that there may be brood 
affects in both the DEE and the growth data. There were no clustered deviations 
from the fitted curve, so we used the above method to give primary insights into the 
data. The investigation of the effects of repeated measures and brood effects may 
require a larger data set and thus warrants investigation. 

The impact of weather and food availability on DEE was determined through 
stepwise linear regression using the equation: 

log (DEE) = A + b · log M + c · M–1 · log M + d · Ta + e · wind speed + f · rainfall. 
The additional explanatory variables were tested both untransformed, as done by 
Schekkerman and Visser (2001) and Schekkerman et al. (Schekkerman et al. 2003), and 
after logarithmic transformation. 

Energy budget estimation 
Prefledging energy budgets were constructed on the basis of the average body mass 
growth curve for free-living chicks. Metabolisable energy (ME) is the sum of two 
components: DEE and energy that is converted into tissue (Etis, kJ.d–1). DEE 
measured through the DLW method constitutes resting metabolic rate (RMR, kJ.d–1),
energy used for assimilation of nutrients and tissue synthesis (Esyn, kJ.d–1), and the 
energy costs of thermoregulation and activity (Etr + act, kJ.d–1). RMR and Etr + act were 
not determined separately for Little Stint chicks, but a combined value was estimated. 
Etis was estimated as the daily increment of the product of body mass and energy 
density using the equation  

Etis(t) = Mt (4.38 + 3.21 (Mt/26.6)) – Mt–1 (4.38 + 3.21 (Mt–1/26.6))
where Mt–1 and Mt are the masses (g) estimated by the logistic growth curve for  days 
t–1 and t, and 26.6 is the asymptotic mass (g) for the species (Schekkerman & Visser 
2001).
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 The relationship between ME and body mass was modelled using the power 
curve and the modified power curve. The impact of weather on ME was determined 
through stepwise linear regression using the modified power curve, as for the DEE. 

Peak daily metabolisable energy (peak DME, kJ.d–1) is the maximal daily 
energy demand of chicks across the prefledging period (Weathers 1992). Precocial 
birds often fledge before attaining adult mass (Fjeldså 1977, Starck & Ricklefs 1998a), 
thus their energy requirements may continue to increase after fledging. Little Stint 
chicks fledge at 73-92% of adult mass. Total metabolisable energy (TME, kJ) was 
estimated as the total amount of energy metabolized during the prefledging period. 
Assuming a synthesis efficiency (Esyn) of 75% (Ricklefs 1974), total energy for 
growth (kJ) was estimated as the sum of daily Etis and Esyn values across the 
prefledging period (i.e. 1.33 · [sum of daily Etis values]). The energy used for RMR and 
Etr + act was estimated by subtracting the total energy for growth from TME. Growth 
efficiency (%) was estimated as the sum of the daily Etis values divided by TME.  
 To study the impact of the type of curve used on the estimates for peak DME 
and TME, energy budgets were calculated based on both the power curve and the 
modified power curve.  

Time budget 
Observations were made on six different broods in 2000, 2001 and 2002. Observation 
periods (n = 40) were scattered throughout the 24 hours of daylight and at all stages of 
chick development, from hatching to 17 days, and totalled  60.9 hours in bouts of 38-
130 minutes (mean = 91, SD = 25 min). Chick behaviour was categorised as 
brooding, foraging, or other behaviours (including preening, walking and hiding at the 
adult’s alarm). The proportion of total observation time spent brooding was modelled 
in relation to age, temperature and whether it was ‘day’ (04:00 to 22:00 h) or ‘night’ 
(22:00 to 04:00 h) using multiple logistic regression (generalised linear models with 
logit link function, binomial error distribution, and total minutes per observation bout 
as the binomial totals).  

Results
Environmental conditions 
During the period that unfledged chicks were present, average ambient temperature, 
Ta, was 8.6°C (SD = 3.6). Rainfall during the period when unfledged chicks were 
present was greater than recorded in the previous two summers at the same study site. 
As a possible result of cool temperatures and rainfall, the peak in arthropod 
abundance was narrow, about a week around 20 July (Schekkerman et al. 2004). 

Chick growth 
Throughout the prefledging period, 338 captures and recaptures were made of 
98 chicks from 34 broods. Fifty-nine chicks were caught at least once after they were 
five days old. Median hatching mass of chicks found in the nest cup was 4.3 g 
(mean = 4.2, range = 3.2–4.9, SD = 0.3, n = 57). Chicks fledged when 14–16 days old 
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(based on last capture), weighing between 19.3 and 24.4 g (mean = 22.3, SD = 1.9,
n = 5). This was 73% to 92% of body mass of adult Little Stints, 26.6 g (Tulp et al.
2002).

Although no formal test was possible, the logistic growth model seemed to fit
the body mass data of Little Stints as well as or slightly better than the Gompertz
growth model. Body mass (M, g) in relation to age (t, d) was described as: 

M = 26.6/(1 + exp (–0.234 (t – 7.40))) 
(SEKL = 0.006, SET = 0.169, n = 99, Figure 5.1). 

Significant negative relationships were found between the growth index  and
mid-interval date (Table 5.1), indicating that there was a seasonal effect on growth.
Chicks that hatched early in the breeding season grew faster than those that hatched
later. Mid-interval date was negatively correlated to ambient temperature (Pearson
Product Moment Correlation: r = –0.565, n = 89, P < 0.001). The growth index was
positively related to ambient temperature (Ta, °C) in young chicks up to two days of 
age, but not in older chicks (Figure 5.2, Table 5.1). The results using the different
growth indices indicate that Little Stint chicks in Medusa Bay in 2002 did not grow as 
rapidly as has been observed in this species previously. 
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Figure 5.1. The growth of Little Stint chicks at Medusa Bay in 2002. The data points show
individual measurements of chicks, and the curve is the logistic growth function, M = 26.6/(1 + exp
(–0.2340 (t 7.40))), based on the medians of individual fitted curve parameters; see text for 
method.
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Figure 5.2. Growth index over recapture intervals of Little Stint chicks at Medusa Bay in 2002, in 
relation to (A) mid-interval date and (B) mean ambient temperature. Filled circles and the solid line
represent chicks up to two days old, and open circles and the dashed line represent chicks older
than two days old.

Table 5.1. Growth index of body mass in free-living Little Stint chicks at Medusa Bay in 2002 and
mid-interval date (middle date between first and last measurement), and ambient temperature, Ta;
for more detail see text and Figure 5.2. 

Regression coefficients ± SE Age of chicks Predictor variable
Constant Predictor r2 P

All Mid-interval date 1.392 ± 0.195 –0.017 ± 0.007 0.061 0.020
0–2 days Mid-interval date 1.486 ± 0.263 –0.041 ± 0.011 0.232 0.001
>2 days Mid-interval date 1.918 ± 0.408 –0.032 ± 0.014 0.116 0.027
All Ta 0.731 ± 0.124  0.024 ± 0.014 0.031 0.091
0–2 days Ta 0.503 ± 0.154  0.041 ± 0.015 0.135 0.011
>2 days Ta 1.293 ± 0.436 –0.043 ± 0.059 0.012 0.472

Energy expenditure 
Twenty-nine measurements of DEE were made on 22 free-living chicks from eight
broods. Seven chicks had two measurements made on them, at intervals of at least
four days. In the 21 cases when the two-sample protocol was used, the initial blood
sample was taken after an equilibration period of 0.50 to 1.27 hours (mean = 0.81, 
SD = 0.18). Final blood samples of these chicks were taken 24.0–24.1 hours after the
initial samples were taken (mean = 24.0, SD = 0.02, n = 21). Eight DLW 
measurements were taken using the single sample method; three of these were for
repeated measurement chicks and five were completed on small chicks weighing less
than 6 g. These chicks were sampled 24.0–24.1 hours after injection (mean 24.0,
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SD = 0.02, n = 8). During all experiments, chicks gained mass at an average rate of
0.82 g.d–1 (range = 0.10 – 3.50, SD = 0.74, n = 29). The mean growth index over the
DLW measurement interval was 0.97 (SD = 0.040, range = 0.39 – 1.39, n = 29), hence 
the DLW chicks grew as fast as other chicks in the field.

The DEE data showed a normal distribution with no outliers. The power
curve relationship between DEE (kJ.d–1) and body mass (M, g) was: 

DEE = 0.655 · M 1.793 (Figure 5.3a) 
(r2 = 0.937, SEa = 1.256, SEb = 1.227, n = 29). This power curve tended to 
underestimate DEE in chicks of 10 to 15 g, and to overestimate DEE in chicks
heavier than 20 g (Figure 5.3a). The Runs test showed that the data did not follow the
power curve (Runs test: n1 = 16, n2 = 13, u = 6, P < 0.001). The inclusion of an 
additional term to form the modified power curve significantly improved the fit (F-
test: F = 62.0, df = 1, 26, P < 0.0001): 

DEE = 1013.30 · M – 5.610 – (60.02/M) (Figure 5.3b). 
(r2 = 0.981, SEa = 51.76, SEb = 7.625, SEc = 0.942, n = 29). The residuals of the
modified power curve were evenly distributed along the fitted curve through the body
mass range (Runs test: n1 = 15, n2 = 14, u = 12, P > 0.1). 

According to the modified power curve daily energy requirements of Little
Stints increased during the prefledging period, from 8.0 kJ.d–1 in the first day after 
hatching to 128.0 kJ.d–1 in a 22.4 g chick that was close to fledging (i.e. aged 15 days). 
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Figure 5.3. The relationship between daily energy expenditure (DEE, kJ.d–1) and daily
metabolisable energy (ME, kJ.d–1), with body mass (g) of Little Stint chicks at Medusa Bay in 2002
described by (A) the power curve and (B) the modified power curve. The solid circles and solid
line represent the DEE data and the fitted allometric relationship, and the open circles and dotted
line represent the ME data and the fitted allometric relationship.
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The average ambient temperature at Medusa Bay during the DEE 
measurements was 7.8ºC (range = 5.1–10.3, SD = 1.22, n = 29), mean wind speed was 
7.1 m.s–1 (range = 4.9–8.9, SD = 1.36, n = 29) and mean rainfall was 2.7 mm 
(range = 0.0–7.0, SD = 2.66, n = 29). The fit of the modified power curve was not 
significantly improved through the inclusion of Ta (P = 0.315), wind speed (P = 0.221) 
or rainfall (P = 0.318) during the DLW measurement. Log-transforming the weather 
variables before inclusion in the regression did not change the results. 

Energy budget 
The relationship between ME (kJ.d–1) and body mass (M, g) can be described by the 
power curve, 

ME = 1.0859 · M 1.651 (Figure 3a) 
(r2 = 0.943, SEa = 1.219, SEb = 0.078, n = 29). The inclusion of the additional term to 
form the modified power curve resulted in 

ME = 2.33311 · M –4.585 – (50.564/M) (Figure 3b) 
(r2 = 0.945, SEa = 39.719, SEb = 0.878, SEc = 7.113, n = 29). According to the F-test, 
the power curve was the better fitting model (F-test: F = 2.91, df = 1, 26, P < 0.0999). 
The residuals of the power curve were, however, distributed in clumps along the fitted 
curve (Runs test: n1 = 11, n2 = 18, u = 8, P < 0.01). The residuals of the modified 
power curve were more evenly distributed through the body mass range (Runs test: n1

= 13, n2 = 16, u = 12, P > 0.05). Thus we chose to use the modified power curve for 
these data also.  
 The fit of the modified power curve was not significantly improved by the 
inclusion of Ta (P = 0.166), wind speed (P = 0.576), or rainfall (P = 0.274) over the 
ME measurement period or the logarithm of these variables. 

Peak DME (at 15 days) of Little Stint chicks was 137.1 kJ.d–1 (Figure 5.4, 
Table 5.2), and TME over the 15-day prefledging period was 1348.4 kJ (Table 5.2). 
Growth efficiency of Little Stint chicks up to 15 days old was 11%; 14% of TME was 
allocated to growth and 86% to RMR and Eth+act. Peak DME and TME estimated 
using the power curve were greater than those estimated by the modified power curve 
(Table 5.2). This is a result of overestimations by the power curve in larger chicks 
(Figure 5.3a). Average daily metabolisable energy, (ADME), which is TME divided by 
both fledging mass (g) and time to fledging (d, Weathers 1992), was 3.95 kJ.g–1.d–1 for 
Little Stint chicks. 
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Figure 5.4. Prefledging energy budgets for free-living Little Stint chicks at Medusa Bay in 2002
growing at an average rate from hatching to fledging. Components shown are daily energy
expenditure (DEE), energy in tissue (Etis) and metabolisable energy intake (MEI). 

Table 5.2. Energy budget results from the power curve and the modified power curve describing 
the relationship between body mass and DEE for Little Stint chicks at Medusa Bay in 2002. 

Power curve Modified power
curve

Peak DME (kJ.d–1) 185.9 137.1
TME (kJ) 1413.8 1348.4
Relative Peak DME (% above the prediction) 196.6 118.8
Relative TME (% above the prediction) 116.9 106.9

Total energy accumulated (kJ) 142.7 142.7
Energy of heat produced in biosynthesis  (kJ) 47.5 47.5
Total energy for growth including biosynthesis (kJ) 190.2 190.2
Growth efficiency (%) 10.1 10.6
Total energy for growth (%) 13.5 14.1
Total energy for RMR, Eth+act (%) 86.5 85.9
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Time budget
Chicks up to one week old spent an average of 46% (SD = 23, n = 28) of their time
brooding and 52% of their time foraging (SD = 22, n = 28). Chicks older than that
spent 21% (SD = 27, n = 12) of their time brooding and 76% of their time foraging
(SD = 27, n = 12). Other activities, including preening, walking and vigilance, were
observed for only 2% (SD = 4) of the time during the first week and 3.5% thereafter.
Little Stint chicks therefore spent most of their “unbrooded” time foraging.

The proportion of time brooded decreased significantly with increasing age
and with increasing temperature (Table 5.3, Figure 5.5a). The regression lines in Figure 
5.5a overestimates the brooding times of older chicks as few observations were made
on chicks older than 12 days which effectively no longer require brooding. In addition
there was a tendency for brooding time to be increased between 22:00 and
04:00 hours (Figure 5.5b), indicative of a circadian activity rhythm with sleep
accommodated into night-time brooding bouts, but this was not entirely significant (P
= 0.10), probably as a consequence of the small sample size for “night” relative to 
“day”. Interactions between age, temperature and ‘night’ proved not significant (all P
> 0.13), nor were additional effects of wind (P = 0.47), or rainfall (P = 0.38), if 
included in a model containing age and temperature. Results were very similar if body 
mass was used as a predictor of brooding time instead of age (Table 5.3). 
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Table 5.3. Logistic regression analysis for brooding time of Little Stint chicks at Medusa Bay in 
2000, 2001 and 2002. Modelled with (A) age and (B) body mass. F-probabilities are for terms 
sequentially added to the model; estimates (logit proportion of time brooded) are for the final 
model including all variables).  

Variable added df Change in 
deviance 

Deviance 
ratio 

F-
probability 

Estimate 
(logit)

SE

A constant 1195.0  1.6410 0.4770
age 1 323.8 22.2 <0.001 –0.1561 0.0447
temperature 1 285.7 19.6 <0.001 –0.2006 0.0561
‘night’ 1 40.8   2.8   0.103  0.6000 0.3670
residual 36 544.7

B constant 1195.0 1.775 0.5250
mass 1 214.0 13.4 <0.001 –0.1021 0.0342
temperature 1 329.6 20.7 <0.001 –0.2069 0.0576
‘night’ 1 55.9 3.51 0.069 0.704 0.3850
residual 36 595.4

Discussion
A new function to describe energy expenditure 
The modified power curve with a gradually changing allometric scaling exponent 
provided a significantly better fit to the daily energy expenditure (DEE) versus body 
mass relationship than the power curve with a constant scaling exponent. In shorebird 
neonates, mass-specific resting metabolic rate (RMR) is at about 50% of the level 
observed in adult non-passerine birds (Visser & Ricklefs 1993a). During early 
postnatal growth RMR increases rapidly with increasing body mass (intraspecific 
allometric scaling exponents being about 2 initially and about two thirds thereafter) to 
approach adult levels. In the past, multiphasic analyses have been performed in an 
attempt to describe these changes in RMR (Dietz & Ricklefs 1997), but it is unlikely 
that changes in the RMR versus body mass relationship occur instantly at a specific 
body mass. In free-living chicks, DEE versus body mass relationships may exhibit an 
even more pronounced pattern, because the aforementioned changes in RMR are 
accompanied by major behavioural changes during ontogeny, e.g. in the time spent 
actively foraging. Because both physiological and behavioural changes occur gradually 
the changes in DEE with increasing body mass are better described by a model 
containing gradual change in the allometric scaling exponent, like the modified power 
curve.
 According to Tulp et al. (submitted manuscript) adult Little Stints in Medusa 
Bay have a DEE of 154–160 kJ.d–1 during incubation and chick rearing. The modified 
power curve for chicks predicts a DEE of 124 kJ.d–1 at adult body mass (26.6 g), ca. 
20% below measured adult values. Given the differences in behaviour between adults 
and chicks (e.g. energy-demanding flights are not made by chicks) this seems a 
reasonably close match. Extrapolation of the power curve results in a difference of 
145% in the opposite direction. The better fit of the modified power curve will 
therefore also improve the estimates for peak daily metabolisable energy (peak DME) 
and total metabolisable energy (TME) of Little Stint chicks (Table 5.2). 
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Little Stint chick energetics 
Our estimates of prefledging metabolism in Little Stint chicks, as summarised in 
values for peak DME and TME can be compared to those of other birds by 
contrasting them to allometric predictions based on fledgling body mass (Mfl, g) and 
the length of the prefledging period (tfl, days) (Weathers 1992): 

predicted peak DME = 11.69 · Mfl0.9082 · tfl–0.428,
and

predicted TME = 6.65 · Mfl0.852 · tfl0.71.
Observed peak DME and TME of Little Stint chicks were 119% and 107% greater 
than predicted, respectively. Schekkerman et al. (2003) found that the observed TME 
of Red Knots at 75°N was 89% above the predicted value and that this large relative 
TME conformed to that observed in other arctic-breeding bird species. As observed 
in Little Stint chicks of this study, the ADME of arctic-breeding Red Knots was also 
large, 2.58 kJ.g–1.d–1 (Schekkerman et al. 2003). Therefore Little Stint chick energetics 
showed similar trends to that observed in other arctic-breeding birds. 
 Shorebird chicks in the Arctic grow rapidly in comparison to the expected 
growth rates for their size (Schekkerman et al. 1998a, Schekkerman et al. 1998b, 
Schekkerman et al. 2003), and precocial chicks in cooler temperatures exhibit greater 
overall energy expenditure than expected as a result of increased metabolism (Visser & 
Ricklefs 1993b). Krijgsveld et al. (submitted manuscript) found that the chicks of 
smaller arctic shorebirds had a greater mass-specific DEE than larger species, 
indicating a higher metabolic capacity (DEE versus RMR) than chicks of larger 
species. In addition, Krijgsveld et al. (submitted manuscript) argued that smaller 
shorebirds were simultaneously capable of rapid growth.  

The fast growth and large energy expenditures of shorebird chicks at high 
latitudes can only be sustained through sufficient food intake. Lack (1968) suggested 
that that the presence of arthropods increased with latitude. Schekkerman et al. (2003) 
found no significant difference in arthropod availability between the arctic tundra at 
Cape Sterlegov, and temperate meadow. The higher intake rate of Red Knot chicks 
was tentatively attributed to the simpler structure of the tundra vegetation and a larger 
proportion of wingless or slow-moving arthropods making prey capture easier. This 
may also apply to Little Stint chicks.  

Being brooded can reduce the heat loss of chicks to the environment and 
thus can reduce energy expenditure (Krijgsveld et al. submitted manuscript). The 
amount of time Little Stint chicks spent brooding decreased with age, and chicks were 
rarely observed to be brooded during the day after the age of 10 days. However, 
neither Little Stint chicks (this study) nor Red Knot chicks (Schekkerman et al. 2003) 
took full advantage of the 24-hour arctic daylight period.  

i t
The impact of environmental conditions on energy expenditure, time budgets 
and growth of L ttle Stin  chicks 
Growth rate can be influenced by bouts of cold and wet weather (Beintema & Visser 
1989a). Schekkerman et al. (1998a, 2003) found that cold weather resulted in a 
reduction of growth rate in Curlew Sandpipers and Red Knots, respectively. 
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Environmental conditions (weather and arthropod availability) may affect chick 
energy budgets in several ways. Adverse weather may increase energy expenditure, 
reduce feeding time through an increase of brooding, and reduce feeding success 
through a diminished availability of insect prey. Although larger chicks do not suffer 
the same time thermoregulatory constraints as young chicks, reduced food availability 
can have a similar affect on their foraging efficiency and thus their growth. 

We found no significant effect of ambient temperature, wind or rain on DEE 
or ME. The range of mean ambient temperatures during DEE measurements was 
small (5–10°C) compared to the range occurring at Medusa Bay over the chick-rearing 
period (1–17°C, unpubl. data 2000-2002). Consequently, our sample had limited 
power to show such effects.  

Homeothermy in precocial chicks develops during the prefledging period 
(Visser & Ricklefs 1993ab). At low ambient temperatures the body temperature of 
young chicks decreases more rapidly (Norton 1970, Visser & Ricklefs 1993ba) and to 
a lower level (Krijgsveld et al. 2003a) whilst foraging than in warm temperatures. This 
reduces mobility, rate of food intake (Krijgsveld et al. 2003a) and possibly digestive 
efficiency (Kleiber & Dougherty 1934, Hume 2005). In periods of cold weather when 
energy expenditure for thermoregulation and activity is great or when intake rate is 
reduced through diminished prey availability, the energy expenditure of chicks can 
therefore be greater than their energy intake (Krijgsveld et al. 2003ba, 2003b). In this 
situation, chicks may seek brooding to both increase their body temperature and to 
reduce their net energy expenditure from thermoregulation and activity during 
foraging (Klaassen 1992, Krijgsveld et al. 2003a). 

Besides foraging time, food intake is a function of the rate of food uptake 
during foraging, which will be affected mainly by food availability. In the 2002 
breeding season, Little Stint chicks hatched late in relation to the seasonal peak in 
arthropod availability (Schekkerman et al. 2004), and there was a strong seasonal affect 
on chick growth; early hatching chicks grew faster than later hatching chicks. 
Schekkerman et al. (2004)  provide a broader multi-year analysis of the relationship 
between growth rate of arctic shorebird chicks and arthropod abundance. They found 
that the surface activity of arthropods in our study area varied with both date and 
weather, with a mid-season peak overlain by a strong effect of ambient temperature. 
Arthropod availability may, therefore have affected growth of Little Stint chicks in 
Medusa Bay in 2002. Adverse weather can consequently exert the largest influence on 
Little Stint growth through the effect on food availability and the ability of chicks to 
uptake food. 

How does the growth of Little Stint chicks compare to other species? 
Growth rate coefficients of the different bird species described in Rahn et al. (1984), 
Beintema and Visser (1989b), Krijgsveld et al. (submitted manuscript) and others 
(Ricklefs 1973, Visser & Ricklefs 1993a) decrease with increased body size. Shorebird 
breeding seasons in the Arctic are limited by the short summers and it has been found 
that birds breeding in the Arctic, for instance Red Knots (Schekkerman et al. 2003) 
and Purple Sandpipers, C. maritima (Summers & Nicoll 2004), have large growth rate 
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coefficients. The combined effect of latitude and their small size may have resulted in
Little Stint chicks exhibiting large growth rate coefficients.

The predicted Gompertz growth rate coefficient (KG) for shorebird species
with an asymptotic mass of 26.6 g using the equation KG = 0.390 · A–0.312 (Beintema
& Visser 1989b) was 0.140 d–1. Assuming that the asymptotes are identical in the
logistic and Gompertz models, KL can be converted to KG using the equation 
KG = 0.68 · KL (Ricklefs 1983). Following this, the Little Stint chicks we studied at 
Medusa Bay in 2002 had a KG of 0.159 d–1 which is 14% above the predicted growth 
for a 26.6 g shorebird. 

Schekkerman et al. (1998a) found that Little Stints breeding between 72°N
and 76°N in Siberia grew rapidly; a KG of 0.210 d–1 at Knipovich Bay (76°N, 1990),
0.201 d–1 at Pronchishchev Lake (75°N, 1991) and 0.163 d–1 at Pyasina Delta (74°N,
1990) which gives a mean value of 0.191 d–1 for all three sites combined (Figure 5.6a).
According to this pooled result Little Stint chicks grew 37% faster than predicted for a
shorebird of 26.7 g (Schekkerman et al. 1998a). The Little Stint chicks we studied at 
Medusa Bay (73°N, 2002) also grew faster than predicted but not as fast as was
observed by Schekkerman et al. (1998a). This may be a combined effect of
Schekkerman et al. (1998a) estimating asymptotic mass for each regression compared
to fixing the asymptote as in this study, the lower latitude of our study site, and the
different environmental conditions experienced by the chicks in different breeding
seasons.
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Figure 5.6. The relationship between relative Gompertz growth rate coefficient (KG, d–1) and 
(A) asymptotic body mass (A, g) and (B) latitude (°N) for arctic-breeding sandpipers. The Little
Stint data from Schekkerman et al. (1998a) are represented by , and data from this study by .
The 14 species represented in this figure by  are The 14 species represented in this figure by
are Calb. Sanderling, Calidris alba (Parmelee 1970 in Beintema & Visser 1989b, Glutz von
Blotzheim et al. 1975), Calp. Dunlin, Calidris alpina (Soikkeli 1975 in Beintema & Visser 1989b),
Cbai. Baird’s Sandpiper, Calidris bairdii (Norton 1973 in Beintema & Visser 1989b), Ccan. Red 
Knot, Calidris canutus (Schekkerman et al. 2003), Ccan. Red Knot, Calidris canutus (Tomkovich
unpubl. data), Cfer. Curlew Sandpiper, Calidris ferruginea (Schekkerman et al. 1998b), Cfus.
White-rumped Sandpiper, Calidris fuscicollis (Parmelee et al. 1968 in Beintema & Visser 1989b]),
Cmar. Purple Sandpiper, Calidris maritima (Tomkovich 1985, Glutz von Blotzheim et al. 1975),
Cmar. Purple Sandpiper, Calidris maritima (Summers & Nicoll 2004), Cmel. Pectoral Sandpiper,
Calidris melanotos (Norton 1973 in Beintema & Visser 1989), Cmel. Pectoral Sandpiper, Calidris
melanotos (Andreev 1988), Cptil. Rock Sandpiper, Calidris ptilocnemis (Gill, Tomkovich & 
McCafferty 2002), Cpus. Semipalmated Sandpiper, Calidris pusilla (Safriel 1975 in Beintema & 
Visser 1989b) and Cruf. Red-necked Stint, Calidris ruficolis (Morozov & Tomkovich 1988,
Schekkerman et al. 1998b, Tomkovich & Morozov 1994). 
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Calidrid shorebird species that breed in the Arctic at latitudes greater than 
70°N, exhibit growth rate coefficients close to or greater than predicted by the 
equation of Beintema and Visser (1989b, Figure 5.6b). The negative relationship 
between asymptotic body mass and KG described by Beintema and Visser (1989b) 
may explain the large growth rate coefficients of Little Stints compared to that of 
larger shorebird species growing at similar latitudes, e.g.  Baird’s Sandpiper, C. biardii,
(48 g) (Figure 5.6b). Some shorebird species, such as the Red Knot or Curlew 
Sandpiper, C. ferruginea, are, however, able to grow at relatively faster rates than the 
Little Stint, despite their larger asymptotic body mass. The Red Knot exhibited a KG

of 0.163 d–1 (Schekkerman et al. 2003), which is 86% greater than the predicted value 
for a shorebird with an asymptotic mass of 120 g and the Curlew Sandpiper had a KG

value of 0.213 d–1 (Schekkerman et al. 1998b), which is 88% greater than predicted for 
a 52 g shorebird (Figure 5.6b).

Energy balance in the Little Stint 
The self-feeding mode of development in shorebird chicks is energetically costly 
because chicks need to expend energy of thermoregulation and activity in addition to 
growth and development. Food availability at the breeding grounds of Little Stints 
must, therefore, be sufficient to fulfil all of their chicks’ energy requirements in order 
for them to grow to fledging in the harsh Arctic environment.  

Like other arctic-breeding shorebirds, Little Stint chicks exhibit faster growth 
than predicted for their size: their fast growth enabled fledging in about 15 days. Little 
Stint chicks at Medusa Bay in 2002 also exhibited greater peak DME and TME than 
predicted for their size. They had a larger relative energy expenditure than Red Knot 
chicks. Krijgsveld et al. (submitted manuscript) found that chicks of smaller arctic-
breeding species had a greater energy expenditure than larger species. They argued 
that chicks of smaller species had a higher energetic capacity than chicks of larger 
species, meaning that they performed at a relatively high level making them capable of 
rapid growth despite a large amount of energy being expended on thermoregulation.  

Large shorebirds exhibit slower growth than smaller species (Bientema and 
Visser 1989b); thus their breeding is limited to lower latitudes where the breeding 
season is longer. The growth of small shorebirds is limited by their environment. 
Decreasing temperatures may be associated with decreased arthropod availability and 
chicks may require more time brooding. The large energy expenditure due to 
thermoregulation in cold temperatures, limited time available for foraging and 
potentially lower food availability reduces the amount of energy Little Stint chicks 
have available for growth. Thus cold weather results in chicks experiencing a 
reduction in growth rate, spending more time being brooded to maintain body 
temperature and expending a larger amount of energy on thermoregulation and 
activity than during warmer weather. 



Little Stint growth and energetics 113

Acknowledgements
This work was made possible through participation in the program North-South 
(DWK 404), which was financed by the Dutch Ministry for Agriculture, Nature 
Management and Food Safety. KMCT’s participation was enabled by a travel bursary 
from the Skye Foundation. Further support (KMCT and LGU) was provided by the 
Centre for Isotope Research (CIO) at the University of Groningen, the Darwin 
Initiative, the Earthwatch Institute, the National Research Foundation, the University 
of Cape Town, the Association for the Study of Animal Behaviour and the South 
African Network for Coastal and Oceanographic Research. Cape Storm supplied hard 
weather equipment and Marine and Coastal Management, Department of 
Environmental Affairs and Tourism, Cape Town, loaned equipment to KMCT. 
KMCT and LGU are grateful to Bart and Dorothea Ebbinge for hospitality in the 
Netherlands and to Gerard Muskens and his team for assistance in the logistical 
arrangements of getting KMCT to the study site. Staff of the Great Arctic Reserve, 
Sergei Kharitonov and Alexander Belyashov assisted in the organisation of the 
expedition. Berthe Verstappen (CIO) performed the isotope analyses of all blood 
samples. We thank Raymond Klaassen for help in collecting data. 



Chapter 5 114



Chapter 6 
The energetic implications of precocial 

development of three shorebird species 
breeding in a warm environment 

Kathleen M.C. Tjørve, Les G. Underhill 
 & G. Henk Visser 



Chapter 6 116

Abstract

Self-feeding precocial shorebird chicks studied in temperate and arctic zones have 
been found to have greater energetic demands than altricial chicks, due to their greater 
activity and the requirement for thermoregulation. This study determines the growth 
and energetics of precocial shorebirds (Charadrii) in a sub-tropical environment. 
Chicks in this environment experience long, warm summers. We investigated the 
effect of body size, parental behaviour and timing of breeding on the growth and 
energetics of Kittlitz’s Plover, Charadrius pecuarius, Blacksmith Lapwing, Vanellus
armatus, and Crowned Lapwing, V.  coronatus, chicks (Charadriidae). The three species 
exhibited slower growth and longer fledging periods than arctic and temperate zone 
relatives of similar size. In addition, these chicks had lower energy expenditure during 
the prefledging period than chicks of arctic and temperate breeding shorebird species. 
Kittlitz’s Plovers and Crowned Lapwings breed in summer, but only Crowned 
Lapwings are active carers that show their chicks food. Blacksmith Lapwings are 
inactive carers that breed in winter. Blacksmith and Crowned Lapwings are of similar 
size, about four times the mass of Kittlitz’s Plovers. Kittlitz’s Plovers had a smaller 
growth rate coefficient and a lower resting metabolic rate and daily energetic 
expenditure than the larger lapwings, which is mostly a result of their small size. 
Taking body mass into account, however, Kittlitz’s Plover daily energy expenditure 
and resting metabolic rate were similar to that of the two lapwing species. Crowned 
Lapwings exhibited faster growth than Blacksmith Lapwings but similar daily energy 
expenditure. Blacksmith Lapwings compensated for the colder weather by growing 
more slowly, thus maintaining similar energy expenditure to the Crowned Lapwing 
and Kittlitz’s Plover. The small growth rate coefficient, low resting metabolic rate and 
low daily energy expenditure may be an adaptation of these three species to low food 
availability and milder ambient temperatures in their sub-tropical breeding habitats 
compared to shorebird chicks growing in temperate or arctic regions. 
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Introduction
Neonates of almost all shorebird (Charadriidae and Scolopacidae) species are classified 
as precocial; they leave the nest within a short period after hatching (Nice 1962, Starck 
& Ricklefs 1998a). Precocial development shifts the burden of collecting food from 
the parent to the chick. This results in greater energetic demands for the chick due to 
greater activity and the requirement for thermoregulation (Schekkerman et al. 1998b, 
Schekkerman & Visser 2001). As a consequence of exposure to environmental 
conditions whilst foraging, precocial chicks require thermoregulatory ability. When 
young, however, chick heat production is limited and chicks are unable to maintain 
body temperature (Visser 1993a, Ricklefs et al. 1994, Krijgsveld et al. 2001). With 
growth, the efficiency of thermoregulation of chicks is improved through a decreased 
surface area-to-volume ratio and the development of mature muscle function (Ricklefs
et al. 1994). Krijgsveld et al. (2001) found that smaller Scolopacidae chicks need to 
invest as much energy as possible in both growth and functional maturity of tissues to 
maintain body temperature whilst foraging, whereas larger shorebird chicks are more 
capable of maintaining body temperature. Larger Scolopacidae species may reduce 
their daily energy requirements by slow development of functional maturity, thus 
enabling more energy to be channelled into growth (Krijgsveld et al. 2001). Whilst 
chicks are unable to maintain body temperature they allocate their time to alternate 
bouts of brooding and foraging (Beintema & Visser 1989a). Thus time available for 
foraging is limited by the requirement for brooding. Precocial shorebird chicks in the 
harsh environment of the Arctic exhibit greater energy expenditure and growth than 
predicted for precocial birds of their size (Schekkerman et al. 1998b, Schekkerman et 
al. 2003, Tjørve et al. submitted manuscript-b). These chicks must therefore be able to 
obtain sufficient food to fuel both their large energy requirements for 
thermoregulation and their rapid growth. 

The Kittlitz’s Plover, Charadrius pecuarius, is one of the smallest shorebird 
species breeding in South Africa, an adult weighing about 43 g. There are 25 Vanellus
species living in different environments across the globe (del Hoyo et al. 1996); 11 of 
these are endemic to Africa (Ward 1997, Ward et al. 1997). Two of these species, the 
Blacksmith Lapwing, V. armatus, and the Crowned Lapwing, V. coronatus, were chosen 
for the purpose of this study due to their overlapping distribution but different timing 
of breeding and different chick-rearing behaviour (Skead 1955, Ward 1989). 
Blacksmith and Crowned Lapwings are of similar adult size, 158 g and 167 g, 
respectively (Maclean 1993). Adult Kittlitz’s Plovers are about one quarter of the mass 
of these lapwings. Size differences may result in different growth and energetic 
expenditure patterns in Kittlitz’s Plovers compared to the lapwing species. 

In the Western Cape, South Africa, Kittlitz’s Plovers and Crowned Lapwings 
breed during the warm, dry austral spring and summer, from August to March 
(Hockey & Dowie 1995, Tree 1997, Ward 1997), whereas Blacksmith Lapwings breed 
during the austral winter and spring, March to November (Ward et al. 1997). The 
natural range of Blacksmith Lapwings was the summer-rainfall area of southern 
Africa. Their range has undergone a major expansion in the last 50 years to include the 
winter-rainfall area of the Western Cape (Underhill 2004). Blacksmith Lapwings have 
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not adjusted their timing of breeding, so their chicks have to contend with a cold, wet 
environment during growth. 

Shorebirds (Charadriidae and Scolopacidae) exhibit a diversity of breeding 
systems (Starck & Ricklefs 1998a, Székely et al. 1998). This diversity includes 
differences in chick-rearing behaviour (Fjeldså 1977). Blacksmith Lapwings do not 
actively tend their young – i.e. no feeding or showing of food, leaving chicks to search 
for food themselves (Hall 1964). Inactive tenders such as these may have higher chick 
mortality as a result of starvation due to the chicks’ inexperience in finding food and 
possibly the inability of adults to adequately warn chicks of potential danger due to the 
distance between the adults and the chicks (Ward 1989). Kittlitz’s Plovers are more 
attentive parents than Blacksmith Lapwings, but they do not actively assist their chicks 
to find food (Hockey & Dowie 1995). Crowned Lapwings actively tend their young by 
showing them food (Ward 1989). Active tenders, such as the Crowned Lapwing, are 
less territorial and generally have smaller clutches and broods than inactive tenders 
(Ward 1989). Mean clutch size for Kittlitz’s Plovers and Crowned Lapwings is 1.9 and 
2.3 eggs, respectively, whereas mean clutch size for Blacksmith Lapwings is 3.5 eggs 
(Maclean 1993, Hockey & Dowie 1995, Hockey et al. 2005).

The aim of this study was to determine the impact of body size, the timing of 
breeding and parental behaviour on the relative growth and energetics of precocial 
shorebird chicks in a warm environment, and to compare these adaptations to those 
of shorebird species in temperate and arctic regions. 

Methods
Study area 
The breeding of Kittlitz’s Plovers, Blacksmith Lapwings and Crowned Lapwings was 
monitored at 10 sites in the vicinity of Cape Town (34 S 18 E, Figure 6.1), South 
Africa, from May 2001 to April 2004. Kittlitz’s Plover breeding was monitored at two 
sites: Robben Island, a rocky outcrop about 10 km from Cape Town Harbour, where 
about 15 pairs were found on the western shores and part of the interior of the island, 
and a grass farm about 30 km from Cape Town where about 15 pairs attempted to 
breed. Blacksmith Lapwing breeding sites consisted of three golf courses where there 
were five to 20 pairs present during the breeding season and a car park where a single 
pair bred. Two of these Blacksmith Lapwing breeding sites were used by Crowned 
Lapwings during the summer. Crowned Lapwing breeding was monitored at two Cape 
Town University playing fields, a golf course, a helipad and two car parks. 
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Figure 6.1. Study sites for Kittlitz’s Plovers, Blacksmith Lapwings and Crowned Lapwings were in 
the vicinity of Cape Town, South Africa. Five sites were near UCT, one at Strand, three in
Somerset West and one on Robben Island in Table Bay near Cape Town.

Growth measurements
Broods were monitored from hatching until fledging. When first captured, chicks
were measured and ringed on the right leg with an alloy (SAFRING) ring and a unique
combination of colour rings. Thereafter, they were recaptured every 4-6 days during
the prefledging period.

On each capture, chick mass was measured using a Pesola spring balance
accurate to the nearest 0.1 g when small or 0.5 g when larger. Mean mass was
determined for hatchlings and prefledglings on their last capture.

Growth curve 
For each species, growth parameters were determined for the Gompertz growth 
model,

M = A · exp (–exp (– k · (t T))),
and logistic growth model,

M = A/(1 + exp (– k · (t  T))).
In the models, the parameter M is body mass (g), A is the asymptotic mass (g), k is the 
growth coefficient (d–1), t is the age of the chick (d) and T is age at the point of
inflection (d). The fit of both growth models was compared and the better fitting
model was chosen to describe the data.

The exact age of many chicks was unknown, particularly for Kittlitz’s Plover
chicks, because they had left the nest when first encountered. Rather than estimating
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growth parameters from known age birds only, we chose to use the method based on 
Ricklefs (1973) and introduced by Tjørve et al. (submitted manuscript-a), thus 
including unknown age birds and increasing our sample size for growth parameter 
estimation. 

Growth rate coefficients for the Gompertz model, KG, or the logistic model, 
KL, were estimated for each species from mass increments of chicks captured at least 
twice and that had a minimum of a five day interval between the first and the last 
capture.  Parameter estimates were obtained from chicks which fledged successfully, 
to produce a curve for “normal successful” growth. 

Hatchling mass (H, g) of the different species was measured in the field, and 
the asymptote of body mass (A, g) was fixed at adult body mass – 42.5 g, 158 g and 
167 g for Kittlitz’s Plovers, Blacksmith Lapwings and Crowned Lapwings, respectively 
(Maclean 1993). A fixed asymptote was chosen, because parameter estimation using a 
free asymptote yielded unrealistic fledging masses for chicks of all three study species. 
These parameters (A, k and T) were then used to create the growth curve. 

Energy expenditure in free-liv ng chicks using the doubly-labelled water 
(DLW) technique 

i

Measurements of daily energy expenditure (DEE, kJ.d–1) of chicks of the three study 
species were made using the doubly-labelled water (DLW) technique (Lifson & 
McClintock 1966; Nagy 1980, Speakman 1997, Visser & Schekkerman 1999). Visser 
and Schekkerman (1999) validated this method for growing shorebird chicks. Either 
single chicks or siblings in a two-chick family were captured, weighed to the nearest 
gram and then injected subcutaneously in the ventral region or in the peritoneal cavity 
with 0.1 to 0.7 ml of DLW, depending on the mass of the chick. The DLW consisted 
of 35.6% D2O and 60.7% H218O. Both the two-sample (Nagy 1983) and single-sample 
(Webster & Weathers 1989) DLW protocols were used. The chicks subjected to the 
two-sample protocol were kept warm in a well-ventilated cloth bag after their injection 
for an equilibration period of 45 min to 1 h, after which initial blood samples were 
taken. Four to six 10–15 l blood samples were then collected from the brachial vein 
into glass capillary tubes; these were flame-sealed within two to five minutes. Chicks 
were released after the initial blood sample was collected. The remaining experiment 
chicks were subjected to the single-sample protocol and were released directly after 
the DLW injection, and no initial blood samples were taken. Chicks from both the 
single and the two-sample protocols were recaptured after approximately 24 hours, 
and mass measurements and final blood samples were taken. Three background blood 
samples were taken for chicks of each of the three species. 

2H/1H and 18O/16O ratios in the blood samples were analysed with a SIRA 9 
isotope ratio mass spectrometer at the Centre for Isotope Research, University of 
Groningen. Due to difficulties in quantitatively injecting the dose (especially in small 
chicks) because a small quantity of doubly-labelled water may be lost through the 
injection hole, the chick’s body pool water (N, moles) was calculated using the 
equation derived for shorebird chicks (modified from Schekkerman and Visser 2001), 

N = 0.000556 · M · (79.86 – (9.55 · (M/A)), 
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where M represents the chick’s average body mass (g) over the DLW measurement 
(the average of the initial and final masses), and A represents asymptotic body mass 
for the given species. Daily rates of carbon dioxide production were determined using 
the methods described and validated by Visser and Schekkerman (1999), Visser et al.
(2000b) and Schekkerman and Visser (2001). These rates were converted to daily 
energy expenditure (DEE, kJ d–1) using a factor of 27.3 kJ.l–1 of carbon dioxide 
produced (Gessaman & Nagy 1988). Analyses were done in triplicate and averaged. 

The DEE data were tested for outliers using Grubb’s test (Motulsky & 
Christopoulos 2004), and the residuals of the regressions were tested for normality 
using the Kolmogorov-Smirnoff test and the Shapiro-Wilk normality test.  

In the past, the power function has been used to describe the relationship 
between daily energy expenditure (DEE, kJ.d–1) and body mass (M, g) of shorebird 
chicks (e.g., Weathers & Siegel 1995, Schekkerman & Visser 2001, Schekkerman et al.
2003),

DEE = a · Mb,
where a and b are coefficients that were estimated. The data in this study did not show 
linearity in log-log space for all species, thus in addition to analysing the data using the 
power curve, we used the modified power curve,  

DEE = a · Mb–(c/M).
This model was introduced in Tjørve et al. (submitted manuscript-b) to describe the 
energetics of Little Stint, Calidris minuta, chicks. The program GraphPad Prism (2003) 
was used for both regressions fitted in log-log space. We used the F-test to determine 
whether the additional term in the modified power curve was justified for the three 
study species. The better fitting curve was then chosen to describe the data. 

We note that the DEE data contains repeated measures for chicks, and that 
there may be brood effects in both the DEE data and the growth data. There were no 
clustered deviations from the fitted curve; therefore we used the above method to give 
primary insights into the data. Analysis of the effects of repeated measures and brood 
effects may require a larger data set and this warrants investigation. 

In order to compare growth rates of experiment chicks at various stages along 
the growth curve, a growth index was calculated as the ratio of the observed growth 
of the chick and the predicted growth over the same time interval based on the fitted 
growth curve. Hence, a growth index of 1 means that chicks grew as fast as expected, 
while a growth index of 0 denotes that chicks did not grow at all, and negative values 
indicate mass loss. Growth indices were determined over the experiment period for 
each study species to determine whether chicks exhibited normal growth. 

Growth rate was correlated to relative DEE (observed DEE – predicted 
DEE)/predicted DEE) to determine whether faster growing chicks expended more 
energy. 

Environmental conditions 
Hourly ambient temperature and rainfall data were obtained from the South African 
Weather Bureau for the general vicinity of the study areas for the three years of this 
study. An approximation of operative body temperature (Te, ºC) at chick level, which 
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integrates air temperature and heating effect on radiation (Bakken et al. 1985, Walsberg 
& Weathers 1986), was measured by recording the temperatures within a blackened 
copper sphere with a 3.5 cm diameter in which a thermocouple was mounted. A 
similar white sphere measured ambient air temperature (Bakken et al. 1985, Walsberg 
& Weathers 1986). Operative and ambient temperatures were logged every hour on a 
data logger (MC Systems, South Africa) during the DLW measurements. The impact 
of ambient and operative temperatures on DEE was estimated through stepwise linear 
regression.

Resting metabolic rate determined through respirometry 
Resting metabolic rate (RMR, kJ.d–1) was determined for chicks at different ages 
during the prefledging period for all study species. Free-living chicks were captured in 
the morning, and experiments were carried out before 12:00 hours so that the chicks 
were experiencing similar conditions at the time of the experiments, thus standardising 
the results. Repeat measurements were completed on two Blacksmith Lapwing chicks 
and one Crowned Lapwing chick at intervals of at least seven days. No chick was 
experimented on a more than twice. 

Half an hour to an hour after collection from the field, the chick’s body mass 
was measured to within ±0.1 g and the chick was placed in a darkened respiration 
chamber of appropriate size (1 l –10 l). We used the same experimental protocol 
employed by Lotz et al. (2003), with some modifications to ambient temperature and 
flow rate. The respiration chamber was placed in a temperature-controlled constant 
environment cabinet kept at a presumed thermoneutral temperature for the chick; 
i.e. between 30 ºC (larger chicks) and 35 ºC (smaller chicks) (Visser & Ricklefs 1993b). 
Temperature was measured in the chamber prior to the experiment and was 
monitored in the constant environment cabinet throughout the experiment. The 
respiration chamber was part of an open-flow indirect calorimeter. Air was pulled 
through the system by a pump at rates between 22.7 ml.min–1 for the smallest chicks 
and 201.0 ml.min–1 for the largest chicks. Fresh air was drawn through bev-a-line IV 
tubing (used for the entire respiratory setup) from outside the constant environment 
cabinet, through soda lime (to absorb carbon dioxide) and then through Drierite (self-
indicating anhydrous CaSO4; 10–20 mesh; to absorb water vapour). First the air was 
dispersed as it entered the top of the chamber, then it exited the chamber at the 
bottom, diagonally opposite corner of the chamber. The air was then pulled through 
soda lime, Drierite, and an S–3A/I Applied Electrochemistry O2 analyser. The oxygen 
analyzer was set to read 20.96% O2 when dry, CO2-free air was flowing through the 
system prior to the bird being added, and we checked that the system reverted to 
20.96% O2 after each experiment. After the oxygen analyzer, the air passed through 
the pump and finally into a bubble flow meter for accurate measure of flow rate (Lotz
et al. 2003). 
 Oxygen percentage values were recorded automatically on computer every 
30 seconds. After an equilibration period of 40 minutes, the readings were continued 
for a further 50 minutes. After the experiment, the chick was weighed to within 
±0.1 g.
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The volume of the outlet air was converted to standard temperature (0 ºC) 
and pressure (1013.25 hPa) dry air. A correction was made for the difference in 
volume of inlet and outlet air (Hill 1972), and metabolic rate, VO2 (in ml.O2.h–1), was 
calculated as: 

VO2 = V · (FiO2 – FeO2)/(1–FeO2)
where flow rate (V) is in ml.min–1, and FiO2 and FeO2 are the fractional concentrations 
of O2 in the incurrent and excurrent air, respectively (Hill 1972). A moving 10 minute 
average was determined for O2 consumption, and the minimum O2 level was 
considered to be the resting metabolic rate. The RMR oxygen consumption values 
that were converted to standard temperature conditions in dry air (l.d–1) were 
converted to energy expenditure using a conversion factor of 19.7 kJ.l–1 O2 (Visser & 
Ricklefs 1993b). These values were modelled using the power curve and the modified 
power curve. The better fitting model was chosen to produce a curve for chick resting 
metabolic rate for each study species. 

Energy budget estimation 
Prefledging energy budgets were constructed for each species on the basis of the 
average body mass growth curve for free-living chicks. Metabolisable energy is the 
sum of two components: DEE and energy that is converted into tissue (Etis, kJ.d–1).
DEE was measured using the DLW method. Etis was estimated as the daily increment 
of the product of body mass and energy density, using the equation (Schekkerman & 
Visser 2001) 

Etis(t) = Mt (4.38 + 3.21 (Mt/A)) – Mt–1 (4.38 + 3.21 (Mt–1/A)),
where Mt–1 and Mt are the masses (g) estimated by the Gompertz or logistic growth 
curve for days t–1 and t, and A is the asymptotic mass (g) for the species. 

DEE constitutes resting metabolism (RMR, kJ.d–1), energy consumed by 
tissue synthesis (Esyn, kJ.d–1), and the energy costs of thermoregulation and activity 
(Etr + act, kJ.d–1). Assuming a synthesis efficiency of 75%, Esyn was estimated as one 
third of Etis (Weathers 1996). This is a provisional value and needs confirmation. 
Observed RMR determined through respirometry was used in the energy budget for 
the chicks of all three species. Etr + act is a single estimate because there is interaction 
between thermoregulation and activity; heat may be lost while a chick is active, and 
similarly heat is generated during activity (Weathers 1996). The energy remaining after 
Esyn and RMR was the estimate for Etr + act.

Growth efficiency (%) during the prefledging period was estimated as the 
sum of the daily Etis values divided by total metabolisable energy (TME, kJ), the total 
amount of energy metabolized during the prefledging period. Total energy for growth 
was calculated as the sum of the total energy accumulated and the energy used to 
produce heat during biosynthesis. The remaining energy is what is used for RMR, 
locomotion and thermoregulation.  

Peak daily metabolisable energy (peak DME, kJ.d–1) is the maximal energy 
demand of chicks across the prefledging period (Weathers 1992) up to the age of 
fledging. Precocial birds often fledge before attaining adult mass (Fjeldså 1977, Starck 
& Ricklefs 1998a), thus their energy requirements may continue to increase after 
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fledging. Shorebirds fledge while still growing, thus peak DME of chicks in this study 
refers to the maximum energy demand of the chicks at fledging. Total metabolisable 
energy (TME) was estimated for each species. Energy budgets were calculated based 
on the modified power curve. Average daily metabolisable energy, ADME (kJ.g–1.d–1),
which is TME divided by both fledging mass and the length of the prefledging period 
(Weathers 1992), was determined for all three study species. 

Time budget 
Time budget observations were made on six broods of Kittlitz’s Plovers for 
163.5 hours, on 12 Blacksmith Lapwing broods for 50 hours and 16 Crowned 
Lapwing broods for a total of 99 hours. The observations made on broods of each 
species covered all hours of available daylight. Observations were made from a hide at 
a distance of 50 m to 200 m from the family, using a telescope or binoculars and 
behaviour was recorded continuously during observation bouts which lasted from two 
to six hours. Chick behaviour was recorded, distinguishing between inactive-brooding, 
inactive-other (including resting, sitting and standing), active-foraging, and active-
other (including preening and walking or running when not foraging). The percentage 
of the total observation time devoted to each activity was calculated. The scatterplots 
of percentage time devoted to each behaviour relative to chick age were smoothed 
using T4253H smoothing. Activity patterns during the day were determined by 
dividing observations into two-hour periods starting at 06:00 hours and ending at 
20:00 hours during the summer for Kittlitz’s Plovers and Crowned Lapwings and 
18:00 hours during the winter, Blacksmith Lapwings. The length of brooding and 
foraging bouts was calculated for each species. 

Results
Growth
A single Kittlitz’s Plover chick was captured during the 2001–2002 breeding season, 
three captures of two chicks were made during the 2002–2003 breeding season and 
77 captures of 45 chicks were made during the 2003–2004 breeding season. For 
Blacksmith Lapwings data from the following captures were used to construct a 
growth curve: 26 captures of 16 chicks from 15 broods in the 2001–2002 breeding 
season, 67 captures of 46 chicks from 23 broods in the 2002–2003 breeding season 
and 238 captures of 114 chicks from 52 broods in the 2003–2004 breeding season. 
For Crowned Lapwings the following data were used to construct a growth curve: 
51 captures of 19 chicks from 12 broods in the 2001–2002 breeding season, 
109 captures of 44 chicks from 25 broods in the 2002–2003 breeding season and 
45 captures of 23 chicks from 17 broods in the 2003–2004 breeding season. 

Kittlitz’s Plover chicks are small but hatchlings weigh a greater percentage of 
adult mass than those of Blacksmith and Crowned Lapwings (Table 6.1). Kittlitz’s 
Plover chicks could fly at an age of about 30 days old when their wing length 
exceeded 80 mm. Blacksmith Lapwing chicks could fly at an age of 40 days old and 
Crowned Lapwings at an age of 35 days old when their wing length exceeded 150 mm. 
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Fledging date for these three species was defined as the first day when wing length 
exceeded the abovementioned measurements or when chicks could fly at least 100 m. 
For all three species fledging occurred at approximately two thirds adult mass. 

No formal tests were available to determine the better-fitting model for each 
of the study species because we used a robust regression growth analysis. The fit of 
the different estimated curves were compared by the p-values of the estimated growth 
parameters. The body mass growth for Kittlitz’s Plovers was better described by the 
Gompertz growth model, and that of the two lapwing species by the logistic growth 
model. The Gompertz growth coefficient, KG, for Kittlitz’s Plovers was 0.057 d–1

(Figure 6.2, Table 6.2). The logistic growth coefficients, KL, for Blacksmith and 
Crowned Lapwings were 0.086 d–1 and 0.106 d–1 (Figure 6.2, Table 6.2), respectively. 
The observed growth rate coefficient of Crowned Lapwings was larger than that of 
Blacksmith Lapwings (Mann-Whitney U test: U = 392.5, n1 = 46, n2 = 32, Figure 6.2, 
Table 6.2). 

Both the Gompertz growth rate coefficient and the logistic growth rate 
coefficient were determined for each species. Although the Gompertz growth model 
was chosen to describe the growth of Kittlitz’s Plovers and the logistic growth model 
was chosen to describe the growth of Blacksmith and Crowned Lapwings, the growth 
coefficients for the alternative model were also determined (Table 6.2). 

Table 6.1. Hatchling and prefledging body mass (g) for Kittlitz’s Plovers, Blacksmith Lapwings and 
Crowned Lapwings in the Western Cape, South Africa. Median, mean, Range, lower quartile 
(L.Q.), upper quartile (U.Q.), standard deviation (SD) number of observations (n) and percent of 
adult body mass (g) are given. 

Species Mass Median Mean Range L.Q. U.Q SD n %
adult 

Kittlitz’s 
Plover 

Hatchling 6.1 6.0 4.5 – 6.7 5.5 6.5 0.58 24 14

Kittlitz’s 
Plover 

Prefledging 28.0 28.0 26.0 –29.5 27.0 29.0 1.46 5 66

Blacksmith 
Lapwing 

Hatchling 11.1 11.0 9.3 – 12.2 10.7 11.5 0.67 27 7

Blacksmith 
Lapwing 

Prefledging 105.5 105.7 100.0 – 
115.0

100.0 111.0 5.71 14 67

Crowned 
Lapwing 

Hatchling 12.4 12.4 10.5 – 13.9 11.8 13.1 0.85 24 7

Crowned 
Lapwing 

Prefledging 119.0 117.2 102.0 – 
129.0

112.5 126.8 9.15 13 71



Chapter 6 126

0

5

10

15

20

25

30

35

0 5 10 15 20 25 30

age (d)

m
as

s 
(g

)

Kittlitz’s Plover

0

20

40

60

80

100

120

140

0 10 20 30 4

age (d)

m
as

s 
(g

)

0

Blacksmith Lapwing

0

20

40

60

80

100

120

140

0 5 10 15 20 25 30 35

age (d)

m
as

s 
(g

)

Crowned Lapwing



Precocial shorebird growth and energetics 127

Figure 6.2. Increase in body mass (g) with age of Kittlitz’s Plover, Blacksmith Lapwing and
Crowned Lapwing chicks in the Western Cape, South Africa. Solid symbols represent chicks of 
known age. Open symbols represent chicks of unknown hatch date that were captured twice, and 
for which the age at first capture was estimated by comparing their measurements to those of 
known age chicks. Symbols display the data used to fit the growth curves. Growth curve 
parameters are given in Table 6.2.

Table 6.2. Growth parameters of Kittlitz’s Plover, Blacksmith Lapwing and Crowned Lapwing
chicks in the Western Cape, South Africa. The Lapwing species growth was described by the
logistic model, M = A/(1 + exp (–k(t – T)), and the Kittlitz’s Plover growth was described by the 
Gompertz model, M = A exp (–exp (–k(t – T))). In these equations M is mass (g), A is the
asymptotic mass (g), k is the growth coefficient (d–1), t is the age of the chick (d) at the time of the
observation, and T represents the age of the chick at the point of inflection (d). The number of 
chicks contributing data (n), mass at hatching, H, the three growth rate parameters, the lower
(L.Q.) and upper (U.Q.) quartiles and the standard deviation (SD) of the growth rate coefficient are
given.

Species Model n H (g) A (g) k L.Q. U.Q. SD T
Kittlitz’s Plover Gompertz 14 6.0 42.6 0.057 0.066 0.043 0.027 11.1
Kittlitz’s Plover Logistic 14 6.0 42.6 0.100 0.075 0.104 0.100 18.1
Blacksmith Lapwing Gompertz 46 11.0 158.0 0.042 0.026 0.051 0.020 23.2
Blacksmith Lapwing Logistic 46 11.0 158.0 0.086 0.061 0.102 0.034 30.1
Crowned Lapwing Gompertz 32 12.4 167.0 0.058 0.046 0.067 0.019 16.5
Crowned Lapwing Logistic 32 12.4 167.0 0.106 0.086 0.130 0.035 23.9

Daily energy expenditure of free-living chicks 
Measurements of DEE of 16 free-living Kittlitz’s Plover chicks from 15 broods,
14 free-living Blacksmith Lapwing chicks from 13 broods and 14 free-living Crowned
Lapwing chicks from 14 broods were made. Five Kittlitz’s Plover, three Blacksmith
Lapwing and six Crowned Lapwing chicks were subjected to the two-sample method.
For the single sample protocol, average time between injection of doubly-labelled
water and final sample was 22.2 hours (range = 22.0 – 22.7, SD = 0.439, n = 3) for 
Kittlitz’s Plover chicks, 23.8 hours (range = 22.9 – 24.6, SD = 0.485, n = 11) for 
Blacksmith Lapwing chicks, and 23.7 hours (range = 23.2 – 24.5, SD = 0.488, n = 8) 
for Crowned Lapwing chicks. For the two-sampled protocol, average time between
initial and final sample was 22.8 hours (range = 17.5 – 23.8, SD = 1.86, n = 13) for
Kittlitz’s Plover chicks, 25.3 hours (range = 23.2 – 28.7, SD = 3.00, n = 3) for 
Blacksmith Lapwing chicks, and 23.7 hours (range = 22.7 – 24.7, SD = 0.766, n = 6)
for Crowned Lapwing chicks.

During the experiments, one Kittlitz’s Plover lost 1.8% d–1, one remained at 
constant mass, and 14 gained mass at 8.9% d–1 (SD = 9.34). The mean growth index,
observed versus average mass increase for the DLW measurement interval, for the
Kittlitz’s Plover chicks of the 16 experiments was 0.58 (median = 0.48, SD = 0.68, 
range = –0.45 – 2.58). Accordingly, Kittlitz’s Plover chicks grew slower than predicted
by the fitted growth curve during the DLW measurements. Twelve of the
14 Blacksmith Lapwing chicks lost mass at an average rate of 6.2% d–1 (SD = 4.29), 
and two chicks gained 4% d–1 (SD = 1.44). The average growth index for the
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Blacksmith Lapwing chicks of the 14 experiments was –0.91 (median = –0.75, 
SD = 0.98, range = –3.09 – 0.60). Therefore Blacksmith Lapwing chicks grew slower 
than normal during the DLW measurements. Three of the 14 Crowned Lapwing 
chicks lost 1.2% d–1 (SD = 0.41), two remained at constant mass, and 10 gained mass 
at 6.5% d–1 (SD = 4.81). The average growth index (one being the predicted value and 
zero being no growth) for the Crowned Lapwing chicks of the 14 experiments was 
0.71 (median = 0.50, SD = 0.84, range = –0.25 – 2.69). Accordingly, Crowned 
Lapwing growth during the experiments was slower than normal for the DLW 
measurement period. All mass losses observed were within the normal range of daily 
mass differences observed when comparing a chick’s mass when it has just eaten to its 
mass when it has not. 

The daily energy expenditure data showed no outliers. The parameters of 
both the power curve and the modified power curve for the three species are provided 
in Table 6.3. The power curve with the fixed allometric scaling exponent tended to 
underestimate DEE in young chicks and to overestimate DEE in older chicks for the 
Kittlitz’s Plover and the Crowned Lapwing. The scatter of the residuals of the 
modified power curve were more in accordance with normal distribution along the 
entire body mass range than those of the power curve for these two species. The r2

values for the modified power curve were greater than those for the power curve 
(Table 6.3), thus indicating that more of the variation in the data can be explained with 
the greater number of parameters in the former model. The modified power curve 
was the better fitting model to the DEE versus body mass data for the Kittlitz’s 
Plover and the Crowned Lapwing (F-test: Kittlitz’s Plover, F = 6.52, df = 13, 
P = 0.024; Crowned Lapwing, F = 6.04, df = 13, P = 0.029) but not for the 
Blacksmith Lapwing (F-test: F = 2.096, df = 11, P = 0.176). The expected relationship 
between DEE and body mass is a sigmoid shape, but the power curve fitted to the 
Blacksmith Lapwing data produces a J shape; this  

Table 6.3. Parameters describing the relationship between DEE (kJ.d-1) and body mass (g) and 
RMR (kJ.d-1) and body mass (g) for Blacksmith Lapwing, Crowned Lapwing and Kittlitz’s Plover 
chicks in the Western Cape, South Africa. The number of chicks contributing data (n), the two 
parameters of the power curve, DEE = a · M b, and the three parameters of the modified power 
curve DEE = a · M b – (c/M)), are given. A in the table represents log a.

Species Energy Model n a b c r2

Kittlitz’s Plover DEE Power curve  16 101.171 1.310 0.869
DEE Modified power curve 16 107.434 –2.636 36.00 0.923
RMR Power curve 9 100.139 0.958 0.796
RMR Modified power curve 9 105.319 –1.851 23.54 0.832

Blacksmith Lapwing DEE Power curve 14 101.026 1.211 0.940
DEE Modified power curve 14 101.375 0.568 10.46 0.953
RMR Power curve 10 10–0.283 1.132 0.928
RMR Modified power curve 10 102.723 –0.225 18.90 0.964

Crowned Lapwing DEE Power curve 14 101.205 0.911 0.943
DEE Modified power curve 14 102.101 0.189 12.32 0.961
RMR Power curve 9 10–0.229 1.168 0.947
RMR Modified power curve 9 102.169 0.065 14.02 0.962
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is not biologically possible. Therefore, despite the result from the F-test, we chose to 
fit the modified power curve to these data.  

According to the modified power curve, total DEE requirements of the three 
study species increased during the prefledging period (Figure 6.3). Kittlitz’s Plovers 
had a lower DEE than the two lapwing species. DEE of Kittlitz’s Plover chicks was 
5.36 kJ.d–1 on the first day after hatching, 49.8 kJ.d–1 at 50% of asymptotic mass, and 
57.4 kJ.d–1 at fledging. Hatchling Blacksmith Lapwings had a lower DEE than 
Crowned Lapwings (9.64 kJ.d–1 compared to 211.1 kJ.d–1). At 50% of asymptotic mass 
DEE was 94.4 kJ.d–1 for Blacksmith Lapwings and 106.6 kJ.d–1 for Crowned 
Lapwings. At fledging, DEE of Blacksmith Lapwings was 211.1 kJ.d–1 and maximum 
DEE of Crowned Lapwings was 189.5 kJ.d–1. Mass specific peak DEE of Kittlitz’s 
Plovers, 1.91 kJ.d–1.g–1, was greater than that of Blacksmith Lapwing chicks, 
1.55 kJ.d.g–1, but less than that of Crowned Lapwing chicks, 1.99 kJ.d–1.g–1. DEE of 
young Crowned Lapwing chicks was greater than that of Blacksmith Lapwing chicks, 
but older Blacksmith Lapwing chicks had a greater DEE than older Crowned 
Lapwings (Figure 6.3). 

Relative DEE for each chick was estimated from the modelled curve for each 
species and the average body mass during the experiment period. Of the 16 Kittlitz’s 
Plover chicks for which DEE was determined, a growth rate coefficient was 
determined for 11. Of the 14 chicks of each Lapwing species for which DEE was 
measured, the growth rate coefficient was determined for nine Blacksmith and eight 
Crowned Lapwings. Chicks that grew quickly had a greater relative DEE (Kittlitz’s 
Plover: one-tailed Spearman’s rank correlation: r = 0.565, P = 0.035, n = 11; 
Blacksmith Lapwing: r = 0.733, P = 0.0012, n = 9; Crowned Lapwing: r = 0.762, 
P = 0.014, n = 8).

The effect of environmental conditions on DEE 
Kittlitz’s Plover DEE measurements were taken in an average operative temperature 
of 21.8 ºC (SD = 1.76, range = 17.4 – 23.9, n = 16), and Crowned Lapwing DEE 
measurements were taken in an average operative temperature of 22.9 ºC (SD = 2.90, 
range = 17.1 – 27.3, n = 14). The average daily operative temperature during the DEE 
measurements of Blacksmith Lapwings was 14.1 ºC (SD = 2.35, range = 10.0 – 18.1, 
n = 14). 
 Neither ambient temperature nor operative temperature improved the fit of 
the modified power curve to the DEE to body mass relationship of prefledging 
Kittlitz’s Plovers (PTa = 0.950, PTe = 0.964), Blacksmith Lapwings (PTa = 0.185, 
PTe = 0.547) or Crowned Lapwings (PTa = 0.898, PTe = 0.587). Therefore, the 
variation in DEE across the prefledging period of all three species was mostly 
explained by the mass of the chicks (Table 6.3). 
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Figure 6.3. The relationship between daily energy expenditure (DEE, kJ.d–1) and body mass (g) 
described by the modified power curve and resting metabolic rate (RMR, kJ.d-1) as a function of 
body mass (g) for Kittlitz’s Plover, Blacksmith Lapwing and Crowned Lapwing chicks in the 
Western Cape, South Africa. The fitted modified power curve for DEE is shown by the solid line 
and for RMR by the dotted line (coefficients given in Table 6.3). The dashed line is the predicted 
RMR from Weathers and Siegel (1995). See discussion. 

Resting metabolic rate 
Resting metabolic rate was determined for nine Kittlitz’s Plover (6 g to 25 g), 10 
Blacksmith Lapwing (13 g to 100 g) and nine Crowned Lapwing (11.3 g to 100 g) 
chicks at different ages during the prefledging period.  

The relationship between resting metabolic rate (RMR) and body mass of all 
three study species was described by the modified power curve. According to the F-
test, the modified power curve was the better fitting model to the RMR versus body 
mass data for the Blacksmith Lapwing (F-test: F = 6.82, df = 7, P = 0.035), but not 
for the Kittlitz’s Plover or the Crowned Lapwing (F-test Kittlitz’s Plover: F = 1.28, df 
= 6, P = 0.300; Crowned Lapwing: F = 2.30, df = 6, P = 0.180). The power curve 
fitted to Kittlitz’s Plover and Crowned Lapwing RMR data produced a J-shaped 
relationship between RMR and body mass. Since this is not biologically possible, we 
chose to fit the modified power curve to these data.  

The measured RMR of Kittlitz’s Plover chicks was the lowest (26.5 kJ.d–1 at 
fledging). Measured RMR of Crowned Lapwing chicks (141.0 kJ.d–1 at fledging) was 
greater than that of Blacksmith Lapwing chicks (80.4 kJ.d–1 at fledging) throughout the 
prefledging period. Kittlitz’s Plover chicks have a greater mass-specific RMR than 
Blacksmith Lapwing chicks: Kittlitz’s Plover chicks expended 0.781 kJ.d–1.g–1.
 Blacksmith Lapwing chicks expended 0.744 kJ.d–1.g–1 and Crowned Lapwing 
chicks expended 0.932 kJ.d–1.g 1 (Figure 6.3). The difference between the modelled 
curve for RMR and for DEE from hatching to fledging increased in all three species, 
but particularly for the Blacksmith Lapwing; there was an increase from no difference 
to 22.8 kJ.d–1 in the Kittlitz’s Plover, from 4.45 kJ.d–1 to 137.6 kJ.d–1 in the Blacksmith 
Lapwing, and from 6.51 kJ.d–1 to 78.2 kJ.d–1 in the Crowned Lapwing (Figure 6.3).

The modified power curve used to describe the relationship between DEE 
and RMR with mass was the best-fitting model available to us at the time of the 
analysis. There may be another model that could better describe the data. This 
requires further consideration. 

Energy budget 
Peak DME and TME for Kittlitz’s Plover chicks was less than that for the two 
lapwing species (Figure 6.4a, Table 6.4). The peak DME and TME of Blacksmith 
Lapwing chicks were greater than that of Crowned Lapwing chicks (Figure 6.4b, 
Figure 6.4c, Table 6.4). ADME of Kittlitz’s Plovers, Blacksmith Lapwings and 
Crowned Lapwings was 1.64 kJ.g–1.d–1, 1.07 kJ.g–1.d–1 and 1.09 kJ.g–1.d–1, respectively
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Growth efficiencies of Kittlitz’s Plovers and Crowned Lapwings were similar: 
12.9% and 12.8%, respectively. The winter-breeding Blacksmith Lapwing chicks had 
lower growth efficiency, 10.8%. The Kittlitz’s Plover’s total energy for growth was 
much lower than that of the two Lapwing species, 237.9 kJ (Table 6.4). Total energy 
for growth was slightly greater in Crowned than in Blacksmith Lapwings – 771.0 kJ, 
compared to 651.8 kJ (Table 6.4). 

Time budgets 
Newly hatched chicks less than one day old were brooded by their parents for about 
29% of the time (daylight hours) in Kittlitz’s Plovers, 9% of the time in Blacksmith 
Lapwings and 44% of the time in Crowned Lapwings (Figure 6.5). During the first 
week Blacksmith Lapwings were brooded the least of the three species, 4%, compared 
to 26% and 34% of Kittlitz’s Plovers and Crowned Lapwings, respectively (Table 6.5). 
The percentage of time spent brooding declined until it ceased between six and 
15 days depending on the species (Figure 6.5, Table 6.5). The percentage of time spent 
foraging increased and the percentage of time spent inactive but not brooding 
decreased in Kittlitz’s Plovers and Blacksmith Lapwings (Table 6.5). The percentage 
of time spent foraging decreased and the percentage of time spent inactive but not 
brooding increased in Crowned Lapwings (Table 6.5). Chicks of all three species spent  

Table 6.4. Energy budget results for Kittlitz’s Plover, Blacksmith Lapwing and Crowned Lapwing 
chicks in the Western Cape, South Africa, from the modified power curve in log-transformed 
space.

Kittlitz’s 
Plover 

Blacksmith 
Lapwing 

Crowned 
Lapwing 

Peak DME (kJ.d–1) 64.5 235.1 215.2
TME (kJ) 1379.0 4526.5 4505.5
Predicted peak DME (kJ.d–1) 61.5 172.3 208.5
Predicted TME (kJ) 1384.6 5007.6 5162.7
Relative Peak DME (% above the prediction) 4.8 36.4 3.2
Relative TME (% above the prediction) –0.4 –9.6 –12.7

Total energy accumulated (kJ) 178.5 489.0 578.4
Energy of heat produced in biosynthesis  (kJ)  59.4 162.8 192.6
Total energy for growth including biosynthesis (kJ) 237.9 651.8 771.0
Growth efficiency (%) 12.9 10.8 12.8
Total energy for growth (%) 17.3 14.4 17.1
Total energy for RMR (%) 46.4 40.7 53.9
Total energy for Eth+act (%) 36.3 44.9 29.0
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Figure 6.5. Activity as a function of age of Kittlitz’s Plover, Blacksmith Lapwing and Crowned
Lapwing chicks in the Western Cape, South Africa. Behavioural categories include active-foraging
(A-F), active-other (A-O), inactive-other (I-O) and inactive-brooding (I-B). 
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Table 6.5. Percentage of time spent active-foraging (A-F), active-other (A-O), inactive-brooding (I-
B) and inactive-other (I-O) during the different weeks of the prefledging period for Kittlitz’s Plover, 
Blacksmith Lapwing and Crowned Lapwing chicks in the Western Cape, South Africa.  

Kittlitz’s Plover Blacksmith Lapwing Crowned Lapwing 
Week A-F A-O I-B I-O A-F A-O I-B I-O A-F A-O I-B I-O
1 55.9 0.4 26.4 17.3 26.3 0.7 4.1 68.8 41.4 0.7 34.8 23.1
2 65.5 0.5 18.6 15.4 28.6 0.2 0.3 71.0 45.9 0.2 13.7 40.3
3 83.6 0.6 2.8 13.0 29.5 0.3 0.0 70.2 46.8 2.2 1.4 49.6
4 87.8 0.2 0.0 12.0 29.1 0.2 0.2 70.5 30.2 3.5 3.1 63.2
5 89.3 0.1 0.0 10.6 40.9 0.0 0.3 58.8 23.2 4.4 3.1 69.2
6 68.7 0.0 0.1 31.2

a large amount of their time inactive but not brooding; chicks older than five days 
spent between 13% and 56% of their time inactive (Table 6.5).

Crowned Lapwing chicks spent more time foraging than Blacksmith 
Lapwings throughout the prefledging period (Table 6.5), and Blacksmith Lapwing 
chicks were brooded and otherwise inactive more than Crowned Lapwing chicks 
when five days old or younger (Figure 6.5, Table 6.5). Kittlitz’s Plovers spent more 
time brooding than Blacksmith Lapwings during the prefledging period; although they 
spent less time brooding than Crowned Lapwings in the first week, they spent more 
time brooding in the second. Brooding in Crowned Lapwing chicks older than 15 days 
was a result of unseasonally cold weather in the summer of 2003–2004. Random 
brooding events of short duration occurred in chicks close to fledging of all study 
species in cold temperatures. 
 Kittlitz’s Plover chicks spent 46% of their time brooding and 48% of their 
time foraging in the morning (Figure 6.6). The amount of time they spent brooding 
decreased during the day, and the amount of time they spent foraging increased to 
73% at midday but then decreased to 44% at 16:00 hours (Figure 6.6). Kittlitz’s Plover 
chicks spent more time inactive in the late afternoon, when they were neither foraging 
nor brooding. Blacksmith and Crowned Lapwing chicks spent about 50% of their 
time foraging in the morning (Figure 6.6). This decreased to about 70% in the late 
afternoon. The amount of time chicks spent brooding or otherwise inactive increased 
during the day (Figure 6.6). Kittlitz’s Plover chicks had longer brooding and foraging 
bouts than the two lapwing species (Table 6.6). Blacksmith Lapwing and Crowned 
Lapwing chicks had brooding and foraging bouts that were about the same length 
(Table 6.6). 
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Table 6.6. Brooding and foraging bouts in minutes of Blacksmith Lapwing, Crowned Lapwing and 
Kittlitz’s Plover chicks in the Western Cape, South Africa. Median, mean, range, lower quartile 
(L.Q.), upper quartile (U.Q.), standard deviation (SD), number of observations (n) and longest 
bout are given. 

Species Activity Median Mean Range L.Q. U.Q. SD n Longest
bout

Kittlitz’s Brooding 9.2 14.20 0.4–81.6 3.4 20.2 15.3 148 81.6
Kittlitz’s Foraging 12.9 24.8 0.3–120.2 5.4 34.5 27.6 213 120.2
Blacksmith  Brooding 6.4 7.1 0.0–20.4 2.3 6.4 5.9 26 20.4
Blacksmith Foraging 2.7 7.3 0.2–132.1 1.0 6.3 14.9 184 132.1
Crowned Brooding 6.3 9.1 0.6–41.1 3.8 6.3 7.8 57 41.1
Crowned Foraging 2.9 5.7 0.1–109.6 1.3 2.9 9.7 473 109.6

Discussion
The influence of body size on growth 
The three shorebird species in this study are of different body size, thus enabling us to 
determine whether there is a relationship between the body size and growth rate 
coefficients of these species. To do this, however, the growth rate coefficients 
estimated with different growth models, Gompertz and logistic, need to be made 
comparable. Ricklefs’ (1983) conversion equation, KG = 0.68 KL, does not always 
adequately describe the ratio between the Gompertz growth rate coefficient (KG) and 
the observed logistic growth rate coefficient (KL) for shorebirds. By determining both 
the Gompertz and logistic growth coefficients for the three study species (Table 6.2), 
we discovered that the Gompertz to logistic conversion factors were 0.57, 0.49 and 
0.54 for Kittlitz’s Plovers, Blacksmith Lapwings and Crowned Lapwings, respectively. 
Based on this finding, the conversion equation introduced by Ricklefs (1983) can only 
be used as a rough estimate and further investigation is required to determine the 
conversion factors required for other species. 

For the purposes of this study, however, we used the conventional 0.68. This 
resulted in KG values of 0.058 d–1 and 0.072 d–1 for Blacksmith and Crowned Lapwing 
chicks, respectively. The observed KG of Kittlitz’s Plovers was 0.057 d–1.

Growth rate coefficients of birds have been found to decrease with increased 
body mass (Ricklefs 1973, Rahn et al. 1984, Beintema & Visser 1989b, Visser & 
Ricklefs 1993b). Adult Kittlitz’s Plovers are about one quarter of the size of adult 
Blacksmith and Crowned Lapwings, so this result is contrary to what one would 
expect from the negative relationship between growth rate coefficient and body mass 
observed in other shorebird species.  

The KG for shorebirds can be predicted from asymptotic mass (A, g) by using 
the equation KG = 0.390 · A–0.312 which was based on growth data from 15 shorebird 
species (Beintema & Visser 1989b). Using this equation, the predicted KG of Kittlitz’s 
Plovers was 0.121 d–1 for a 42.6 g shorebird, and accordingly, Kittlitz’s Plovers grew 
47% below the predicted value. The predicted KG values for Blacksmith and Crowned 
Lapwing chicks were 0.080 d–1 and 0.079 d–1, respectively, and chicks of these species 
thus grew 28% and 9% below the predicted values for shorebirds of their size. The 
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three study species therefore grew slower than predicted, particularly Kittlitz’s Plover 
chicks which grew at almost half the expected rate. 

The influence of body size on energy expenditure
Small birds have a high surface area-to-volume ratio, which can result in their losing 
relatively more heat to the environment than larger species in cool temperatures 
(Weathers 1979, Weathers 1992, Weathers & Siegel 1995). Chicks of smaller shorebird 
species therefore have a relatively high overall energy expenditure as a consequence of 
greater energy expenditure on thermoregulation (Schekkerman et al. 2003, Tjørve et al.
submitted manuscript-b, Krijgsveld et al. submitted manuscript).
 Kittlitz’s Plover chicks had lower observed daily energy expenditure (DEE) 
than Blacksmith and Crowned Lapwing chicks, which may be due to their small size. 
The relative energy expenditure of the three species could be determined by 
comparing their estimated peak daily metabolisable energy (DME) and total 
metabolisable energy (TME) from the available data to that predicted from fledgling 
body mass (Mfl, g) and the length of the prefledging period (tfl, days). The predictions 
were made using the equations: 

predicted peak DME = 11.69 · Mfl0.9082 · tfl–0.428,
and

predicted TME = 6.65 · Mfl0.852 · tfl0.71

(Weathers 1992). Peak DME for Kittlitz’s Plover chicks was 4.8% greater and TME 
was 0.4% lower than predicted (Figure 6.4a, Table 6.4). The peak DME of Blacksmith 
Lapwing chicks was 36.4% greater and the TME was 9.6% lower than predicted 
(Figure 6.4b, Table 6.4). For Crowned Lapwing chicks the peak DME was 3.2% 
greater and the TME was 12.7% lower than predicted (Figure 6.4c, Table 6.4). 
Therefore peak DMEs of the three study species were greater than predicted, but their 
TMEs were lower. The low TME may be a result of low energy expenditure for 
thermoregulation in a warm climate or an adaptation to lower energy expenditure to 
survive low food availability. Their growth efficiencies were similar, but the average 
daily metabolisable energy (ADME) of Kittlitz’s Plover chicks was greater than that of 
the two lapwing species – therefore, the smaller Kittlitz’s Plover expends more energy 
for an equivalent relative growth than the larger lapwings. 

Klaassen and Drent (1991) and Weathers and Siegel (1995) noted that resting 
metabolic rate (RMR) in chicks tends to be greater in larger species. This relationship 
was certainly true for the three study species.  

The influence of timing of breeding and parental behaviour on growth and 
energy expenditure 
Foraging is associated with energy costs due to thermoregulation of chicks, 
particularly if they are exposed to cold temperatures (Schekkerman & Visser 2001). 
When foraging in cold temperatures, precocial chicks increase their metabolism 
(Visser & Ricklefs 1993b), but the body temperature of young chicks decreases rapidly 
(Norton 1970, Visser & Ricklefs 1993b) to a lower level (Krijgsveld et al. 2003a). For 
example, Brown and Downs (2002) found that body temperature of Crowned 
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Lapwing chicks can drop to 30 ºC in the laboratory. However, Krijgsveld et al. (2003a) 
found that regardless of age, the body temperatures of American Golden Plover, 
Pluvialis dominica, chicks in an outdoor enclosure never dropped below 35.5°C. Too 
severe a reduction in body temperature may reduce chick mobility and thus decrease 
their rate of food intake (Krijgsveld et al. 2003a). In addition, chick digestive efficiency 
may decrease with decreased body temperature so that foraging bouts can be limited 
by a digestive bottleneck (Kleiber & Dougherty 1934, Osbaldiston 1966). Chicks may 
therefore behaviourally limit the level to which their body temperature drops to 
reduce the negative influence thereof. 
 Brooding can potentially increase body temperature and thus mobility and 
digestion rate of chicks (Krijgsveld et al. 2003a). At some point, energy output 
outweighs energy intake thus making it more beneficial for chicks that are 
experiencing cool temperatures to brood than to forage. Krijgsveld et al. (2003a) found 
that three-day-old American Golden Plover chicks had 60% to 65% of their day 
available for foraging at 17°C; this decreased to ca. 40% at 12°C. American Golden 
Plover chicks may therefore have limited the length of their foraging bouts in favour 
of brooding, thereby reducing energy expenditure.  

Beintema and Visser (1989b) hypothesized that cold temperatures, 
particularly those below 15 ºC, and cold with rain are the main causes of slow growth 
of shorebird chicks. This was supported by Schekkerman et al. (1998b), who found 
that the growth rate of Curlew Sandpipers, C. ferruginea, was reduced during cold 
weather. In the Western Cape, Blacksmith Lapwings breed during the cold rainy 
winter season, whereas Crowned Lapwings breed during the warm and dry summer 
months (Figure 6.7). Blacksmith and Crowned Lapwings are of similar size, but 
Blacksmith Lapwing chicks grew at a relatively slower rate than the Crowned Lapwing. 
The relative RMR of Blacksmith Lapwing chicks were lower than that of Crowned 
Lapwing chicks, but their relative energy expenditures were similar. The slow relative 
growth of Blacksmith Lapwing chicks may therefore be a consequence of cold, wet 
weather resulting in the chicks expending relatively more energy on thermoregulation 
and lower food intake rates. 

In arctic or temperate zones, shorebird chicks reduce energy expenditure 
from activity and thermoregulation by brooding (Klaassen 1994, Krijgsveld et al.
2003a). For example, Arctic Tern, Sterna paradisea, and Common Tern, S. hirundo,
chicks reduced thermoregulatory costs by 40% through brooding (Klaassen 1994). 
Krijgsveld et al. (2003b) found that Japanese Quail, Coturnix c. japonica, chicks were able 
to reduce their metabolic rate by 48% to 60% when switching from foraging to 
brooding. Behavioural thermoregulation becomes operational in shorebirds almost 
directly after hatching, with chicks actively seeking shade, panting or seeking 
brooding. This can reduce energy expenditure on thermoregulation and enable more 
energy to be allocated to growth and development in young chicks. The daily energy 
expenditure of hatchling Blacksmith Lapwings was lower than that of Crowned 
Lapwing hatchlings, and Blacksmith Lapwing hatchlings spent 34% more time 
brooding than Crowned Lapwing hatchlings. Blacksmith Lapwing hatchlings may 
therefore have reduced their daily energy expenditure through brooding.  
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Figure 6.7. Ambient temperature (˚C) and monthly rainfall (mm) in Cape Town, Western Cape, 
South Africa, in relation to breeding periods for the three study species, Kittlitz’s Plover (KP),
Blacksmith Lapwing (BSL) and Crowned Lapwing (CL), across the three years of this study
(2001–2004).
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Young precocial chicks do not have a fully developed thermoregulatory 
system (Visser & Ricklefs 1993a). For example, Brown and Downs (2002) found that 
complete homeothermy of Crowned Lapwings was developed at 33% to 39% of adult 
body mass. The development of homeothermy in chicks may increase the time 
available to chicks to forage by reducing their requirement to brood. In this study, the 
percentage of time spent foraging increased with age in all three study species. 
Blacksmith Lapwing chicks older than five days also spent more time brooding than 
Crowned Lapwing chicks, but they had greater daily energy expenditure. Therefore, 
despite the energetic benefits of brooding, the cool temperatures experienced by 
Blacksmith Lapwing chicks may have resulted in greater daily energy expenditure than 
Crowned Lapwing chicks once the chicks were more homeothermic. 

The difference between DEE and RMR increased during the prefledging 
period in the three study species. The difference in the Blacksmith Lapwing was, 
however, 1.5 times greater than that of the Crowned Lapwing and 6.2 times greater 
than that of the Kittlitz’s Plover. The range expansion of Blacksmith Lapwings to the 
winter-rainfall region of the Western Cape (Underhill 2004) and their not changing 
their timing of breeding resulted in their chicks growing during the cold, wet winter 
months. The greater DEE compared to RMR of Blacksmith Lapwing chicks 
compared to that of Crowned Lapwing and Kittlitz’s Plover chicks could be a 
consequence of their experiencing greater energy costs from activity and 
thermoregulation. 

The differences in relative growth rates between the three study species may 
be a consequence of development mode, with Crowned Lapwing chicks benefiting 
from being shown food by parents and Kittlitz’s Plover and Blacksmith Lapwing 
chicks foraging alone. With potentially lower arthropod availability in the cooler 
winter temperatures Blacksmith Lapwing chicks may be less efficient in foraging – 
particularly if the time they have available for foraging is limited by the necessity to 
brood. The combination of greater energy costs from thermoregulation and less 
efficient foraging can thus result in chicks having less energy available for growth. 

The influence of breeding habitat and latitude on growth and energy 
expenditure
It is known that chicks of plovers and lapwings, Charadriidae, grow slower and 
consequently have longer prefledging periods than chicks of sandpipers, Scolopacidae 
(Beintema & Visser 1989b). The slow growth of Charadriidae may be an adaptation to 
reduce energy requirements in the food-poor, semi-arid environments in which they 
evolved (Székely et al. 1998, Schekkerman & Visser 2001). Kittlitz’s Plovers, 
Blacksmith Lapwings and Crowned Lapwings are members of Charadriidae, therefore 
their slow growth rates in comparison to the predictive equation of Beintema and 
Visser (1989b) are possibly a consequence of their environment and evolutionary 
history. 

The three study species mostly inhabit grasslands. Kittlitz’s Plovers inhabit 
dry, short grasslands, frequently close to water (Hockey & Dowie 1995). The 
Blacksmith Lapwing inhabits moist, short grasslands and mudflats on the edges of 
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dams, lakes, rivers and other water bodies (Ward et al. 1997), whereas the Crowned 
Lapwing favours dry, short and overburnt or overgrazed grassland (Ward 1997). 
Precociality in these species may be an adaptation to ground-nesting in open spaces 
where altricial development would increase chances of chick predation (McNabb & 
Olsen 1996). In addition, food availability in these environments may be limited, and 
precocial chicks are able to utilise food resources that would not support growth 
during altricial development for birds of a similar size (Visser 1998). The food items 
utilised by precocial shorebirds are relatively small and would make altricial feeding of 
chicks uneconomical. The slow growth of the three study species indicates that food 
availability was low or that foraging was often disturbed. 

There is a large amount of variation in observed growth rate coefficients 
within the same species, which has been attributed to different climatic conditions and 
food availability. For example, observed KG values of Little Stints, C. minuta, were 
determined to be 0.0234 d–1 (Tjørve et al. submitted manuscript-b) and 0.0281 d–1

(Schekkerman et al. 1998a) in the Siberian Tundra in two different studies. Northern 
Lapwings, V. vanellus, are larger than Blacksmith and Crowned Lapwings, an 
asymptotic mass between 236 g (Beintema & Visser 1989b) and 255 g (Redfern 1983). 
Their KG has been recorded as 0.054 d–1 (Beintema & Visser 1989b) and 0.079 d–1

(Redfern 1983), which are 23.8% less and 14.0% more, respectively, than the 
predicted values based on their asymptotic mass. These results are therefore 
contradictory and illustrate the large variation in growth rates between studies which 
may be a consequence of different weather or food availability. The small relative 
growth rate of Kittlitz’s Plover chicks compared to that of Blacksmith and Crowned 
Lapwings may be a consequence of more limited food availability in their particular 
study sites or of local weather conditions. 

There is a large body of work that discusses the influence of latitude on 
growth (e.g. Ricklefs 1968, 1976, 1984b, Klaassen 1994) and energy expenditure 
(e.g. Weathers 1979, Klaassen and Drent 1991). Klaassen and Drent (1991) noted that 
RMR in chicks tends to be higher in species from cold climates and lower in tropical 
species than would be expected from the bird’s mass. Kersten and Piersma (1987) 
suggested that natural selection could favour a low adult BMR in the tropics because 
this would lower the demand for food and avoid heat stress by reduced internal heat 
production. To explore whether the relative RMR of chicks of the three study species 
was lower than that of species at higher latitudes, we tested predictions for resting 
metabolic rate (RMR) during growth using the equation 

RMR (kJ.d–1) = 24 · 10^(–1.4852 + (1.2684 · log M) – (0.102 · ( log M)2))
(Weathers & Siegel 1995) with our observed measurements. M in this equation 
represents body mass (g). The predicted RMR values at fledging were 36.2 kJ.d–1,
114.6 kJ.d–1 and 129.8 kJ.d–1 for Kittlitz’s Plover, Blacksmith Lapwing and Crowned 
Lapwing chicks, respectively. The observed RMR values at fledging for the three 
species were 73%, 71% and 92% of the predicted values for each species, respectively. 
The equation for all chick RMR data from the analysis of Klaassen and Drent (1991) 
predicted relative RMR of a chick at 34º S to be 0.904. This was similar to the relative 
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RMR of Crowned Lapwings but greater than that of Kittlitz’s Plovers and Blacksmith 
Lapwings.

The difference in relative energy expenditure between these shorebird species 
is probably a consequence of growth or thermoregulation. Kittlitz’s Plover chicks 
grew relatively slower than those of the two lapwing species, and these chicks spent 
less time brooding and had longer foraging bouts than those of Crowned Lapwings, 
which breed at the same time of the year. Kittlitz’s Plover chicks therefore seem to 
expend larger amounts of energy on thermoregulation. Blacksmith Lapwing chicks 
grow during winter and may expend more energy on thermoregulation than Crowned 
Lapwing chicks as a consequence. 

The relatively slow growth rates and low RMRs of chicks of the three study 
species in the Western Cape, compared to chicks in other latitudes (Klaassen & Drent 
1991), are thus most likely to be an adaptation to low food availability in a semi-arid 
warm environment. 

The growth rate coefficients and relative growth rates of the three species of 
this study were generally lower than those observed in Charadriidae species of similar 
size at higher latitudes (Figure 6.8). The growth rate coefficient of Kittlitz’s Plover 
chicks was 53% less than predicted, whereas the KG of the Little Ringed Plover, 
Charadrius dubius, with an asymptotic mass of 41 g, was 0.0990 d–1 at 48 ºN (Glutz von 
Blotzheim et al. 1975, 1977), which is 2% larger than predicted. The Ringed Plover, 
Charadrius hiaticula, has an asymptotic mass slightly larger than that of Kittlitz’s 
Plovers, 67 g, and had an observed KG of 0.108 d–1 at 72 ºN (Pienkowski 1984), which 
is 30% larger than predicted. The growth rate coefficients of Blacksmith and Crowned 
Lapwings were 72% and 91% of the predicted values, respectively. The Dotterel, 
Charadrius morinellus, is smaller than these two lapwing species, with an asymptotic 
mass of 108 g. At 57 ºN their observed growth rate coefficient was 0.080 d–1

(Thomson 1994), which is 12% larger than predicted. The relatively slower growth of 
Blacksmith and Crowned Lapwings compared to other Charadriidae species is likely to 
be a consequence of latitude and the different climate and food availability associated 
with latitude.  

To evaluate differences in energy budgets of precocial shorebirds, we 
examined available data from the literature (Table 6.7). TME of Black-tailed Godwit, 
Limosa limosa, and Northern Lapwing, V.  vanellus, chicks in the Netherlands, 53 ºN, 
was 39% and 29%, respectively, above that predicted for their size (Schekkerman & 
Visser 2001). The measured TME of Red Knot chicks in Siberia, 75 ºN, and Little 
Stint chicks in Siberia, 73 ºN, was 89% and 107% above the predicted values, 
respectively (Schekkerman et al. 2003, Tjørve et al. submitted manuscript-b). Joest 
(2003) found that TME of Pied Avocet, Recurvirostra avosetta, chicks in northern 
Germany, 54 ºN, in food-rich and food-poor environments was similar to the TME of 
Pied Avocet chicks in food-rich environments in Spain, 36 ºN. In a food-poor 
environment in Spain, Pied Avocet chicks showed physiological adaptations to the 
unfavourable conditions by reducing their growth rates, resulting in a TME of 3856 kJ 
by the normal fledging age of 36 days. TME is thus increasingly greater than predicted 
for species with increasing latitude, and in warm climates chicks are capable of better 
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adapting their energy expenditure to lower food availability. This relationship between 
latitude and energy expenditure may be better understood by including more studies
of Charadriidae species that breed at higher latitudes, e.g. the Dotterel or Ringed
Plover. The inclusion of studies on Charadriidae would enable comparisons of
energetics in addition to those of growth between Charadriidae and Scolopacidae.

If food availability allows brooding, it is energetically favourable (Visser &
Ricklefs 1993a, Krijgsveld et al. 2003a). Chicks at higher latitudes divide their time 
between brooding and foraging, with very little time spent in other behaviours
(Schekkerman & Visser 2001, Schekkerman et al. 2003, Tjørve et al. submitted
manuscript-b). The three shorebird species of this study spent between 11% and 71% 
of their time inactive in behaviour other than brooding. This suggests that the
thermoregulatory costs to precocial chicks in the sub-tropical environment of this
study were low. A warm climate combined with lower food availability than in 
temperate or arctic regions, may have resulted in these precocial chicks spending time
inactive.
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Figure 6.8. The relationship between the Gompertz growth rate coefficient (KG, d–1) and
asymptotic body mass, A, (g) of precocial shorebirds breeding in the Arctic ( ), temperate zones
( ), tropics ( ) and sub-tropics ( ). Data in this graph was obtained from Beintema and Visser
(1989b), Cairns (1982), Dement’ev and Gladov (1969), Ricklefs (1973), Glutz von Blotzheim
(1975), Ricklefs ( 1973), Hötker (1994), Klaassen and Drent (1991), Norton (1970, 1973),
Parmelee (1968, 1970), Pienkowski (1984), Redfern (1983), Ricklefs (1973), Safriel (1975),
Schekkerman (1998a, 1998b, 2001, 2003), Soikkeli (1967), Tjørve et al. (submitted manuscript-b)
and this study.
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Table 6.7. Total metabolisable energy (TME) for different shorebird species at different latitudes. 

Species Latitude TME (kJ) Percent difference from 
predicted TME 

Author

Red Knot 75°N 5285 89.0 1
Little Stint 73°N 1348 107.0 2
Pied Avocet 54°N 8423 (food rich) 

8295 (food poor) 
30.0
28.0

3

Black-tailed 
Godwit 

53°N 8331 39.0 4

Northern
Lapwing 

53°N 6982 29.0 4

Pied Avocet 36°N 7951 (food rich) 
3856 (food poor) 

22.0
–41.0

3

Kittlitz’s Plover 33°S 1379 –0.4 5
Blacksmith 
Lapwing 

33°S 4527 –9.6 5

Crowned 
Lapwing 

33°S 4505 –12.7 5

1. Schekkerman et al. (2003), 2. Tjørve et al. (submitted manuscript-b), 3. Joest (2003), 
4. Schekkerman and Visser (2001) and 5. this study. 

Conclusion
Compared to temperate or arctic shorebird species of similar sizes, Kittlitz’s Plovers, 
Blacksmith Lapwings and Crowned Lapwings grew relatively slowly and had a 
relatively lower RMR and energy expenditure. This could be a consequence of 
phenotypic adaptation to a mild climate and low food availability. Kittlitz’s Plovers are 
considerably smaller than Blacksmith and Crowned Lapwings, and as a result they 
have a lower RMR and DEE. Their relatively small size and poor surface area-to-
volume ratio results in a large ADME and may also result in their relatively slow 
growth. Blacksmith and Crowned Lapwings are of similar size and have a similar 
ADME. As a probable consequence of breeding in the cold, wet winter and having 
parents that do not assist the chicks to find food, Blacksmith Lapwing chicks grew 
slower and had a longer prefledging period than Crowned Lapwings. 
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Abstract

We studied prefledging growth, energy expenditure and time budgets of African Black 
Oystercatcher, Haematopus moquini, chicks on Robben Island, South Africa, and 
compared the growth and energetics to that of other semi-precocial and precocial 
shorebirds. The aim of the study was to understand the effect of parental feeding on 
growth and energetics of semi-precocial shorebird chicks. Chicks reached fledging 
mass, 463.5 g, in 40 days. The growth rate coefficient of African Black Oystercatcher 
chicks was 2% below the prediction limits for a shorebird species of their body mass 
but it was smaller than that determined for other precocial and semi-precocial 
shorebirds to date. Daily metabolisable energy (DME), defined as daily energy 
expenditure (DEE, measured with doubly-labelled water) plus energy deposited into 
tissue (Etis), increased with increasing body mass of the chicks. Resting metabolic rate 
(RMR, measured through respirometry), DME and total metabolisable energy (TME) 
of African Black Oystercatchers were similar to that expected for a species of their 
body size. The relative RMR of African Black Oystercatchers was greater than that of 
three precocial species in the Western Cape, but their TME was similar, their average 
daily metabolisable energy (ADME) was less, and they spent less time foraging (short 
periods of parental feeding) and more time inactive. Therefore the mode of 
development of African Black Oystercatcher chicks enabled them to reduce energy 
costs from thermoregulation and activity, and they were able to grow relatively faster 
than precocial, self-feeding shorebird species in similar climatic conditions in the 
Western Cape. The growth rate coefficient of African Black Oystercatcher chicks was 
smaller than that of Eurasian Oystercatcher, H. ostralegus, chicks, which may be a 
consequence of differences in body size and latitudinal effects. African Black 
Oystercatcher chicks up to 12 days of age experienced bouts of brooding to maintain 
body temperature. In general chicks spent little time being brooded and compared to 
the Eurasian Oystercatcher; they were simply inactive during most of the day.
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Introduction 
Among shorebirds we observe two different modes of development: precocial 
development, i.e. chicks are self-feeding and mobile soon after hatching, and semi-
precocial development, i.e. chicks are mobile but parentally-fed (Nice 1962, Starck & 
Ricklefs 1998a). The energy expenditure of foraging and activity of self-feeding 
precocial species is carried by the chicks (Nice 1962, Starck & Ricklefs 1998a). As a 
result of the chicks’ energy allocation to activity and thermoregulation during foraging, 
their maximal rates of growth and development might be limited (Nice 1962), 
particularly in cold climates. Schekkerman et al. (2003), however, reported that the 
arctic breeding Red Knot, Calidris canutus, grew faster than temperate-breeding species. 
Similarly, one of the smallest arctic breeding species, the Little Stint, C. minuta,
exhibited rapid growth (Tjørve et al. submitted manuscript-b). The fast growth and 
high muscular activity of these arctic breeding precocial species were associated with 
high energy expenditure and ultimately resulted in a shortened length of time during 
which chicks were dependent on parental brooding to maintain body temperature 
(Schekkerman et al. 2003, Tjørve et al. submitted manuscript-b). Such rapid growth is 
only possible if sufficient food is available. Therefore it was speculated that these 
species are adapted to grow rapidly in their food-rich environment. Schekkerman and 
Visser (2001) suggested a comparison of daily energy expenditure (DEE) of precocial 
and semi-precocial shorebird chicks to test the idea that energy allocation to activity 
and thermoregulation in precocial chicks constrains their maximal rates of postnatal 
growth.
 Oystercatchers (Haematopidae) have semi-precocial chicks (del Hoyo et al.
1996) which are unable to find and manipulate their chosen food, i.e. mussels, limpets 
and invertebrates. Chicks rely on their parents for food supply until after fledging 
(Dircksen 1932, Groves 1984, Hockey 1984a, 1996, Lind 1965). Adult workload is 
therefore greatest when rearing chicks, because they need to find sufficient food to 
satisfy their own needs and those of their growing offspring (Hockey 1996, Leseberg
et al. 2000). The chick’s energy expenditure, however, is limited to thermoregulation, 
movement and growth (Nice 1962).  

The African Black Oystercatcher, Haematopus moquini, is the only species of 
the Haematopodidae that breeds in Africa. It populates the coast of South Africa and 
Namibia (Summers & Cooper 1977, Martin 1997). It breeds on the open coast and 
offshore islands from November to March (Leseberg et al. 2000, Tjørve & Underhill 
submitted manuscript-b). There, annual average temperatures are ten to twenty 
degrees warmer than in temperate zones where several other haematopodid species 
breed.

The results reported here are part of a larger study of the breeding biology of 
African Black Oystercatchers: e.g. Tjørve and Underhill (submitted manuscript-a, 
submitted manuscript-b, submitted manuscript-c) and Tjørve et al. (submitted 
manuscript-a). African Black Oystercatchers in the study population laid a modal 
clutch of two eggs (Tjørve & Underhill submitted manuscript-c), and incubation starts 
once the clutch is complete (Hockey 1983a). As a result, the chicks hatch 
synchronously and there is no measurable difference in chick size when they leave the 
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nest (KMCT pers. obs). Mass differences between siblings of two-chick broods of the 
American Black Oystercatcher, H. bachmani, and the Eurasian Oystercatcher, 
H. ostralegus, have been recorded to develop after two to three weeks (Safriel 1981, 
Groves 1984). These mass differences were attributed to sibling rivalry, where unequal 
food distribution resulted from dominance relations between the siblings after having 
left the nest (Groves 1984). Sibling rivalry affected mass at fledging, the length of the 
prefledging period and survival of sibling Eurasian and American Black 
Oystercatchers (Safriel 1981, Groves 1984). Similarly, we expected to observe 
differences in chick size to develop between sibling African Black Oystercatchers as a 
result of sibling rivalry. 

African Black Oystercatcher chicks are parentally fed, and as a result they do 
not expend energy foraging. Energy can therefore be allocated into growth. The aim 
of this study was to determine growth rate, DEE and resting metabolic rate (RMR) of 
chicks of the semi-precocial African Black Oystercatcher, and to compare their 
growth and energy expenditure to those of other shorebird species in sub-tropical, 
temperate and arctic regions. Assuming that there are no digestive constraints, we 
predict that African Black Oystercatcher chicks grow faster than precocial wader 
chicks, because they do not allocate energy to foraging. We also predict that African 
Black Oystercatcher chicks grow faster than other semi-precocial chicks because they 
grow in a sub-tropical habitat where they spend less energy on thermoregulation. 

Methods
Study area 
Oystercatcher breeding was monitored during three consecutive austral summers, 
October to May, from 2001 to 2004 on Robben Island (33 47’S 18 21’E, Figure 7.1) 
in Table Bay about 11 km from the port of Cape Town, South Africa.  

Robben Island has an area of 507 ha, and the coastline is approximately 
10 km in perimeter (Figure 7.1). Most of the shoreline is rocky with varying degrees of 
exposure (Crawford & Dyer 2000), but there is a 400 m long section of sandy beach 
situated immediately south of Murray’s Bay Harbour (Figure 7.1). Robben Island is a 
tourist attraction, but tourists are not given free access to the island. Human 
disturbance by residents and tourists is greatest along the southern section of 
shoreline (Figure 7.1). This is the area in which tourist buses travel.  Residents have 
access to the whole island, but most disturbances occur near the settlement. 

African Black Oystercatchers were found on the narrow, 5–20 m wide upper 
shore, and the intertidal zone. The birds are totally dependent on the intertidal zone 
for their food, and most lay their clutches on the shelly and rocky areas of the upper 
shore. 
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Figure 7.1. The location of Robben Island, in Table Bay about 11 km from Cape Town, South
Africa. African Black Oystercatchers were monitored in the 5 m to 20 m upper shore and intertidal 
zone along the entire shoreline of Robben Island – the narrow strip on the seaward side of the
perimeter road. The dark shaded area in the south of the island is the settlement; the dark shaded
area in the north is the prison, and the light shaded cross is the airstrip. 

Breeding population
Nests were found at the study site and broods were monitored from hatching until
fledging. Breeding attempts were usually discovered during egg laying or incubation,
although some were found as broods after hatching. In the first breeding season,
2001–2002, there were 63 breeding pairs of oystercatchers for which 68 breeding 
attempts, first and replacement clutches, were found as eggs, and seven were found as
broods after hatching (Tjørve & Underhill submitted manuscript-c). During the
second breeding season, 2002–2003, there were 68 breeding pairs, for which 
85 breeding attempts, first and replacement clutches, were found as eggs and a single
breeding attempt was found after hatching (Tjørve & Underhill submitted manuscript-
c). There were 49 breeding pairs during the third breeding season, 2003–2004, for 
which 52 breeding attempts, first and replacement clutches, were found as eggs and
two as broods after hatching (Tjørve & Underhill submitted manuscript-c).

Growth measurements of free-living oystercatcher chicks
Broods were monitored from hatching until fledging. When first captured, either in
the nest or when first encountered on the shore, chicks were measured and ringed on
the right leg with an alloy (SAFRING) ring and a unique combination of colour rings.
Chick mass was measured to the nearest 0.1 or 0.5 g using a Pesola spring balance.

Body mass growth parameters were determined for the Gompertz growth
function,
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M = A · exp (–exp (– k · (t T))), 
and the logistic growth function,

M = A/(1 + exp (– k · (t  T))).
In the models, the parameter M is body mass (g), A is the asymptotic mass (g), k is the 
growth coefficient (d–1), t is the age of the chick (d) and T is age at the point of 
inflection (d).  

Tjørve et al. (submitted manuscript-a) showed that for individual African 
Black Oystercatcher chicks of known age, growth parameter estimations using least 
squares non-linear regression resulted in an almost identical growth curve as growth 
parameter estimation using robust regression methods based on Ricklefs (1967). 
Therefore, growth rate parameters were estimated using robust regression methods 
described in Tjørve et al. (submitted manuscript-a). This method was used to estimate 
growth parameters for three precocial shorebird species by Tjørve et al. (submitted 
manuscript-c) to include the chicks of unknown age in the analyses. 

The exact ages of 36 out of 92 chicks with sufficient data to estimate growth 
parameters, were unknown, because they had already left the nest when first found. 
The robust regression growth analysis enabled us to include these unknown age chicks 
in addition to the known age chicks. Mass increments of chicks captured at least twice, 
that had a minimum of a 10 day interval between the first and the last capture and that 
fledged successfully, were used in the growth analysis to produce a curve for “normal 
successful growth”. 

Hatching mass was fixed to 39.2 g, and adult body mass to 695 g (KMCT 
unpubl. data) to calculate T. A fixed asymptote was chosen, because parameter 
estimation using a free asymptote yielded unrealistic fledging masses for chicks. These 
parameters (A, k and T) were then used to create the growth curve.  

Energetic expenditure using the doubly-labelled water (DLW) technique 
Measurements of daily energy expenditure (DEE, kJ.d–1), defined as energy 
expenditure of chicks excluding that which is deposited into tissue, of free-living 
African Black Oystercatchers were made using the DLW technique (Lifson & 
McClintock 1966; Nagy 1980, Speakman 1997, Visser & Schekkerman 1999). Visser 
and Schekkerman (1999) validated this method for growing shorebird chicks. Either 
single chicks or siblings in a family with two chicks were captured, weighed to the 
nearest gram and then injected subcutaneously in the ventral region or in the 
peritoneal cavity with 0.1 to 0.7 ml of DLW, depending on the mass of the chick. The 
DLW consisted of 35.6% D2O and 60.7% H218O. Both the two-sample (Nagy 1983) 
and single-sample (Webster & Weathers 1989) DLW protocols were used. The 12 
chicks subjected to the two-sample protocol were kept warm in a well-ventilated cloth 
bag after their injection for an equilibration period of 45 min to 1 h, after which initial 
blood samples were taken. Four to six 10–15 l blood samples were then collected 
from the brachial vein into glass capillary tubes, which were flame-sealed within 
minutes. Chicks were released after the initial blood sample was collected. The 
16 chicks subjected to the single-sample protocol were released directly after the DLW 
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injection, and no initial blood sample was taken. All chicks were recaptured after 
approximately 24 hours, and blood samples and mass measurements were taken. 

2H/1H and 18O/16O ratios in the blood samples were analysed with a SIRA 9 
isotope ratio mass spectrometer at the Centre for Isotope Research, University of 
Groningen, following procedures described by Visser and Schekkerman (1999) and 
Visser et al. (2000a). Due to difficulties in quantitatively injecting the dose (especially in 
small chicks), the chick’s body pool water (N, moles) could not be determined for all 
chicks and was thus estimated using the equation derived for shorebird chicks 
(modified from Schekkerman and Visser 2001), 

N = 0.000556 · M · (79.86 – (9.55 · (M/695)),
where M represents the chick’s average body mass (g) over the DLW measurement 
(the average of the initial and final masses), and 695 is asymptotic body mass (g). Daily 
rates of carbon dioxide production were determined using the methods described and 
validated by Visser and Schekkerman (1999), Visser et al. (2000b) and Schekkerman 
and Visser (2001). These rates of carbon dioxide were converted to DEE, using a 
factor of 27.3 kJ.l–1 of carbon dioxide produced (Gessaman & Nagy 1988). Analyses 
were done in triplicate and averaged. 

Tjørve et al. (submitted manuscript-a) introduced the modified power curve,  
DEE = a · Mb–(c/M),

where a, b and c are coefficients, to describe the relationship between body mass and 
DEE of Little Stint chicks. This model modifies the standard power curve,  

DEE = a · Mb,
by introducing an extra parameter, c, in such a way that the over-all scaling exponent 
(b–(M/c)) varies with body mass. When c is zero, the modified power curve becomes 
the standard power curve. To keep the results of this paper as comparable as possible 
with those of previous studies where the power curve was used, analyses were 
completed using both the modified power curve and the standard power curve. The 
program GraphPad Prism (2003) was used for both regressions fitted in log-log space. 
The statistical significance of introducing the extra parameter was evaluated using an 
F-test (Motulsky & Christopoulos 2004). The DEE data were tested for outliers using 
Grubb’s test (Motulsky & Christopoulos 2004) and the residuals of the regressions 
were tested for normality using the Kolmogorov-Smirnoff test and the Shapiro-Wilk 
normality test (Motulsky & Christopoulos 2004). 

We note that the DEE data contains repeated measures for chicks, and that 
there may be brood effects in both the DEE data and the growth data. There were no 
clustered deviations from the fitted curve; therefore, we used the above method to 
give primary insights into the data. The investigation of the effects of repeated 
measures and brood effects may require a larger data set and thus warrants 
investigation. 

In order to determine growth rates of experiment chicks at various stages 
along the growth curve, a growth index was calculated as the ratio of the observed 
growth of the chick and the predicted growth over the same time interval based on 
the fitted growth curve. Hence, a growth index of 1 means that chicks grew as fast as 
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predicted, while a growth index of 0 denotes that chicks did not grow at all, and 
negative values indicate mass loss related to the predicted growth. 

Environmental conditions and their impact on DEE 
Hourly ambient temperature and rainfall data were obtained for Robben Island from 
the South African Weather Bureau for all three years of this study. In addition, 
weather conditions were recorded in the study area and logged every 10 minutes on a 
data logger (MC Systems, South Africa) throughout the breeding season. Wind speed 
(m.s–1) was measured 40 cm above the ground with a cup anemometer (MC Systems, 
South Africa). An approximation of operative body temperature (Te, ºC) at chick level, 
which integrates air temperature and the heating effect of solar radiation (Bakken et al.
1985, Walsberg & Weathers 1986), was measured by recording the temperatures 
within a blackened copper sphere with a diameter of 3.5 cm, in which a thermocouple 
was mounted. A similar white sphere measured ambient air temperature (Bakken et al.
1985, Walsberg & Weathers 1986). The impact of environmental conditions, wind 
speed, ambient and operative temperatures on DEE was determined through multiple 
linear regressions. 

Resting metabolic rate determined through respirometry 
Resting metabolic rate (RMR, kJ.d–1) was determined using open flow respirometry 
for free-living chicks at different ages, i.e. from a hatchling to a fledgling. Chicks were 
captured during the high tide period between 07:00 and 15:00 hours; therefore, it was 
assumed that the chicks had been fed prior to capture.  

Half an hour to an hour after collection from the field, the chick’s body mass 
was measured to within 0.1 g and the chick was placed in a darkened respiration 
chamber of appropriate size (1 – 10 l). We used the same experimental protocol as 
employed by Lotz et al. (2003), with modifications to the ambient temperature set and 
flow rates. The respiration chamber was placed in a temperature-controlled cabinet 
kept at a presumed thermoneutral temperature for the chick; i.e. between 30 ºC (larger 
chicks) and 35 ºC (smaller chicks) (Visser & Ricklefs 1993a). Temperature was 
measured in the chamber prior to the experiment and was monitored in the 
temperature-controlled chamber throughout the experiment. Air was pulled through 
the system by a pump at rates between 81.8 ml.min–1 for small chicks and 
703.2 ml.min–1 for large chicks. Fresh air was drawn through a bev-a-line IV tubing 
(used for the entire respiratory set-up) from outside the constant environment cabinet, 
through soda lime (to absorb carbon dioxide), then through Drierite (self-indicating 
anhydrous CaSO4; 10–20 mesh; to absorb water vapour). First the air was dispersed as 
it entered the top of the chamber, then it exited the chamber at the bottom, diagonally 
opposite corner of the chamber. The air was then pulled through soda lime, Drierite, 
and then into an S–3A/I Applied Electrochemistry O2 analyser. The oxygen analyzer 
was set to read 20.96% O2 when dry, CO2-free air was flowing through the system 
prior to the bird being added, and we checked that the system reverted to 20.96% O2

after each experiment. After the oxygen analyzer, the air passed through the pump and 
finally into a bubble flow meter for accurate measure of flow rate (Lotz et al. 2003). 



African Black Oystercatcher energetics 155

 Oxygen percentage values were recorded automatically every 30 seconds. 
After an equilibration period of 40 minutes, the readings were continued for a further 
50 minutes. After the experiment the chick was weighed to within 0.1 g.  

The volume of the outlet air was converted to standard temperature (0 ºC) 
and pressure (1013.25 hPa) dry air. A correction was made for the difference in 
volume of inlet and outlet air (Hill 1972), so that metabolic rate, VO2 (ml.O2.h–1), was 
calculated as: 

VO2 = V · (FiO2 – FeO2)/(1–FeO2)
where flow rate (V) is in ml.min–1, and FiO2 and FeO2 are the fractional concentrations 
of O2 in the incurrent and excurrent air, respectively (Hill 1972). A moving 10 minute 
average was determined for O2 consumption, and the minimum O2 level was 
considered to be the RMR. RMR values were converted to energy expenditure using a 
conversion factor of 19.7 kJ.l–1 O2 (Visser & Ricklefs 1993a). These values were then 
converted into an energy equivalent, kJ.d–1. To produce a curve for chick RMR, a 
regression curve was fitted to the RMR data using the same method as used to model 
DEE.

The modified power curve used to describe the relationship between DEE 
and RMR with mass was the best-fitting model available to us at the time of the 
analysis. There may be another model that could better describe the data. This 
requires further consideration. 

Energy budget estimation 
Prefledging energy budgets were estimated for African Black Oystercatcher chicks on 
the basis of the average body mass growth curve for free-living chicks. Metabolisable 
energy in growing chicks is the sum of two components: DEE and energy that is 
converted into tissue (Etis, kJ.d–1). DEE was measured using the doubly-labelled water 
method. Etis was estimated as the daily increment of the product of body mass and 
energy density of tissue, using the equation derived for shorebird chicks (Schekkerman 
& Visser 2001),

Etis(t) = Mt (4.38 + 3.21 (Mt/A)) – Mt–1 (4.38 + 3.21 (Mt–1/A)),
where  Mt–1 and Mt are the masses (g) estimated by the logistic growth curve for days 
t–1 and t, and A is the asymptotic mass (g) for the species. 

DEE is composed  of RMR, energy consumed  by  tissue synthesis (Esyn,
kJ.d–1), and energy costs of thermoregulation and activity (Etr + act, kJ.d–1). Observed 
RMR determined through respirometry was used in the energy budget for African 
Black Oystercatcher chicks. Assuming a synthesis efficiency of 75%, Esyn was 
estimated as one third of Etis (Weathers 1996). This estimated value needs 
confirmation for African Black Oystercatchers. Etr + act is a single estimate because 
there is interaction between them; heat may be lost while inactive, and surplus heat 
may be generated during activity (Weathers 1996).

Peak daily metabolisable energy (peak DME, kJ.d–1) is the maximal energy 
demand of chicks across the prefledging period (Weathers 1992). Precocial birds often 
fledge before attaining adult mass (Fjeldså 1977, Starck & Ricklefs 1998a) thus their 
energy requirements may continue to increase after fledging. Shorebirds fledge at 
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about two thirds of adult mass; thus peak DME of the shorebird in this study refers to 
the energy demand of the chicks on fledging. Total metabolisable energy (TME, kJ) is 
the total amount of energy metabolized during the whole prefledging period. Both 
peak DME and TME were determined for oystercatchers from the calculated ME 
curve.

Growth efficiency was estimated as the percentage of total accumulated tissue 
during the prefledging period, divided by the TME. Total energy for growth was 
calculated as the sum of the percentage of total energy accumulated and that used for 
biosynthesis, divided by the TME. The remaining energy is what was used for RMR, 
locomotion and thermoregulation. 

Sibling r valry and its impact on growth, DEE and energy budgets i
Growth measurements for 22 pairs of sibling oystercatcher chicks were obtained 
during the three breeding seasons. Data for 17 of these pairs had at least a 10 day 
interval between the first and the last measurement and were thus included in the 
analysis. In addition, DEE analyses were completed for seven pairs of siblings. 
Growth rates and DEE were compared between siblings using matched pairs t-tests to 
investigate the impact of sibling rivalry. Energy budgets based on the modified power 
curve described above and the growth of single chicks, small siblings and large siblings 
were determined, and the energy requirements of broods compared. 

Time budget estimation 
Time budget observations were made covering all hours of available daylight between 
06:00 and 20:00 hours. Observations were made from a hide at a distance of 50 m to 
200 m from the family, using a telescope or binoculars. Chick behaviour was recorded, 
distinguishing between inactive-brooding, active-foraging (defined here as the time 
taken to be given food by the parent and to consume it), active-other (including 
preening, walking and running to hide) and inactive-other (including resting, sitting 
and hiding). These were converted to percentages for each behaviour type for each 
observation period, the time during which the chick was observed. The scatterplots of 
time percentage devoted to each behaviour type were smoothed using T4253H 
smoothing. Activity patterns during the day were determined by dividing observations 
into two hour periods from 06:00 to 08:00 hours. The percentage of time spent in 
each activity was smoothed using techniques described above. The length of brooding 
and foraging (being fed) bouts were determined.  

Results
Growth
In the first breeding season, 200 captures of 54 chicks from 45 broods; in the second 
breeding season, 208 captures of 60 chicks from 37 broods and during the third 
breeding season, 87 captures of 24 chicks from 14 broods were made. 

Median mass of hatchlings found in the nest cup was 38.7 g (mean = 39.2, 
range = 34.2 – 45.5, SD = 2.71, n = 39). Chicks weighed 424.0 g (mean = 428.3, 
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range = 380.0 – 516.0, SD = 34.6, n = 54) on their last measurement before fledging
(at 30 to 46 days). Fledglings weighed 360 – 547 g (median = 461.4, mean = 463.9,
SD = 40.9, n = 49). This is 52–79% of mean adult mass for this population of African
Black Oystercatchers, 695 g (KMC unpubl. data). Chicks could fly at about 40 days
old, when their wing length exceeded 200 mm.

Due to the unconventional method of curve-fitting in this study, no tests
were available to determine the better fitting curve, nevertheless the Gompertz growth 
model was chosen to describe the data. 

Body mass growth of African Black Oystercatcher chicks was better
described by the Gompertz growth model than the logistic model. The median 
Gompertz growth rate coefficient, KG, was 0.0495 d–1 (range 0.0238 to 0.0712, lower 
quartile = 0.0428, upper quartile = 0.0543, SD = 0.011, n = 92), thus body mass 
growth was described as 

M = 695 · exp (–exp (–0.0495 · (t – 21.4)), 
where M is body mass (g) and t is age (d) of the chick (Figure 7.2).

According to the Gompertz curve, average mass increase over the prefledging
period was 10.7 g.d–1, and the average mass increase over the period of maximum
growth, days 10 to 30, was 12.1 g.d–1 (Figure 7.2).
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Figure 7.2. Growth rate of African Black Oystercatcher chicks of known age ( ) and estimated
age ( ) at Robben Island, South Africa. 
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Daily energy expenditure of free-living oystercatcher chicks 
A total of 28 DLW measurements were made on different chicks from 21 broods, 
including seven pairs of siblings. Mean time between injection and final sample was 
23.7 hours (range = 21.5 – 24.3, SD = 0.687, n = 16) for the single sample protocol 
chicks. For the two-sample protocol chicks, mean time between initial and final 
sample was 24.1 hours (range = 23.6 – 25.0, SD = 0.39, n = 12). During the 
28 experiments, 18 chicks gained mass at an average rate of 7.53% d–1 (SD = 5.20); 
three chicks neither gained nor lost mass, and seven chicks lost mass at an average rate 
of 2.77% d–1 (SD = 1.72). All mass losses observed were within the normal range of 
daily mass fluctuations. The average growth index was 0.45 (median = 0.53, 
SD = 0.87, range = –1.19 – 2.71) for the 28 oystercatcher chicks over the DLW 
measurement period. 
 Measured DEE ranged between 49.7 kJ.d–1 for a 37.2 g hatchling still in the 
nest cup (smallest) and 452.0 kJ.d–1 for a 455.0 g chick that was close to fledging 
(largest).  

The daily energy expenditure data showed no outliers. The relationship 
describing daily energy expenditure (DEE, kJ.d–1) in relation to body mass (M, g) in 
log-transformed space for the power curve was 

DEE = 1.88 · M 0.962

(r2 = 0.918, SEa = 0.126, SEb = 0.057, n = 28, Figure 7.3a), and for the modified 
power curve the relationship was 

DEE = 566.2 · M 0.057 – (29.0/M)

(r2 = 0.968, SEa = 0.405, SEb = 0.150, SEc = 4.65, n = 28, Figure 7.3b).
The inclusion of a third term in the modified power curve improved the fit of 

the model describing the DEE versus body mass relationship for African Black 
Oystercatchers (F-test: F1,25 = 38.9, P < 0.001). The power curve with the fixed 
allometric scaling exponent tended to underestimate DEE in young chicks and 
overestimate DEE in older chicks. The scatter of the residuals for the modified power 
curve was more random along the entire body mass range than those of the power 
curve.

Growth rates were estimated for 22 out of the 28 birds for which DEE was 
measured. Relative DEE (standardised observed versus predicted DEE) was 
estimated for each chick. Birds that grew quickly did not have a greater relative DEE 
(one-tailed Spearman’s rank correlation: r = 0.150, P = 0.252, n = 22).  

According to the modified power curve that describes the relationship 
between DEE and body mass (Figure 7.3b), DEE of African Black Oystercatcher 
chicks increased from  57.0 kJ.d–1 in a chick on the fist day after hatching to 
540.2 kJ.d–1 in a chick that was close to fledging. At 50% asymptotic mass, 347.5 g, 
DEE was 485.6 kJ.d–1. Total DEE across the 40 day prefledging period estimated 
from the growth curve and the modified power curve, was 14371.6 kJ.d–1
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Figure 7.3. Daily energy expenditure (DEE) as a function of mass in African Black Oystercatcher
chicks at Robben Island, South Africa, described by the power curve (—) and the modified power
curve (···).

The effect of environmental conditions on DEE 
The average ambient temperature was 19.1 ºC in the first breeding season, 19.4 ºC
during the second breeding season and 20.4 ºC in the third breeding seasons. The
average ambient temperature was 19.6 ºC (Figure 7.4). African Black Oystercatchers
breed during the dry season (Figure 7.4). The average ambient temperature on 
Robben Island during the DEE measurements was 20.7 ºC (range = 17.0 – 23.4,
SD = 1.55, n = 28). Mean wind speed was 0.6 m.s–1 (range = 0.3 – 0.9, SD = 0.2,
n = 19). Ambient temperature (P = 0.921), operative temperature (P = 0.995) and 
wind speed (P = 0.810) did not exert significant effects on DEE. No DEE 
experiments were performed during a period of rain. Based on the relationships
between DEE and body mass and relative DEE and growth rate described above, one
may assume that the variation in DEE is explained by body mass alone. 

Resting metabolic rate 
Resting metabolic rate of 15 different African Black Oystercatcher chicks was
described by the modified power curve, which resulted in

RMR = 27.48 · M 0.450 – (15.91/M) (Figure 7.5).
The modified power curve was the better fitting curve to the RMR data than the
power curve (F-test: F1, 12 = 13.06, P = 0.004). 
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Figure 7.4. Ambient temperature (˚C) and monthly rainfall (mm) in the vicinity of Cape Town,
South Africa, across three years, from 2001-2004. The points represent the mean across the
three year study and the bars represent standard deviation. 
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Observed RMR determined for a hatchling oystercatcher of 33.9 g was 
25.9 kJ.d–1, and observed RMR of a 449 g chick that was close to fledging was 
394.3 kJ.d–1. According to the modified power curve (Figure 7.5), estimated RMR of 
African Black Oystercatcher chicks increased during the prefledging period, from 
29.2 kJ.d–1 in a 36.7 g hatchling still in the nest cup to 352.5 kJ.d–1 in a 463.4 g chick of 
40 days that was close to fledging. Taking body mass into account, the estimated RMR 
of a 40 day old chick was 0.761 kJ.d–1.g–1. As calculated from the model, total energy 
expenditure from RMR across the 40 day prefledging period was 8517.5 kJ. 

From the models, DEE in hatchlings was 11.2 kJ.d–1 greater than their RMR. 
The difference between DEE and RMR increased to 195.2 kJ.d–1 in a chick of 40 days 
at fledging (Figure 7.6).

Energy budget 
Based on the DEE described by the modified power curve in log-log space and 
growth curve, we were able to estimate a budget for the daily energy requirements as a 
function of the age of the chick (Figure 7.7). Peak daily metabolisable energy (DME, 
kJ.d–1) was 629 kJ.d–1 for a 40 day old fledgling (Table 7.1), and total metabolisable 
energy (TME, kJ) over the 40 day prefledging period was 17267 kJ for African Black 
Oystercatcher chicks (Table 7.1). Average daily metabolisable energy, ADME (kJ.d–1), 
which is TME divided by both fledging mass and the length of the prefledging period 
(Weathers 1992), was 1.02 kJ.g–1.d–1 for African Black Oystercatcher chicks.  

Etis and Esyn varied through the prefledgling period (Figure 7.7). Growth 
efficiency of African Black Oystercatcher chicks during this study was 16.5%. Thus 
the total energy estimated for growth was 22.0%, and 78.0% for RMR, locomotion 
and thermoregulation. 

Peak DME  and TME of African Black Oystercatchers determined with the 
power curve were greater than those determined with the modified power curve 
(Table 7.1). This difference is a result of the different fits of the two models: that of 
the power curve overestimating energy expenditure for large chicks (Figure 7.3, Table 
7.1). Peak DME refers to the DME on fledging because chicks fledge at 
approximately three-quarters adult mass and with an increase in mass come an 
increase in DME. 
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Figure 7.5. Resting metabolic rate (RMR, kJ.d-1) as a function of mass in African Black
Oystercatcher chicks at Robben Island, South Africa. Data were modelled using the modified
power curve ( ) and the quadratic equation of Weathers and Siegel (1995, ···).
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Figure 7.6. The comparison of DEE (kJ.d-1, ) and RMR (kJ.d-1, ) data and the modified power
curves that describe them (  and ···, respectively) of African Black Oystercatcher chicks at
Robben Island, South Africa. 
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Figure 7.7. Estimated energy budget as a function of age for African Black Oystercatcher chicks
at Robben Island, South Africa. Components shown are energy in tissue (Etis), energy for tissue 
synthesis (Etis), energy for thermoregulation and activity and resting metabolic rate (RMR). 

Table 7.1. Energy budget results for African Black Oystercatcher chicks at Robben Island, South
Africa, from the power curve and the modified power curve in log-transformed space. 

Power
Curve

Modified
Power
Curve

Predicted

Peak DME (kJ.d–1) 772.2 629.1 635.9
TME (kJ) 17714.5 17266.7 17050.1
Relative Peak DME (% above the prediction) 21.4 –1.1
Relative TME (% above the prediction) 3.9 1.3

Total energy accumulated (kJ) 2855.0 2855.0
Energy of heat produced in biosynthesis  (kJ) 950.7 950.7
Total energy for growth including biosynthesis (kJ) 3805.7 3805.7
Growth efficiency (%) 16.1 16.5
Total energy for growth (%) 21.5 22.0
Total energy for RMR (%) 48.1 49.4
Total energy for Eth+act (%) 30.4 28.6
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Sibling r valry and its impact on growth, DEE and energy budgets i
The difference in mass between siblings starts to become noticeable about two weeks 
after hatching (Tjørve et al. submitted manuscript-a). In total, the growth rates of 17 
pairs of siblings were analysed and the larger chicks had a significantly larger growth 
rate coefficient than the smaller chicks (one-tailed matched pairs t-test: t16 = –2.74, 
P = 0.007, n = 17). However, only 14 individuals from 7 pairs of siblings were 
available for analysis from the 28 DLW experiments, and growth rates were known 
for only four of those seven pairs. In this smaller sample, the siblings did not differ in 
growth rate coefficient (one-tailed matched pairs t-test: t3 = –0.024, P = 0.491, n = 4), 
DEE (one-tailed matched pairs t-test: t6 = –0.381, P = 0.380, n = 7) or relative DEE 
(one-tailed matched pairs t-test: t6 = 1.65, P = 0.925, n = 7). The lack of significance is 
most likely a result of the small sample size. When single chicks were compared to 
broods of two, they did not differ in DEE from the smaller chick (t-test: t7 = 1.66, 
P = 0.06, n = 14) or the larger chick (t-test: t7 = 1.35, P = 0.10, n = 14). 
 Single chicks had an average growth rate constant of 0.497 d–1, which was 
greater than that of small and large siblings – 0.473 d–1 and 0.495 d–1, respectively. The 
peak DME determined for single chicks, small siblings and large siblings (based on 
their respective growth rates) were similar: 630.6 kJ.d–1, 621.4 kJ.d–1 and 630.1 kJ.d–1,
respectively. Therefore the total energy requirements of an average brood of two 
chicks was 1251.5 kJ. 

Time budget 
African Black Oystercatcher chicks were observed for a total of 183.4 observation 
hours. Newly hatched chicks were brooded by their parents for about 4% of the day 
(Figure 7.8). From hatching, the amount of time chicks were inactive whilst being 
brooded declined until it ceased at about 16 days (Figure 7.8). The average brooding 
bout length across the whole prefledging period was 9.53 minutes 
(SD = 11.42 minutes, n = 75), and the longest brooding bout lasted for 57.5 minutes 
in a one day old chick. The average foraging (being fed) bout, parental feeding, across 
the whole prefledging period was 1.88 minutes (SD = 3.25, n = 634), and the longest 
foraging bout lasted 36 minutes. This foraging bout was for a single chick that was 
continuously fed by one or the other parent. During 101.25 hours of  observation, 
chicks less than or equal to 10 days spent an average of 91.3% (SD = 16.9) of their 
time inactive and being brooded and 5.6% (SD = 8.0) of their time active while 
foraging. During 82.15 hours of observation, chicks older than 10 days spent 85.9 % 
(SD = 15.2) of their time inactive and being brooded, and 6.6 % (SD = 7.3) of their 
time active while foraging. 
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Figure 7.8. Activity budget as a function of age in African Black Oystercatcher chicks at Robben
Island, South Africa.

Discussion
Growth and energy expenditure of African Black Oystercatchers
The average Gompertz growth rate coefficient, KG, for body mass of African Black
Oystercatcher chicks across the 40 day prefledging period, was 0.0495 d–1. This value
is close to the allometric prediction based on the equation for shorebirds
(Charadriidae and Scolopacidae) by Beintema and Visser (1989b) of 0.051 d–1 for a
chick with an asymptotic body mass of 695 g; 2% below the prediction. Therefore, the
growth rate coefficient of African Black Oystercatcher chicks is similar to that
expected for a shorebird of their size. 

As expected, daily energy expenditure (DEE) of prefledging African Black
Oystercatchers increased with growth in body mass. The climate in the Western Cape
is mild and fluctuations in the weather over the oystercatcher breeding season are
small, therefore weather conditions did not to affect DEE.

Avian postnatal metabolism was found to be more closely correlated with
mass than with age (Klaassen & Bech 1992). Weathers and Siegel (1995) showed that 
resting metabolic rate (RMR) could be estimated to within 20% of the actual value for
five passerine and 22 non-passerine species using the quadratic equation

log RMR = –1.4852 + 1.2684 log M – 0.102 · (log M)2

where M represents body mass (g). Although African Black Oystercatchers are not
related to any of the species in Weathers and Siegel’s (1995) analysis, they had taken
phylogenetic effects into account, and their analysis included tern species with similar
chick-rearing behaviour and body mass. This equation was therefore assumed to be
appropriate to predict the RMR of African Black Oystercatcher chicks. For 40 day old 
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African Black Oystercatcher chicks (fledglings of about 450 g) the estimated RMR was 
356.1 kJ.d–1 – i.e. 3.6 kJ.d–1 (1%) less than the predicted peak RMR. Similarly, RMR 
measured across the whole prefledging period was 1% (57.6 kJ.d–1) more than 
predicted (Figure 7.5).  

Weathers (1992) predicted peak daily metabolisable energy (peak DME) and 
total metabolisable energy (TME) from fledgling body mass (Mfl, g) and length of the 
prefledging period (tfl, days) using the equations 

predicted peak DME = 11.69 · Mfl0.9082 · tfl–0.428,
and

predicted TME = 6.65 · Mfl0.852 · tfl0.71.
The observed peak DME of African Black Oystercatcher chicks in this study was 
about 1% less than predicted, and the observed TME was about 1% greater than 
predicted. Therefore, the energy expenditure of African Black Oystercatcher chicks on 
Robben Island was found to be similar to that predicted for a species of its size. 

How does the growth and energy expenditure of African Black Oystercatcher 
chicks compare to that of other species? 
According to the Gompertz growth model, the calculated average daily mass increase 
over the period of maximum growth of this species was 12.1 g.d–1. This was 78% of 
the maximum growth rate determined by Hockey (1984a), namely 15.6 g.d–1.
Therefore the growth rate determined in this study for African Black Oystercatcher 
chicks was not as fast as that of Hockey (1984a). Hockey (1984a) estimated from gross 
energy intake (GEI) measurements that captive African Black Oystercatcher chicks 
require 11578 kJ over a 40 day prefledging period. This is 5689 kJ less than that 
determined by DLW measurements. This difference may be partly due to the different 
energy requirements of captive and free-living chicks. The results of this study may 
therefore have implications on energy requirement estimations for this species. 

Eurasian Oystercatcher, H. ostralegus, chick KG was recorded as 0.081 d–1

(Kersten & Brenninkmeijer 1995). Growth rate coefficients of different species of 
shorebirds have been shown to decrease with increased body size (Beintema & Visser 
1989b, Ricklefs 1973, Visser & Ricklefs 1993b). Therefore, the greater observed KG of 
Eurasian Oystercatchers may be a consequence of their smaller asymptotic body mass 
compared to African Black Oystercatchers. 

Using the predictive equation for shorebirds by Beintema and Visser (1989b), 
it was determined that Eurasian Oystercatchers, with an asymptotic mass of 466 g 
(Starck & Ricklefs 1998b), had a growth rate coefficient 78% larger than the predicted 
0.045 d–1. Using adult mass, 530 g, as the asymptote, Eurasian Oystercatcher chicks 
had a growth rate coefficient 86% larger than predicted (Figure 7.9). The predictive 
equation for semi-precocial gulls and terns by Drent and Klaassen (1989) had a 
steeper slope and a larger intercept than that of Beintema and Visser (1989b) for 
shorebirds. Due to their semi-precocial mode of development, oystercatcher growth 
may follow a different trajectory to that of precocial shorebirds. Thus it may be 
erroneous to use the predictive equation for precocial shorebirds to compare the 
relative growth of oystercatchers. African Black Oystercatcher chicks, like those of 
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precocial shorebirds in a sub-tropical environment (Tjørve et al. submitted
manuscript-a), may actually grow relatively slower than would be expected for a semi-
precocial species of its size, and the relative growth of Eurasian Oystercatcher chicks
may not be as fast if a relationship for semi-precocial shorebirds were used in this
comparison.

Relative growth rates of precocial shorebirds are faster at higher than at lower
latitudes (Tjørve et al. submitted manuscript-b, Tjørve et al. submitted manuscript-c). 
If this relationship holds for observed growth rate coefficients also, the smaller
growth rate coefficient of African Black Oystercatcher chicks compared to that of
Eurasian Oystercatcher chicks may be explained by the combined effects of the latter
breeding at higher latitudes and having a smaller adult body mass. 

Weathers (1979) noted that basal metabolic rate (BMR) tends to be greater in
birds from cold climates and lower in tropical species than would be expected from
the bird’s mass. Natural selection may favour the low resting metabolic rate (RMR) in
mild environments because this lowers the demand for food (Kersten & Piersma
1987). In addition, the relative level of RMR is most likely an adaptation to a low rate
of energy expenditure (Kersten & Piersma 1987). Thus we predicted that African 
Black Oystercatcher chicks would have a lower RMR than arctic or temperate
breeding shorebirds.
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Figure 7.9. Chick growth rate coefficient as a function of asymptotic mass for precocial shorebirds
in arctic ( ), temperate ( ), tropical ( ) and sub-tropical ( ) subregions and for semi-precocial
oystercatchers ( ). The curve represents the predictive equation of Beintema and Visser (1989b).
Data in this graph were obtained from Beintema and Visser (1989b), Cairns (1982), Dement’ev
and Gladov (1969), Glutz von Blotzheim (1975), Hockey (1984a), Hötker (1994), Klaassen and
Drent (1991), Norton (1970, 1973), Parmelee et al. (1968), Parmelee (1970), Pienkowski (1984),
Redfern (1983), Ricklefs (1973), Safriel (1975), Schekkerman (1998a, 1998b, 2001, 2003),
Soikkeli (1967), Tjørve et al. (submitted manuscript-a, submitted manuscript-b, submitted 
manuscript-c), and this study.
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The average daily energy allocation to RMR of Eurasian Oystercatchers was 
0.363 kJ.d-1.g-1 (Kersten & Piersma 1987). This is 79% of the 0.459 kJ.d-1.g-1 measured 
in African Black Oystercatcher chicks. The RMR of hatchling Eurasian Oystercatchers 
was 26.4 kJ.d-1 (Klaassen & Drent 1991) which was  slightly less than that of African 
Black Oystercatchers, 28.2 kJ.d-1. The calculated total RMR throughout the 
prefledging period of Eurasian Oystercatchers was less than that of African Black 
Oystercatchers, 5069 kJ (Kersten & Piersma 1987). The smaller adult size of Eurasian 
Oystercatchers may be one but not the only factor that causes the differences in 
energy metabolism between the two species. 
 Due to their large size, the TME of African Black Oystercatchers was larger 
than that of Eurasian Oystercatchers and three precocial shorebirds in the Western 
Cape (Kersten & Piersma 1987, Tjørve et al. submitted manuscript-c). Their ADME 
was, however, smaller than that of the three precocial shorebirds 
(Tjørve et al. submitted manuscript-c) and larger than that of  Eurasian Oystercatchers 
(0.71 kJ.g–1.d–1) determined from the TME and fledgling mass in Drent and Klaassen 
(1989).

The relative TME of Eurasian Oystercatchers was 29% less than predicted. 
This result and their small RMR energy expenditure (Drent & Klaassen 1989) and 
rapid growth (Kersten & Brenninkmeijer 1995) indicate that chicks obtain sufficient 
food to sustain fast growth, but expend very little in activity. The relative energy 
expenditure of Eurasian Oystercatchers is less than that of African Black 
Oystercatchers. This difference can be partly explained by the smaller RMR energy 
expenditure of Eurasian Oystercatchers. African Black Oystercatchers spend little 
time brooding and may expend relatively more energy on thermoregulation than 
Eurasian Oystercatcher chicks. 

The influence of mode of development on growth and energy expenditure 
According to Ricklefs (1973, 1979) slow growth is associated with precocial 
development. Oystercatcher chicks, however, have precocial mobility, but are 
parentally fed until well after fledging (Safriel et al. 1996). Therefore, it was expected 
that oystercatcher chicks would be able to grow at relatively faster rates than precocial 
shorebird species.

African Black Oystercatcher chick growth was about the same as predicted by 
Beintema and Visser (1989b) for a shorebird species of its size. Using the same 
predictive equation, the growth rate coefficients of precocial shorebird species that 
breed in the same region were smaller than predicted (Tjørve et al. submitted 
manuscript-c). For example, the relative growth rate coefficients of Kittlitz’s Plover, 
Charadrius pecuarius, Blacksmith Lapwing, Vanellus armatus, and Crowned Lapwing, 
V. coronatus, chicks in the Western Cape near Cape Town were 53%, 72% and 91% of 
the predicted value, respectively (Tjørve et al. submitted manuscript-c). Used for 
comparative purposes between precocial and semi-precocial shorebird species, 
however, the equation suggests that the semi-precocial African Black Oystercatcher 
chicks grow relatively faster than precocial shorebird species in the same climatic 
environment. 
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The relative RMR at fledging of African Black Oystercatcher chicks (99%) 
was greater than that of Kittlitz’s Plover chicks (73%), Blacksmith Lapwing chicks 
(71%) and Crowned Lapwing chicks (92%) that grow in the same region (Tjørve et al.
submitted manuscript-c). As observed for African Black Oystercatchers in this study, 
the TME values of Kittlitz’s Plover (0.4%), Blacksmith Lapwing (9.6%) and Crowned 
Lapwing (12.7%) chicks were close to the predicted values for their size (Tjørve et al.
submitted manuscript-c). The three precocial species studied in the Western Cape had 
small relative RMR, large relative energy expenditure but relatively slow growth rates 
whereas the RMR, energy expenditure and growth rates of African Black 
Oystercatcher chicks were both close to predicted values. It therefore seems that in 
the Western Cape, semi-precocial, parent-fed chicks are able to utilise energy for 
growth whereas precocial, self-feeding chicks expend energy on activity and 
thermoregulation; thus their growth is relatively slower. 

The influence of latitude on growth and energy expenditure 
The TME of self-feeding precocial shorebird chicks in temperate and arctic zones was 
greater than predicted for birds of their body size (Schekkerman & Visser 2001, 
Schekkerman et al. 2003, Tjørve et al. submitted manuscript-b). The measured TME 
for Black-tailed Godwits, Limosa limosa, and Northern Lapwings, V. vanellus, in the 
Netherlands, 53 ºN, were for instance 39% and 29% greater than predicted, 
respectively (Schekkerman & Visser 2001). Joest (2003) found that the TME for Pied 
Avocets in northern Germany, 54 ºN, in a food-rich environment (8423 kJ) was 
greater than that of Pied Avocets in a food-rich environment in southern Spain 
(7951 kJ), 36 ºN. The Gompertz growth rate coefficient of Avocet chicks in northern 
Germany (0.0667 d–1) was 9% greater than that in southern Spain (0.0611 d–1, Joest 
2003). Avocet chicks in a cold environment were able to maintain a growth rate 
through greater energy expenditure, possibly obtaining more food and spending larger 
amounts of time brooding (Joest 2003). In addition, Joest (2003) found that Avocet 
chicks growing in warmer environments were more adaptable to differences in food 
availability than chicks growing in cooler environments, which is most likely due to 
their lower energy expenditure on thermoregulation. 

African Black Oystercatcher chicks spend little time (6%) foraging (being fed) 
compared to the amount of time spent foraging by precocial shorebirds. This is a 
result of parental provisioning (Table 7.2). This is similar to the behaviour observed 
by Klaassen et al. (1992) in the semi-precocial, parent-fed Arctic Terns, Sterna paridesea,
and Common Terns, S. hirundo. African Black Oystercatchers, however, enjoy a mild 
climate, and chicks spend little time being brooded, even when they are young and 
their thermoregulatory systems are not fully developed. Instead of brooding or 
foraging African Black Oystercatcher chicks spent the majority of their time (83%) 
inactive without being brooded. This indicates that African Black Oystercatcher chicks 
are able to maintain body temperature, whereas temperate- and arctic-breeding 
shorebirds require extensive periods of brooding (Table 7.2). Adult African Black 
Oystercatchers did not invest much of their time brooding their chicks, but used most 
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Table 7.2. Activity of African Black Oystercatcher chicks at Robben Island, South Africa, 
compared to other semi-precocial and precocial species. * signifies chicks older than a week. 
Total average time allocation over 0–29 days of age for Arctic and Common Tern chicks and over 
0–37 days of age for African Black Oystercatcher chicks. 

  Brooding Foraging Motion Motionless 
     Parentally-fed semi-precocial species 
1Common Tern 16 1 12 71
1Arctic Tern 20 2 11 67
 African Black Oystercatcher 4 5 6 83
     Temperate breeding species 
2Bar-tailed Godwit* 19 80 1 0
2Northern Lapwing* 29 70 1 0
3Red Knot 39 60 1 0
4Little Stint 36 63 1 0

1Klaassen & Bech (1992), 2Schekkerman & Visser (2001), 3Schekkerman, Tulp, Piersma & Visser 
(2003), Tjørve et al. (submitted manuscript-b) and this study. 

of their time during the low-tide period foraging for themselves and feeding their 
chicks.

Sibling r valry and its impact on growth, DEE and energy budgets i
African Black Oystercatcher chicks hatch synchronously, within hours of each other 
(Hockey 1983a). As a result of sibling rivalry and parent-offspring conflicts, 
oystercatcher chicks start to show mass differences two to three weeks after hatching 
(Tjørve et al. submitted manuscript-a). The growth rate coefficients of siblings were 
significantly different, one chick growing faster and becoming larger than the other. A 
similar trend was found in siblings of American Black Oystercatchers (Groves 1984, 
Hazlitt et al. 2002), and Eurasian Oystercatchers (Safriel 1981). 

The faster growth of one sibling means that it is capable of allocating more 
energy into Etis and Esyn than its slower-growing sibling. Etis and Esyn, however, is only 
on average 20% of the DEE of an individual. Thus, assuming that RMR and 
thermoregulation costs depend only on the mass of the oystercatcher chick and not its 
rate of growth, even quite large differences in growth rate will not result in large 
differences in DEE between siblings. 

The smaller chick can possibly change its behaviour when hungry, actively 
begging its parents for food, while the larger chick is satiated and shelters in a warm 
position. Consequently, the smaller sibling can expend relatively more energy than the 
larger sibling in thermoregulation and activity while the larger chick allocates its energy 
to growth, which may explain why the smaller sibling can have similar DEE as the 
larger chick, despite its lower mass. 

Single chicks grew at about the same rate as the large sibling and marginally 
faster than the small sibling in two-chick broods (Tjørve et al. submitted manuscript-
a). No significant differences in relative DEE were, however, observed between single 
chicks and the large or small siblings of two-chick broods. A larger sample size may 
result in significance difference. 
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Adult oystercatchers may adjust their feeding of chicks according to the 
number of chicks and the food availability of their habitat; two-chick broods requiring 
more parental effort than one-chick broods. Sibling rivalry can, however, reduce the 
energy requirements of the brood because both chicks do not grow as rapidly as single 
chicks, and one chick grows slower. Single chicks may therefore benefit energetically 
from not having to share food with a sibling. 

The different sizes and hence different energy requirements of siblings may 
have energetic implications on the parents feeding the growing chicks. We found that 
an average two-chick brood requires 1251.6 kJ.d–1 at 40 days when the chicks are 
fledging. Average single chicks require 630.6 kJ.d–1 at 40 days. This value doubled, for 
two theoretical chicks, is 10 kJ.d–1 greater than the requirements of an average two-
chick brood.  

Conclusion
African Black Oystercatcher chicks are parent-fed, semi-precocial birds that spend a 
large amount of time inactive without being brooded. RMR and TME of African 
Black Oystercatcher chicks are approximately the same as predicted for their size. 
Compared to self-feeding precocial shorebird species growing at the same latitude, 
African Black Oystercatcher chicks were better able to obtain and use energy and were 
able to grow at a relatively faster rate with a smaller ADME. Based on the relative 
growth, RMR and TME values, and assuming that relative food availability is about 
the same, this parent-fed semi-precocial species has gained an energetic advantage 
over self-feeding precocial species at the same latitude through its mode of 
development. Further research is required to determine whether mode of 
development influences shorebird energetics in cooler temperate environments. 
Eurasian Oystercatchers are smaller than African Black Oystercatchers and they grow 
at a higher latitude. The combined effects of body size and latitude may have resulted 
in Eurasian Oystercatchers having a larger growth rate coefficient. Their smaller 
ADME is most likely a consequence of their fast growth, but behaviour (brooding) 
and food availability may have also influenced energy expenditure.  
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Abstract

Prefledging growth and energetics of Spotted Thick-knee, Burhinus capensis, chicks 
were investigated in the vicinity of Cape Town, South Africa. Because Spotted 
Thick-knees are nocturnal feeders during their summer breeding season it was 
hypothesised that their limited time available to feed would influence their growth 
and energetics. The growth rate coefficient, resting metabolic rate (RMR), peak 
daily metabolisable energy (peak DME) and total metabolisable energy (TME) of 
Spotted Thick-knee chicks was similar to the values predicted for birds of their size. 
Therefore, the potential negative impact of nocturnal feeding on chick growth may 
be countered by parental feeding; reducing chick energy expenditure on 
thermoregulation and activity, and adults potentially extending their foraging time 
into the day as their chicks become larger. Their relative energy requirements were 
greater than those of precocial shorebird chicks in the same climate of the Western 
Cape, but lower than those of shorebirds breeding in temperate or arctic zones. 
The semi-precocial mode of development of Spotted Thick-knees did not result in 
reduced energy expenditure or faster growth than anticipated for shorebirds in 
general, but their relative growth was greater than that of precocial species at the 
same latitude. Therefore, semi-precocial development benefits the growth of 
Spotted Thick-knees. 
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Introduction
Weathers (1992) found that total metabolized energy over the prefledging period of 
birds increased with body size and age at fledging. In addition, shorebird species 
breeding at higher latitudes spent more energy than predicted for species of their 
size (Weathers 1992, Schekkerman & Visser 2001, Schekkerman et al. 2003, Tjørve
et al. submitted manuscript-b). Schekkerman and Visser (2001) predicted that 
parentally-fed semi-precocial shorebirds would have a reduced energy expenditure 
compared to self-feeding precocials because the energetic burden of collecting and 
transporting food rests on the adult rather than the chick. Tjørve et al. (submitted 
manuscript-d) found that parent-fed semi-precocial African Black Oystercatcher, 
Haematopus moquini, chicks growing in the subtropics metabolized 3.7% more energy 
than predicted for a species of their body size. The mass-specific metabolic rate for 
this species was about the same as that determined for three precocial shorebird 
species growing in the same warm environment (Tjørve et al. submitted manuscript-
d) although their growth rate was closer to that predicted for shorebirds in general 
(Tjørve et al. submitted manuscript-d). 

Spotted Thick-knees, Burhinus capensis, are found throughout southern 
Africa (Maclean 1997). In the Western Cape, South Africa, Spotted Thick-knees 
breed from the end of August through to April, peaking in October and November 
(Maclean 1997). Spotted Thick-knee chicks are semi-precocial, adults feeding their 
chicks mostly insects (Hockey & Dowie 1995). The exact date at which chicks start 
feeding on their own is unknown, but to some degree they seem to depend on their 
parents until fledging (Maclean 1997). Because they feed predominantly at night 
(Maclean 1997) they have only about nine hours per night available for foraging at 
the latitude of this study. Such limited feeding time may constrain food, and thus 
energy, intake, and consequently chick growth. 

Thick-knees have a modal clutch size of two eggs (Maclean 1997) and the 
chicks usually hatch synchronously (KMCT pers. obs). Sibling rivalry may occur 
(Hockey & Dowie 1995) and can result in one chick becoming larger and growing 
at a faster rate. Size difference between siblings starts to show after two to three 
weeks (KMCT pers. obs). 

The aim of this study was to determine whether growth, DEE, RMR and 
total metabolisable energy intake (TME, kJ.d–1) of Spotted Thick-knee chicks falls 
within the range observed for sub-tropical species, and whether their semi-precocial 
mode of development enabled chicks to grow at a faster rate than precocial species. 

Methods
Study area
Spotted Thick-knee breeding was monitored at six sites in the vicinity of Cape 
Town (34 S 18 E, Figure 8.1), South Africa, from May 2001 to April 2004. The 
study sites consisted of three golf courses (one near the University of Cape Town,  
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Figure 8.1. The six study sites where Spotted Thick-knees were monitored in the vicinity of 
Cape Town, South Africa. 

UCT, and two 50 km from Cape Town), two school fields and the grounds of a 
hospital (near UCT).

Growth measurements
Nests were found in the study sites and broods were monitored from hatching until
fledging. Chicks were captured, measured and ringed on the right leg with an 8 mm
stainless steel (SAFRING) ring and a unique combination of three colour rings. 
Thereafter, they were monitored at four to seven day intervals.

On each capture, chick mass was measured to the nearest 0.1 or 0.5 g using 
a Pesola spring balance. Mean mass was determined for hatchlings and for 
prefledglings on their last capture. Chicks of known age with an accuracy of 24 
hours and chicks of unknown age were weighed a minimum of five days apart in 
order to describe growth of body mass.

Growth parameters were determined for the Gompertz growth model,
M = A · exp (–exp (– k · (t T))),

and logistic growth model,
M = A/(1 + exp (– k · (t  T))).

In the models the parameter M is body mass (g), A is the asymptotic mass (g), k is 
the growth rate coefficient (d–1), t is the age of the chick (d), and T is age at the
point of inflection (d). The goodness of fit was compared and the better fitting
model was chosen to describe the relationship between body mass and age. Because
the chicks fledged while still growing, it was not possible to estimate the asymptote
meaningfully, and the mean mass of adults (453.5 g) was used as the asymptote.
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The exact age of many chicks was unknown because they had already left 
the nest when first encountered; therefore the growth of Spotted Thick-knees was 
modelled using methods described in Tjørve et al. (submitted manuscript-a, 
submitted manuscript-d).

Energetic expenditure using the doubly-labelled water (DLW) technique 
Measurements of daily energy expenditure (DEE, kJ.d–1), defined as energy 
expenditure of chicks excluding that which is deposited into tissue, of free-living 
Spotted Thick-knee chicks were made, using the DLW technique (Lifson & 
McClintock 1966; Nagy 1980, Speakman 1997, Visser & Schekkerman 1999). Either 
single chicks or siblings in families with two chicks were captured, weighed to the 
nearest gram and then injected subcutaneously in the ventral region or in the 
peritoneal cavity with 0.1 to 0.7 ml of DLW, depending on the mass of the chick. 
The DLW consisted of 35.6% D2O and 60.7% H218O. Both the two-sample (Nagy 
1983) and single-sample (Webster & Weathers 1989) DLW protocols were used. 
The Spotted Thick-knee chicks subjected to the two-sample protocol were kept 
warm in a well-ventilated cloth bag after their injection for an equilibration period 
of 45 min to 1 h after which initial blood samples were taken. Four to six 10–15 l
blood samples were then collected from the brachial vein, into glass capillary tubes, 
which were flame-sealed within minutes. These chicks were released after the initial 
blood samples were collected. The chicks subjected to the single-sample protocol 
were released directly after the DLW injection, and no initial blood samples were 
taken. All chicks were recaptured after approximately 24 hours, and blood samples 
and mass measurements were taken. 

2H/1H and 18O/16O ratios in the blood samples were analysed with a SIRA 
9 isotope ratio mass spectrometer at the Centre for Isotope Research, University of 
Groningen, following procedures described by Visser and Schekkerman (1999) and 
Visser et al. (2000a). Due to difficulties in quantitatively injecting the dose 
(especially in small chicks), the chick’s body pool water (N, moles) was calculated 
using the equation derived for shorebird chicks (modified from Schekkerman and 
Visser 2001): 

N = 0.000556 · M · (79.86 – (9.55 · (M/453.5)),

where M represents the chick’s average body mass (g) over the DLW measurement 
(the average of the initial and final masses), and 453.5 represents asymptotic body 
mass (g), defined as adult body mass obtained from Maclean (1993). Daily rates of 
carbon dioxide production were determined using the methodology described and 
validated by Visser and Schekkerman (1999), Visser et al. (2000a) and Schekkerman 
and Visser (2001). These rates of carbon dioxide were converted to daily energy 
expenditure (DEE), using a factor of 27.3 kJ.l–1 of carbon dioxide produced 
(Gessaman & Nagy 1988). Analyses were done in triplicate and averaged. 

Tjørve et al. (submitted manuscript-b) introduced the modified power 
curve,
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DEE = a · Mb–(c/M)

where a, b and c are coefficients to be estimated, to describe the relationship 
between body mass (M, g) and DEE (kJ.d–1) of Little Stint, Calidris minuta, chicks. 
This model creates a single curve by modifying the power curve,  

DEE = a · Mb,
such that the scaling exponent (b–(c/M)) varies with body mass. To keep the 
results of this paper as comparable as possible to those of previous studies where 
the power curve was used, analyses were completed using both the modified power 
curve and the traditional power curve. The programme GraphPad Prism (2003) was 
used for both regressions fitted in log-log space. Because the power curve and the 
modified power curve are nested, we chose to use the F-test to determine which 
model is the better fitting for the DEE versus body mass data for Spotted Thick-
knee chicks (Motulsky & Christopoulos 2004). The DEE data were tested for 
outliers using Grubb’s test (Motulsky & Christopoulos 2004), and the residuals of 
the regressions were tested for normality using the Kolmogorov-Smirnoff test and 
the Shapiro-Wilk normality test (Motulsky & Christopoulos 2004). 

In order to determine growth rates of experiment chicks at various stages 
along the growth curve, a growth index was calculated as the ratio of the observed 
growth of the chick and the predicted growth over the same time interval based on 
the fitted growth curve. Hence, a growth index of 1 means that chicks grew as fast 
as expected, while a growth index of 0 denotes that chicks did not grow at all, and 
negative values indicate mass loss. 

Resting metabolic rate determined through respirometry 
Resting metabolic rates were determined for free-living Spotted Thick-knee chicks 
from hatching to fledging. Chicks were captured in the morning and experiments 
were carried out before 14:00 hours so that the chicks experienced similar 
conditions at the time of the experiments. Repeat measurements were completed 
on two Spotted Thick-knee chicks. After being collected from the field, the chick’s 
body mass was measured to within ±0.1 g, and within half an hour to an hour the 
chick was placed individually in a darkened respiration chamber of appropriate size 
(between 1 l and 10 l). Temperature was measured in the chamber prior to the 
experiment and was monitored in the temperature-controlled chamber throughout 
the experiment. The respirometry system used in this study is further described in 
Tjørve et al. (submitted manuscript-c) and Tjørve et al. (submitted manuscript-d). 
Measured metabolic rate VO2 (ml.O2.h–1) values were converted to standard 
temperature conditions in dry air (l.d–1) and, subsequently, to energy expenditure 
using a conversion factor of 19.7 kJ.l–1 O2 (Visser & Ricklefs 1993b). These values 
were modelled using the modified power curve in log-log space to produce a curve 
for chick resting metabolic rate. 

The modified power curve used to describe the relationship between DEE 
and RMR with mass was the best-fitting model available to us at the time of the 
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analysis. There may be another model that could better describe the data. This 
requires further consideration. 

Energy budget estimation 
Prefledging energy budgets were estimated for Spotted Thick-knees on the basis of 
the average body mass growth curve for free-living chicks. Metabolisable energy is 
the sum of two components: DEE and energy that is converted into tissue, Etis
(kJ.d–1). DEE was measured using the doubly-labelled water method. Etis was 
estimated as the daily increment of the product of body mass and energy density of 
tissue, using the equation derived for shorebird chicks (Schekkerman & Visser 
2001),

Etis(t) = Mt (4.38 + 3.21 (Mt/A)) – Mt–1 (4.38 + 3.21 (Mt–1/A)),
where Mt–1 and Mt are the masses (g) estimated by the logistic growth curve for days 
t–1 and t, and A is the asymptotic mass (g) for the species. 

DEE is composed of resting metabolic rate (RMR, kJ.d–1), energy 
consumed by tissue synthesis (Esyn, kJ.d–1), and energy costs of thermoregulation 
and activity (Etr + act, kJ.d–1). Observed RMR determined for Spotted Thick-knee 
chicks through respirometry was used in the energy budget for the chicks. Etr + act is 
a single estimate because there is interaction between them; heat may be lost while 
the chick is active, and similarly heat may be generated during activity (Weathers 
1996). Assuming a synthesis efficiency of 75%, Esyn was estimated as one third of 
Etis (Weathers 1996). This estimated value needs confirmation. 

Peak daily metabolisable energy (peak DME, kJ.d–1) is the maximal energy 
demand of chicks across the prefledging period (Weathers 1992). Precocial birds 
often fledge before attaining adult mass (Fjeldså 1977, Starck & Ricklefs 1998a) 
thus their energy requirements may continue to increase after fledging. Total 
metabolisable energy (TME, kJ) is the total amount of energy metabolized during 
the whole prefledging period. Both peak DME and TME were estimated for 
Spotted Thick-knees from the calculated ME curve. 

Growth efficiency (%) was estimated as the sum of the daily Etis values, 
divided by TME. Total energy for growth was calculated as the sum of the total 
energy accumulated and the energy used to produce heat during biosynthesis. The 
remaining energy is what is used for RMR, locomotion and thermoregulation.  

Environmental conditions and their impact on DEE 
Hourly ambient temperature and rainfall data were obtained for the general vicinity 
of the study areas from the South African Weather Bureau for all three years of this 
study. An approximation of operative body temperature (Te, ºC) at chick level, 
which integrates air temperature and heating effect on radiation (Bakken et al. 1985, 
Walsberg & Weathers 1986), was measured by recording the temperatures within a 
blackened copper sphere with a diameter of 3.5 cm in which a thermocouple was 
mounted. A similar white sphere measured ambient air temperature (Bakken et al.
1985, Walsberg & Weathers 1986). Operative and ambient temperatures were 
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logged every hour on a data logger (MC Systems, South Africa) during the DLW 
measurements. The impact of ambient and operative temperatures on DEE was 
estimated through stepwise linear regression. 

log (DEE) = A +  b · log M + c · M–1 · log M + d · Ta + e · Te.
The additional explanatory variables were not log-transformed, in accordance to 
Schekkerman and Visser (2001) and Schekkerman et al. (2003). 

Results
Growth
During the breeding season of 2001–2002, 25 captures and recaptures of 11 chicks 
from 10 broods were made; in the 2002–2003 breeding season 90 captures and 
recaptures of 43 chicks from 24 broods were made, and in the 2003–2004 breeding 
season 74 captures and recaptures of 24 chicks from 20 broods were made.  

Median hatching mass of Spotted Thick-knee chicks found in the nest cup 
was 26.9 g (mean = 26.7, SD = 3.10, lower quartile = 24.8, upper quartile = 28.6, 
n = 13). Median mass of last capture before fledging was 386.3 g (mean = 379.3, 
SD = 43.5, lower quartile = 352.0, upper quartile = 400.0, n = 9), which is 84% of 
adult mass, 453.5 g (Maclean 1993). Spotted Thick-knee chicks could fly when their 
wing length exceeded a median length of 173 mm (mean = 168, SD = 20.2, 
range = 140.5-198, n = 9) at 50 to 58 days after hatching. For the purposes of this 
study a fledging age of 54 days was used. 

Body mass growth of Spotted Thick-knee chicks was better described by 
the Gompertz growth model than the logistic growth model. We calculated the 
Gompertz growth rate coefficient, KG, of mass for individual chicks 
(range = 0.028 d–1 to 0.097 d–1) and used the median growth rate value, 0.056 d–1

(mean = 0.056, lower quartile = 0.046, upper quartile = 0.064, SD = 0.017, n = 20) 
for description of the species, i.e.  

M = 453.5 · exp (–exp (–0.056 · (t – 18.9)), 
where M is body mass (g), 453.5 is asymptotic body mass (g) that was set at adult 
body mass (Maclean 1993), and t is age (d, Figure 8.2). 
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Figure 8.2. Growth in body mass (g) of Spotted Thick-knee chicks in the vicinity of Cape Town,
South Africa, of known age ( ), and estimated age ( ).

Energy expenditure 
Fifteen DLW measurements were made on Spotted Thick-knee chicks. Mean time
between initial and final sample was 23.9 hours (range = 23.9 – 24.0, SD = 0.323)
for the four two-sample protocol chicks. For the eleven single-sample protocol
chicks mean time between injection and final sample was 23.4 hours (range = 16.8
– 24.8, SD = 2.27).

During the experiments, one chick lost mass at an average rate of 0.8% d–1,
the mass of one chick remained stable, and 13 chicks gained mass at an average of
7.5% d–1 (SD = 6.88). The average growth index for the DLW measurement chicks
was 0.97 (median = 0.60, SD = 1.59, range = –0.48 – 6.52, lower quartile = 51.1, 
upper quartile = 171.3) for the 15 thick-knee chicks. 

The daily energy expenditure data of the 15 DLW measurements showed a 
normal distribution with no outliers. Two additional DLW measurements were
taken on two slow-growing chicks. These data were not included in the analysis of
DEE data because their growth was classed as outlier data and were removed from 
the growth analysis. Their growth and DEE data were, however, included in a later
analysis of variation in growth and energy expenditure. The relationship between
DEE (kJ.d–1) and body mass (M, g) can be described by the power curve,

DEE = 0.382 · M 1.262 (Figure 8.3a) 
(r2 = 0.931, SEB0 = 0.188, SEB1 = 0.095, n = 15). The inclusion of the additional
term to form the modified power curve improved the fit,

DEE = 485.3 · M 0.036 – (27.6/M) (Figure 8.3b)
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 (r2 = 0.985, SEB0 = 0.489, SEB1 = 0.196, SEB2 = 4.28, n = 15). The estimates of the
regression coefficients of the modified power curve were closely correlated; thus 
the coefficients in these equations cannot be considered individually, and need to 
be used together to predict DEE for a given mass.

The power curve with the fixed allometric scaling exponent tended to
overestimate DEE in chicks of 24 g to 47 g, and in chicks heavier than about 200 g
(Figure 8.3a). The residuals of the modified power curve were evenly distributed
along the fitted curve through the body mass range. An F-test showed that the
modified power curve was the better fitting model to the DEE versus body mass
data for Spotted Thick-knees (F-test: F = 62.0, df = 12, P < 0.0001). 
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Figure 8.3. Daily energy expenditure as a function of body mass in 15 Spotted Thick-knee
chicks at Cape Town, South Africa, modelled with (A) the power curve and (B) the modified
power curve. 
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According to the modified power curve, total DEE requirements of the 
Spotted Thick-knee increased during the prefledging period (Figure 8.3). Hatchling 
Spotted Thick-knees had a DEE of 20.0 kJ.d–1, and the DEE of a 54 day old 
fledgling was 381.5 kJ d–1. At 50% of asymptotic mass, 226.8 g, DEE of Spotted 
Thick-knee chicks was 319.3 kJ d–1.

For four chicks we obtained measurement of DEE and growth rate; 
however, there was no correlation between both variables (one-tailed Spearman’s 
rank correlation: r = –0.100, P = 0.437, n = 4). Two additional DLW experiments 
were carried out on slow growing chicks that took about 10 weeks to fledge. When 
including the growth rates and relative DEE values of these two chicks, we found 
that relative DEE increased with increasing growth rate (Spearman’s rank 
correlation: r = 0.886, P = 0.019, n = 6). 

Resting metabolic rate 
Resting metabolic rate was determined for 12 Spotted Thick-knee chicks at 
different ages during the prefledging period – chicks ranging in size from 38 g to 
345 g. The modified power curve was used to describe the RMR of Spotted Thick-
knee chicks, 

RMR = 1.36 · M 0.90 – (– 1.58/M) (Figure 8.4). 
The power curve was better fitting to the RMR data than the modified power curve 
(F-test: F = 0.048, df = 9, P = 0.832), but the modified power curve and the power 
curve produced almost identical curves. To conform to methods as used by Tjørve 
et al. (submitted manuscript-b, submitted manuscript-c, submitted manuscript-d) 
the modified power curve was used in this analysis. 

According to the modified power curve, peak RMR of a fledlging was 
297.7 kJ.d–1 (Figure 8.4). Taking body mass into account, this gives a RMR for 
Spotted Thick-knees of 0.771 kJ.d–1.g–1. Estimated energy expenditure for RMR 
over the whole prefledging period was 8884.5 kJ. 

Modelled DEE in a hatchling was 11.9  kJ.d–1 (38%) less than its RMR. 
This is most likely an artefact of the model used. The difference between DEE and 
RMR increased so that DEE was 83.8 kJ.d–1 (22%) more than RMR in a chick of 54 
days at fledging (Figure 8.5).
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Figure 8.4. Resting metabolic rate in relation to body mass for Spotted Thick-knee chicks in 
the vicinity of Cape Town, South Africa. The solid line ( ) represents the modified power curve
fitted to the observations and the dashed line (···) represents the quadratic equation of
Weathers and Siegel (1995, ···).
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Figure 8.5. The comparison of DEE data ( ) and the relationship between body mass (g) and
DEE ( ), and RMR data ( ) and the relationship between body mass (g) and RMR (···) of 
Spotted Thick-knee chicks in the vicinity of Cape Town, South Africa.
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Energy budget
Based on the DEE described by the modified power curve, peak (maximum) DME
was 426.2 kJ.d–1 for a 392.9 g chick of 54 days (Figure 8.6, Table 8.1). Total 
metabolisable energy (TME) was 17546.1 kJ for Spotted Thick-knees over a
prefledging period of 54 days (Table 8.1). We calculated average daily metabolisable
energy (ADME, kJ.d–1) as TME divided by fledging mass and time to fledging
(Weathers 1992). A mass specific value of 0.83 kJ.g–1.d–1 was determined for 
Spotted Thick-knee chicks.

Growth efficiency is the total accumulated tissue during the prefledging 
period, divided by the TME. For Spotted Thick-knees this value was 15.2%. Total 
energy for growth was calculated as the sum of energy accumulated into tissue and
that used for biosynthesis. For Spotted Thick-knee chicks this value was 20.3%;
therefore energy for RMR, locomotion and thermoregulation was 79.7%.

The maximum DME and TME of Spotted Thick-knees determined with 
the power curve were considerably greater than that determined with the modified
power curve, (Table 8.1). This difference is a result of the different fits of the two
models; that of the modified power curve fitting the data better than the power
curve for both the DEE and RMR data. 

Energy budgets constructed for the median, lower quartile and upper 
quartile of the growth rate coefficient showed small differences (Figure 8.7). Chicks
with fast growth rates had the smallest peak DME and TME (422.2 kJ.d–1 and 
16670 kJ, respectively) and chicks with slow growth rates had the greatest peak
DME and TME (445.3 kJ.d–1 and 20181 kJ, respectively). 
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Figure 8.6. Energy budget of Spotted Thick-knee chicks in the vicinity of Cape Town, South
Africa, as a function of age. 
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Figure 8.7. Energy budget of tSpotted Thick-knee chicks in the vicinity of Cape Town, South
Africa, for lower quartile, median and upper quartile Gompertz growth rate coefficients, KG.

Table 8.1. Energy budget results for Spotted Thick-knee chicks in the vicinity of Cape Town,
South Africa, from the power curve and the modified power curve.

Power
curve

Modified
Power
curve

Predicted

Peak RMR (kJ.d–1) 301.1 302.2 315.6
Total RMR (kJ) 10235.0 10079.8 10915.6
Relative Peak RMR (% above the prediction) –4.6 –4.3
Relative RMR (% above the prediction) –6.2 –7.7
Peak DME (kJ.d–1) 750.6 426.2 481.7
TME (kJ) 23318.4 17546.1 18329.8
Relative Peak DME (% above the prediction) 55.9 –11.5
Relative TME (% above the prediction) 27.2 –4.3

Total energy accumulated (kJ) 2670.8 2670.8
Energy of heat produced in biosynthesis  (kJ) 889.4 889.4
Total energy for growth including biosynthesis (kJ) 3560.2 3560.2
Growth efficiency (%) 11.5 15.2
Total energy for growth (%) 15.3 20.3
Total energy for RMR, Eth+act (%) 84.7 79.7
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Figure 8.8. Ambient temperature (˚C) and monthly rainfall (mm) in the vicinity of Cape Town, 
South Africa, across the three year study of Spotted Thick-knees. This species breeds from
August to April which is shown in this graph by “Season”.
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The effect of environmental conditions on DEE 
Average ambient temperature and rainfall data in the vicinity of Cape Town for the 
three years during which the study was conducted are summarized in Figure 8.8. 
The average ambient temperature in the vicinity of Cape Town during the three 
breeding seasons was 18.1 ºC. The average ambient temperature during the DEE 
measurements of Spotted Thick-knee chicks was 19.1 ºC, with a range between 
13.4 ºC and 29.6 ºC (SD = 3.61, n = 15). Multiple linear regression showed that the 
variance in DEE of prefledging Spotted Thick-knees was explained mostly by the 
mass of the chicks because ambient (P = 0.985) and operative (P = 0.960) 
temperature did not exert significant effects on DEE. 

Discussion
Growth of Spotted Thick-knee chicks
Age of fledging in Spotted Thick-knee chicks is 54 days. Due to this long 
prefledging period one would assume that they grow slowly. The median Gompertz 
growth rate coefficient, KG, determined from this study for Spotted Thick-knee 
chicks, was 0.056 d–1. This KG value was larger than that determined by Tjørve et al.
(submitted manuscript-a) for the semi-precocial chicks of the African Black 
Oystercatcher (0.0495 d–1) and smaller than that of the precocial chicks of the 
Kittlitz’s Plover, Charadrius pecuarius (0.060 d–1), Blacksmith Lapwing, Vanellus 
armatus (0.058 d–1), and Crowned Lapwing, V. coronatus (0.072 d–1), chicks in the 
same warm climate of the Western Cape (Figure 8.9). Beintema and Visser (1989b) 
introduced a negative relationship between asymptotic body mass and growth rate 
coefficient for Charadriidae and Scolopacidae. This relationship seems to hold for 
Spotted Thick-knees and African Black Oystercatchers also. The growth rates of 
the precocial species studied in South Africa (Tjørve et al. submitted manuscript-c) 
fell below the values predicted from the Beintema and Visser (1989b) relationship. 

Consequently the KG for Spotted Thick-knees can be predicted from the 
Beintema and Visser (1989b) relationship, KG = 0.390 · A–0.312, where asymptotic 
mass (A, g) was set at 453.5 g. The predicted KG for Spotted Thick-knees was 
0.0578 d–1. Accordingly, the KG determined for Spotted Thick-knees of this study 
was 4.3% smaller than predicted for their body size. This is within the prediction 
limits for shorebird growth. 

The relative growth rate coefficient of Spotted Thick-knees was similar to 
that of African Black Oystercatcher chicks – 2% less than predicted (Tjørve et al.
submitted manuscript-a). The growth rate coefficients of these semi-precocial 
chicks was not significantly different from the predicted value. The relative growth 
rate coefficients of Kittlitz’s Plover, Blacksmith Lapwing and Crowned Lapwing 
chicks were 47%, 72% and 91%, respectively (Tjørve et al. submitted manuscript-c). 
It therefore seems that precocial shorebird species in a sub-tropical environment 
have relatively slower growth than semi-precocial species. 
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Spotted Thick-knees feed predominantly at night (Hockey & Dowie 1995); 
during their summer breeding season their feeding periods are therefore short, 
about nine hours per day. Coupled with chicks having digestive bottlenecks and the 
necessity to brood, the time chicks have available for feeding is limited and may 
constrain the growth of Spotted Thick-knee chicks. Nocturnal feeding did not seem 
to influence their growth rate, however, because they grew only slightly slower than 
predicted for their size. Chicks are parent-fed, thus reducing their energy 
expenditure for thermoregulation and activity. Further study is, however, required 
to ascertain the behavioural patterns of Spotted Thick-knees to determine whether 
they, like Stone Curlews, Burhinus oedicnemus, feed during the day when feeding large 
chicks (Cramp et al. 1983). The potential negative impact of nocturnal feeding on 
chick growth may therefore be countered by parental feeding to reduce chick 
energy expenditure, and adults extending their foraging time into the day when 
chicks become large.

Stone Curlews are closely related but larger than Spotted Thick-knees, with 
an average adult body mass of 560 g. Heinroth and Heinroth (1924–1932) found 
that Stone Curlew chicks had a growth rate coefficient of 0.055 d–1 in captivity 
(Figure 8.9). This growth rate coefficient is slightly larger than that of Spotted 
Thick-knees and was 26% larger than predicted for a bird of its size. The growth 
rate coefficients of the different species described in Rahn et al. (1984) and 
Beintema and Visser (1989b) decrease with increased body size (Ricklefs 1973, 
Visser & Ricklefs 1993a). 

Stone Curlews are found in temperate regions (Cramp et al. 1983), which is 
at a higher latitude than the sub-tropical environment where Spotted Thick-knees 
were studied. Growth rates of birds increase with increasing latitude (Klaassen and 
Drent 1991, Tjørve et al. submitted manuscript-b). Klaassen and Bech (1992) 
suggested that RMR and growth rate may be phylogenetically controlled to some 
extent. This result was therefore unexpected. The growth rate coefficient of Stone 
Curlews was, however, determined in captivity, and chicks reared in captivity 
usually experience no limitations of food or environmental conditions compared to 
free-living chicks.  
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Figure 8.9. Chick growth rate coefficient as a function of asymptotic mass for precocial
shorebirds in arctic ( ), temperate ( ), tropical ( ) and sub-tropical ( ) subregions and for
semi-precocial oystercatchers ( ) and thick-knees ( ). The curve represents the predictive 
equation of Beintema and Visser (1989b). Data in this graph were obtained from Beintema and
Visser (1989b), Cairns (1982), Dement’ev and Gladov (1969), Glutz von Blotzheim et al. 
(1975) in Ricklefs (1973), Heinroth and Heinroth (1924-1932), Hockey (1984), Hötker (1994),
Klaassen and Drent (1991), Norton (1970, 1973), Parmelee et al. (1968), Parmelee (1970),
Pienkowski (1984), Redfern (1983), Ricklefs (1973), Safriel (1975), Schekkerman (1998a,
1998b, 2001, 2003), Soikkeli (1967), Tjørve et al. (submitted manuscript-a, submitted 
manuscript-b, submitted manuscript-c, submitted manuscript-d) and this study.

Energetics: DEE, RMR and energy budgets 
Daily energy expenditure of prefledging Spotted Thick-knees increased with growth 
in body mass. The climate in the Western Cape is mild, and fluctuations in the
weather over the thick-knee breeding season are relatively small (Figure 8.8). These 
mild environmental conditions did not have a significant effect on thick-knee DEE.

Weathers (1979) stated that basal metabolic rate (BMR) in adult birds in 
the tropics tends to be lower than predicted from a regression of BMR on body
mass for all birds, independent of their geographic distribution. Kersten and
Piersma (1987) suggested that natural selection might favour relatively low BMR in 
the tropics because it would reduce food demand (Kersten & Piersma 1987). Food 
availability is thought to reduce with decreasing latitude (Lack 1968), therefore it
could be beneficial to reduce energy requirements in a food-poor environment in
addition to reducing the production of metabolic heat in a warm environment.

Spotted Thick-knees inhabit a warm environment; therefore it was
expected that adult thick-knees would have a low BMR for their size and it was
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predicted that their chicks would show a similar trend. Weathers and Siegel (1995) 
found that RMR can be estimated to within about 20% of the actual value by the 
quadratic equation 

log RMR = –1.4852 + 1.2684 log M – 0.102(log M)2,
where M represents body mass (g). Their analysis took into account phylogenetic 
effects and included a good range of species, including some tern species which are 
of similar size and have similar semi-precocial development to the Spotted Thick-
knee. Therefore, the above equation was assumed to be appropriate for the Spotted 
Thick-knee. From the quadratic equation it was predicted that RMR in a hatchling 
would be 31.4 kJ.d–1, and that RMR at fledging would be 315.4 kJ.d–1. Observed 
hatchling RMR was within 1% of the predicted value, 31.8 kJ.d–1, and fledgling 
RMR was within 4% of the predicted value, 302.2  kJ.d–1 (Figure 8.4).

Precocial shorebirds growing in the same environment had lower observed 
fledgling RMR values compared to that predicted for their size – 73% for Kittlitz’s 
Plovers, 71% for Blacksmith Lapwings and 92% for Crowned Lapwings (Tjørve et 
al. submitted manuscript-c). The observed fledgling RMR of the semi-precocial 
African Black Oystercatcher was 99% of the predicted value (Tjørve et al. submitted 
manuscript-d). Therefore, it seems that the observed RMR of semi-precocial 
species at the same latitude, in the Western Cape, is closer to predicted values than 
in precocial species. 
 Due to their size, the TME of Spotted Thick-knees was larger than that of 
the three precocial shorebird species in the Western Cape (Tjørve et al. submitted 
manuscript-c) and smaller than that of African Black Oystercatchers (Tjørve et al.
submitted manuscript-d). 

Weathers (1992) predicted peak DME and TME from fledgling body mass 
(Mfl, g) and the length of the prefledging period (tfl, days) using the equations 

predicted peak DME = 11.69 · Mfl0.9082 · tfl–0.428,
and

predicted TME = 6.65 · Mfl0.852 · tfl0.71.
The observed peak DME was 11.5% less than that predicted (Table 8.1), and the 
observed TME was 4.3% less than that predicted (Table 8.1) for a species the size 
of Spotted Thick-knees. 

Joest (2003) found that in Spain (36°N), Pied Avocets, Recurvirostra avosetta,
showed physiological plasticity to the unfavourable conditions by reducing their 
total metabolisable energy. The slightly lower relative RMR and relative TME of 
Spotted Thick-knees may be, in the same way as their slightly slower growth rate, 
an adaptation to low food availability in a semi-arid warm environment, when 
compared to semi-precocial species in cooler temperate regions where food 
availability may be greater. 

Tjørve et al. (submitted manuscript-d) concluded that the semi-precocial 
mode of development enabled African Black Oystercatcher chicks to have growth 
and energy expenditure close to that predicted for a bird of their size. Spotted 
Thick-knee chicks in this study exhibited growth and energy expenditure similarly 
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close to predicted values. The relative TME of Spotted Thick-knee chicks was, 
however 8.5% less than that of African Black Oystercatcher chicks (Tjørve et al.
submitted manuscript-d). As observed in African Black Oystercatcher chicks, the 
semi-precocial mode of development seems to have offered Spotted Thick-knees 
energetic advantages over precocial shorebirds at the same latitude, thus enabling 
them to have faster relative growth. 

Conclusion
Spotted Thick-knees are large, predominantly parentally-fed semi-precocial 
shorebirds. Although they are nocturnal feeders and they have limited time 
available to feed during the summer nights, parental feeding may reduce chick 
energy expenditure on thermoregulation and activity, and adults can extend their 
foraging time into the day as their chicks become larger. Although Spotted Thick-
knee chicks did not exhibit faster growth or greater energy expenditure (RMR, peak 
DME and TME) than predicted, their semi-precocial mode of development 
benefited them with greater relative growth than precocial shorebirds at the same 
latitude.
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Abstract
Growth rate and energetics of avian chicks are expected to be adapted to mode of 
development, breeding habitat and geographic location of breeding. Shorebirds are 
excellent organisms to test these hypotheses on since they have a wide breeding 
distribution from the Arctic to Antarctica, and they exhibit an unusual variation in 
their breeding ecology. I use growth rate coefficients to analyse the growth of wader 
(Charadrii) and gull (Lari) chicks from my own fieldwork and from published data 
(142 species). In addition, I analysed published and new energy expenditure data for 
wader and gull chicks. Thus the data sets used are larger than used in previous studies 
and they are novel because they include data for precocial and semi-precocial wader 
species from the southern hemisphere that breed in a sub-tropical environment. I 
found that (1) growth rate coefficients were greater in smaller species; (2) growth rate 
coefficients of waders and gulls increased with breeding latitude, and growth rate 
coefficients of gulls were greater than those of waders of similar size; (3) peak daily 
metabolisable energy (DME) and total metabolisable energy (TME) of 23 wader and 
gull species were influenced by fledging mass, and peak DME increased with both 
increases in the length of the prefledging period and latitude; (4) hatchling resting 
metabolic rate (RMR), peak RMR and RMR over the whole prefledging period of 
waders and gulls increased with increasing body mass; and (5) chicks with shorter 
prefledging periods had a greater peak RMR and semi-precocial chicks expended less 
energy on RMR over the whole prefledging period than precocial chicks. These results 
gave me the opportunity to discuss why there are differences in growth and energetics 
between shorebird species that are a result of evolutionary adaptations. Further 
analyses are necessary to control for phylogenetic non-independence of species and to 
consider other potentially confounding life-history variables such as parental care. 
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Introduction 
There is large variation across species in the growth rate of avian and mammalian 
offspring (Ricklefs 1968, Eisenberg 1981), defined as an increase in body mass with 
time. Intraspecific studies of environmental effects on the growth rate of birds 
demonstrate that both environmental and life history variables influence growth rates 
(Beintema & Visser 1989a, Lack 1968, Schekkerman & Visser 2001). Growth rate 
may, therefore, be a reproductive strategy that is shaped by selection pressures (Lack 
1968). For example, growth rate may vary in accordance with local food availability 
and parental foraging ability. Consequently, growth can be influenced by ecology 
(such as climatic conditions, food supply or predation rates) and mode of 
development (self-feeding or parent-fed, which leads to different levels of activity and 
thus different energetic costs to chicks in addition to differences in the complexity of 
behavioural coordination and thus brain development; Beintema & Visser 1989a, Nol 
& Boire 1996, Ricklefs & Starck 1998a, Schekkerman et al. 1998b, Starck & Ricklefs 
1998b, Schekkerman et al. 2003, Tjørve et al. submitted manuscript-c). 

1. Ecology 
Fast growth rates may be selected (a) to minimise the period of vulnerability to 
predation when offspring are small – particularly in precocial, mobile and self-feeding 
species, and (b) to enable the completion of development before the onset of 
unfavourable conditions in highly seasonal environments (Lack 1968). A prerequisite 
for a fast growth rate, however, is food availability, and Lack (1968) reasoned that 
synchrony is required between the period of the growing chicks’ maximal demand and 
the period of greatest food abundance.  

The energy requirement of young animals includes energy for growth in 
addition to maintenance (Ricklefs 1968). Growth rate sets the underlying pace for 
developmental processes, and the energy requirements for growth influence both 
development time and energy budgets of the young (Ricklefs 1968, 1973, Ricklefs & 
White 1981). Growth rate, and thus energy budgets, of young animals are therefore 
influenced by food availability. In food-rich environments, young animals have 
sufficient energy resources available to grow faster than young animals in food-poor 
environments. 

Climatic conditions can influence energy expenditure, due to 
thermoregulation and the amount of time that parents or chicks can spend foraging; 
cold and wet conditions can reduce foraging time, due to the requirement for 
sheltering – or in the case of birds, brooding – and can potentially reduce food 
availability, e.g. arthropods for waders (Beintema & Visser 1989a, Schekkerman et al.
1998b). In response to elevated energy requirements from thermoregulation and 
reduced foraging time, animals breeding in colder climates might have evolved a lower 
growth rate, which reduces the offspring’s daily energy requirements (Lack 1968). 
Arctic-breeding birds tend, however, to have higher growth rates than temperate 
species (Schekkerman et al. 1998b, Schekkerman et al. 2003). It may be an advantage to 
grow faster in colder temperatures because larger chicks have lower thermal 
conductance per unit of surface area than smaller chicks, which reduces the heat flow 
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from the chick to the environment (Visser 1998). In addition, selection may favour 
faster growth in the Arctic, because the length of the breeding season is short, 
constrained at the start by snow melt and at the end by declining temperature or food 
availability (Schekkerman et al. 1998b, Schekkerman et al. 2003). Reduction in time 
available for foraging caused by lower temperatures and the requirement for chicks to 
be brooded in high latitudes may be counteracted by an increase in the number of 
daylight hours in which the chicks can be active (Starck & Ricklefs 1998a). Lack 
(1968) suggested that food availability for birds increased with increasing latitude. 
Therefore, chicks at high latitudes have sufficient food to grow quickly and thus avoid 
the onset of more extreme weather conditions near the end of the breeding season. 
The combination of food availability and weather can therefore influence growth. 
 Predation in addition to severe weather can cause mortality of chicks and can 
impact mode of development (Ricklefs & Starck 1998b). Mode of development may 
influence the ability of the chick to escape predation – precocial chicks being better 
able to escape from predators than altricial ones.  

2. Mode of development 
Different modes of development are found throughout the animal kingdom. The 
young of different animal species vary considerably in the relative maturation of many 
aspects of their behaviour, physiology, and anatomy. Antelopes, for instance, give 
birth to young that can run quickly and for long distances soon after birth whereas 
rabbits are small, blind and helpless when born (Starck & Ricklefs 1998a). Variation in 
development mode of birds has resulted in their classification into altricial and 
precocial development (Nice 1962). There are no distinct categories of development, 
but rather a continuum with parent-fed, sedentary chicks that stay in the nest 
(altricials) at the one end, and self-feeding, mobile chicks (precocials) at the other. 
Ricklefs (1973) found that the growth rate of altricial land birds was greater than that 
of precocial land birds, and he reasoned that this was because altricial young spend 
less energy on activity and thermoregulation. If this argument is extended to semi-
precocial compared to precocial species, then growth rates of semi-precocial chicks 
should be greater than those of precocial chicks because they are parent-fed and spend 
less energy foraging. 

Ricklefs (1974) suggested that there is a relationship between metabolic rate 
and mode of development: precocial (self-feeding, mobile) chicks having higher 
metabolic rates than semi-precocial (parent-fed, mobile) chicks and altricial (parent-
fed, sedentary) chicks having the lowest metabolic rate of all development modes. 
Altricial chicks are fed by one or both parents, whereas precocial chicks have to find 
food themselves and thus expend energy in thermoregulation and activity. The food 
intake of altricial chicks may therefore be greater and their energy expenditure is less 
than that of precocial species, thus enabling them to grow faster. 

Precocial development leads to high muscular activity and prolonged 
exposure to outdoor conditions whilst foraging or moving (Starck & Ricklefs 1998a). 
This developmental mode should therefore lead to higher energy expenditure than in 
altricial species (Starck & Ricklefs 1998a). Decreasing ambient temperatures with 
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increasing latitude results in chicks incurring greater thermoregulatory costs, and thus 
expending more energy (Schekkerman et al. 2003). In addition to elevated energy 
requirements, lower temperatures increase the need for parental brooding, as small 
chicks are not yet homeothermic and at low ambient temperatures they are unable to 
maintain their body temperature. Therefore their time available for foraging is reduced 
(Schekkerman et al. 2003). The difference in metabolic rate coupled with different 
food intake and energy expenditure can influence growth. 

The brains of precocial and semi-precocial species are more matured at 
hatching than those of altricial species because precocial species require neuromotor 
control for mobility soon after hatching (Nol & Boire 1996, Ricklefs & Starck 1998b). 
For precocial chicks, brain size decreases less relative to their body size during the 
prefledging period than is the case for altricial species (Portman & Sutter 1940). This 
greater maturation of the brain in precocial species at hatching could be an 
evolutionary adaptation to the requirement of complex behavioural coordination in 
precocial chicks that need to be able to capture food soon after hatching. Nol and 
Boire (1996) found that the brain size of embryonic Killdeers, Charadrius vociferus, and 
Common Snipes, Gallinago gallinago, were not significantly different but that the central 
parts of their brains, which would be stimulated during foraging as an adult, would 
develop more rapidly – the Common Snipe, for instance, developed a large nucleus 
basalis, typical of tactile foragers, and the Killdeer developed a relatively large optic 
tectum, which corresponds to their highly visual method of foraging. Plover chicks 
generally feed on more mobile prey than sandpiper chicks; food choice coupled with 
mode of development may therefore impact the development of brain size and 
function in these shorebirds. Consequently, the stage of development at hatching, 
foraging method and quantity and quality of food all influence metabolic rates and 
thus the growth rate of chicks. 

Shorebirds (Charadriiformes) are excellent organisms on which to investigate 
the influence of ecology and mode of development on chick growth and energy 
expenditure, because shorebirds exhibit an unparalleled diversity of breeding systems 
among birds (Starck & Ricklefs 1998a, Székely et al. 1998). Neonates of almost all 
shorebird species can be classified as precocial (Charadriidae, Scolopacidae and 
Recurvirostridae) or semi-precocial (Burhinidae, Haematopodidae, Laridae; Nice 1962, 
Starck & Ricklefs 1998a). Most waders, such as the Black-tailed Godwit, Limosa limosa,
or the Northern Lapwing, Vanellus vanellus, are protected by their parents but forage 
alone (Schekkerman & Visser 2001). Some, such as the Crowned Lapwing, 
V. coronatus, protect their chicks and show them food (Tjørve et al. submitted 
manuscript-c). A few species such as gulls, oystercatchers and thick-knees, feed their 
chicks despite their being mobile (del Hoyo et al. 1996). 
 In this paper I shall explain the growth and energy budgets of shorebird 
(Charadriiformes) chicks in relation to their developmental mode and ecology. In 
addition, I will compare the growth and energy expenditure of waders (Charadrii) to 
that of gulls and terns (Lari). More shorebird species are included in the growth and 
energetics analyses of this study than in that of Beintema and Visser (1989b) or 
Ricklefs and Starck (1998b); including southern hemisphere species that breed in a 
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sub-tropical environment. Much of the wader energy expenditure data used in this 
study have been recently determined or published. This novel analysis therefore has 
potential to shed light upon evolutionary influences on shorebird growth and 
energetics and explain the benefits of the adaptations of different species. 

Materials and methods 
Data
Growth data were either collected in the field or collated from literature for free-living 
arctic, temperate, tropical and sub-tropical breeding precocial and semi-precocial 
shorebird species (Table 9.1). The growth of five shorebird species (Kittlitz’s Plover, 
Charadrius pecuarius, Crowned Plover, Vanellus coronatus, Blacksmith Plover, V. armatus,
African Black Oystercatcher, Haematopus moquini, and Spotted Thick-knee, Burhinus 
capensis) breeding in Cape Town, South Africa, and the Little Stint breeding in Siberia 
were studied over three years, from 2001 to 2004. These data were added to published 
data.

For the different species included in this analysis, asymptotic body mass 
ranged between 26 g (Little Stint) and 1707 g (Great Skua, Catharacta skua lonnbergi).
Data were divided into the suborders waders (Charadrii) and gulls (Lari) for each 
analysis, except that of resting metabolic rate, where most available data are from 
gulls, and thus no meaningful comparisons could be made between the two suborders. 
There is more than one data point for some species where different studies have 
determined different growth rate coefficients for the same species. Hence, there are 29 
data points for 24 species of precocial shorebirds and there are 114 data points for 41 
semi-precocial shorebird species. Of the 30 wader species in Table 9.1, 24 were 
precocial and the remaining six species were semi-precocial. 
 Energy budget data for five species of wader chicks in Cape Town, South 
Africa, and for the Little Stint in Siberia were determined over a three year study, and 
were added to the data collected from the literature. Twelve entries were made for 
nine precocial species, and 11 data points were collected from nine semi-precocial 
species in Table 9.2 (energy budget data). Resting metabolic rate data combined with 
TME data were collected for 12 precocial and 14 semi-precocial shorebird and gull 
species (Table 9.3). 

Growth
Growth can be adequately described by a sigmoid function that includes asymptotic 
body mass (A, g) to yield estimates for the time of the inflection point (T, d), and a 
growth coefficient (k, d–1, Ricklefs 1968). The functions commonly used to describe 
postnatal development in altricial and precocial bird species have been either the 
logistic growth function,

M = A/ (1 + exp (– k · (t  T))),
or the Gompertz growth function  

M = A · exp (–exp (– k · (t T))), 
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where k represents KL or KG for the logistic or the Gompertz model, respectively. 
The growth rate coefficient for the logistic model, KL, can be converted to that of the 
Gompertz model, KG, using the equation KG = 0.68 · KL as an approximation 
(Ricklefs 1983), thus making the growth rate coefficients comparable between studies 
using different growth functions. The von Bertalanffy growth model has also been 
used in the avian literature to describe growth e.g. Thomson (1994). The von 
Bertalanffy and the Richards growth models, like the Gompertz and the logistic 
growth models can be found in several forms and conversion factors between the 
models are available. The growth rate coefficient can be used as a proxy for growth 
rate; e.g. a large growth rate coefficient means a fast growth rate. 

More than one factor can influence KG, therefore I analysed the impact of 
asymptotic mass, mode of development (precocial or semi-precocial), suborder 
(Charadrii or Lari) and latitude on the KG through multiple regression of log-
transformed variables. In arithmetic space the variables were not linear. Transforming 
them enabled linear analysis. 

The data set collected for this study is larger than that used previously by 
Beintema and Visser (1989b) or Ricklefs and Starck (1998b) for shorebirds, i.e. 63 
species. Thus, a linear relationship between log KG and log A could be determined 
separately for waders (Charadrii) and gulls (Lari). In addition, the relationship between 
log KG and log A of precocial waders (Charadriidae, Recurvirostridae and 
Scolopacidae) and semi-precocial waders (Burhinidae and Haematopodidae) were 
determined through linear regression. 

The relationships between KG and A were then used to determine predicted 
growth rate coefficients for each shorebird species. From the relative difference 
between observed and predicted growth rate coefficients (i.e. residuals), calculated as 
relative KG = (observed KG – predicted KG)/predicted KG, as a percentage were 
determined. Standardized residuals are independent of the units of the variables, and 
thus provide a "statistical'' metric for judging the size of a residual. The standardised 
residuals are therefore comparable. Linear relationships were fitted to the relationship 
between the relative growth rate coefficients (relative KG) and the latitude at which 
each species was studied.  

Energy budgets 
Several factors may influence the energy budgets of chicks. Through multiple 
regression of log-transformed variables, I analysed the impact of the length of the 
prefledging period, asymptotic mass, mode of development (precocial or semi-
precocial) and latitude for Charadrii, Lari and both together. Energy requirements, 
peak daily metabolisable energy (DME, kJ.d–1) and total metabolisable energy (TME, 
kJ), in addition to resting metabolic rate (RMR, kJ.d–1), were analysed in this way.  

Ricklefs (1973) found that at a given asymptotic body mass, growth 
coefficients were significantly higher for altricial species than for precocial species. 
This difference has been partly attributed to a higher efficiency in the former group of 
species, presumably due to their lower daily energy expenditure (DEE, kJ.d–1). DEE is 
only one of the components of the energy budget as described by Weathers (1996). 
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Metabolisable energy (ME) is the sum of two components: DEE and energy that is 
converted into tissue, Etis (kJ.d–1). DEE can be measured using the doubly-labelled 
water technique, and Etis can be calculated as the daily increment of the product of 
body mass and energy density using the equation derived for shorebird chicks 
(Schekkerman & Visser 2001). DEE constitutes several components: resting 
metabolism (RMR, kJ.d–1), energy consumed by tissue synthesis (Esyn, kJ.d–1) and the 
energy costs of thermoregulation and activity (Etr + act, kJ.d–1). RMR during growth can 
be determined through respirometry and predicted using the equation: 

RMR = 24 · 10^(–1.4852 + (1.2684 · log M) – (0.102 · ( log M)^2)),
where M is body mass (g, Weathers & Siegel 1995). Assuming a synthesis efficiency of 
75%, Esyn is commonly estimated as one third of Etis (see e.g. Weathers 1996). This 
estimated value needs confirmation. Etr + act is a single estimate because there is 
interaction between them – heat may be both lost and generated during activity 
(Weathers 1996). 

Peak daily metabolisable energy (peak DME, kJ.d–1) is the maximal energy 
demand of chicks across the prefledging period. DME increases monotonically and 
shorebird chicks fledge at approximately three-quarters adult mass, therefore there is 
no maximum on the DME-curve. Peak DME therefore refers to the DME at fledging. 
Total metabolisable energy intake (TME, kJ) is the total amount of energy 
metabolized during the whole prefledging period. Both peak DME and TME can be 
determined for the species from the calculated ME curve. Predicted peak DME and 
TME can be calculated for a species from fledgling body mass (Mfl, g) and the length 
of the prefledging period (tfl, d) using the equations: 

predicted peak DME = 11.69 · Mfl0.9082 · tfl0.428,
and

predicted TME = 6.65 · Mfl0.852 · tfl0.71

(Weathers 1992). From the observed and predicted values for peak DME and TME, 
the relative peak DME and relative TME can be calculated: relative ME = (observed 
ME – predicted ME)/predicted ME. The relationship between relative peak DME 
and TME with the length of the prefledging period, latitude and asymptotic mass, was 
determined for Charadrii through linear regression. 
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Table 9.1. Growth data for free-living arctic, temperate, tropical and sub-tropical breeding 
precocial and semi-precocial shorebirds. 
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Charadrii: 
Recurvirostra: 
Recurvirostra avosetta Precocial 54°N 35 0.145 167.6 1

Charadriidae: 
Charadrius dubius Precocial 48°N 26 0.099 41.0 2
Charadrius hiaticula Precocial 24 0.091 55.0 3
Charadrius hiaticula Precocial 72°N 24 0.108 67.0 4
Charadrius hiaticula Precocial 56°N 24 0.108 67.0 4
Charadrius marginatus Precocial 34°S 30 0.067 48.7 5
Charadrius melodus Precocial 0.103 43.3 6
Charadrius morinellus Precocial 57°N 30 0.080 108.0 7
Charadrius pecuarius Precocial 34°S 30 0.057 42.5 8
Pluvialis aegyptius Precocial 0.068 78.0 9
Vanellus armatus Precocial 34°S 40 0.058 158.0 8
Vanellus coronatus Precocial 34°S 35 0.072 167.0 8
Vanellus vanellus Precocial 53°N 33 0.054 236.0 10
Vanellus vanellus Precocial 56°N 33 0.079 255.0 11

Scolopacidae: 
Calidris alba Precocial 76°N 17 0.085 81.0 12
Calidris alpina Precocial 61°N 20 0.138 40.0 13
Calidris bairdii Precocial 72°N 0.120 48.0 14
Calidris canutus Precocial 75°N 18 0.163 120.0 15
Calidris ferruginea Precocial 75°N 0.214 52.0 16
Calidris fuscicollis Precocial 76°N 0.158 37.0 17
Calidris melanotos Precocial 72°N 0.106 60.0 14
Calidris minuta Precocial 72°N 15 0.159 26.6 18
Calidris minuta Precocial 74°N 15 0.191 26.7 19
Calidris pusilla Precocial 72°N 0.151 26.0 20
Limosa limosa Precocial 53°N 25 0.085 273 10
Numenius arquarta Precocial 36 0.106 360.0 3
Numenius arquata Precocial 53°N 36 0.051 990.0 10
Philomachus pugnax Precocial 53°N 27 0.092 125.0 21
Tringa totanus Precocial 53°N 23 0.070 137.0 10
Gallinago gallinago Semi-precocial 20 0.103 105.0 3
Gallinago gallinago Semi-precocial 48°S 20 0.111 122.0 22
Coenocorypha aucklandica Semi-precocial 48°S 30 0.070 108.4 22
Coenocorypha pusilla Semi-precocial 44°S 21 0.074 79.1 22
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Haematopodidae: 
Haematopus moquini Semi-precocial 34°S 40 0.050 695.0 23
Haematopus moquini Semi-precocial 34°S 40 0.050 502.9 24
Haematopus ostralegus Semi-precocial 54°N 31 0.081 466.0 25

Burhinidae: 
Burhinus capensis Semi-precocial 34°S 54 0.055 453.5 26

Lari
Laridae:
Anous minutes Semi-precocial 23°S 0.129 101.0 27
Anous minutes Semi-precocial 23°S 0.136 101.0 27
Anous minutus Semi-precocial 23°S 0.156 101.0 27
Anous minutus Semi-precocial 23°S 0.163 101.0 27
Anous minutus Semi-precocial 23°S 0.170 101.0 27
Anous minutus Semi-precocial   111.3 28
Anous minutus Semi-precocial 0.107 115.0 29
Anous minutus Semi-precocial 23°S 0.103 117.0 30
Anous minutus Semi-precocial 34°S 0.078 126.0 31
Anous stolidus Semi-precocial   162.2 28
Anous stolidus Semi-precocial   171.3 28
Anous stolidus Semi-precocial   174.7 28
Anous stolidus Semi-precocial 0.070 190.0 28
Anous stolidus Semi-precocial   218.4 28
Catharacta maccormicki Semi-precocial 0.086 1250.0 32
Catharacta maccormicki Semi-precocial 0.099 1277.6 33
Catharacta skua Semi-precocial 29 0.120 1167.1 33
Catharacta skua Semi-precocial 29 0.092 1250.0 34
Catharacta skua lonnbergi Semi-precocial 29 0.099 1560.0 35
Catharacta skua lonnbergi Semi-precocial 29 0.126 1703.9 36
Catharacta skua lonnbergi Semi-precocial 29 0.097 1706.8 36
Chilidonias niger Semi-precocial 22   62.2 28
Chilidonias niger Semi-precocial 22 0.248 63.0 37
Creagrus furcatus Semi-precocial 0.073 652.4 38
Gygis alba Semi-precocial 0.065 86.9 28
Gygis alba Semi-precocial 0.065 100.0 29
Gygis alba Semi-precocial 0.062 101.3 28
Larus argentatus Semi-precocial 54°N 37 0.083 1150.0 39
Larus argentatus Semi-precocial 56°N 37 0.109 1012.0 40
Larus argentatus Semi-precocial 70°N 37 0.140 1012.0 41
Larus argentatus Semi-precocial 43°N 37 0.097 1050.0 42
Larus argentatus Semi-precocial 40°N 37 0.070 1080.0 43
Larus atricilla Semi-precocial 29°N 39 0.088 350.0 23
Larus audoninii Semi-precocial 37 0.122 510.0 44
Larus californicus Semi-precocial 0.109 600.0 45
Larus canus Semi-precocial 70°N 35 0.130 400.0 41
Larus delawarensis Semi-precocial 45°N 45 0.099 403.0 46
Larus dominicanus vetula Semi-precocial 34°S 38 0.081 1084.0 47
Larus fuscus Semi-precocial 56°N 38 0.109 806.0 48
Larus fuscus Semi-precocial 70°N 38 0.064 650.0 41
Larus fuscus Semi-precocial 56°N 38 0.067 850.0 49
Larus glaucescens Semi-precocial 49°N 39 0.094 927.0 50
Larus glaucescens Semi-precocial 39 0.091 885.0 48
Larus hemprichii Semi-precocial 25°N 35 23
Larus marinus Semi-precocial 56°N 52 0.069 1650.0 48
Larus occidentalis Semi-precocial 42 0.105 800.0 51
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Larus occidentalis livens Semi-precocial 29°N 42 0.080 900.0 12, 52 
Larus occidentalis wymani Semi-precocial 33°N 42 53
Larus ridibundus Semi-precocial 61°N 35 0.115 281.0 54
Larus ridibundus Semi-precocial 53°N 30 55
Rissa tridactyla Semi-precocial 79°N 35 0.097 449.0 56
Rissa tridactyla Semi-precocial 62°N 35 0.114 335.0 57
Rissa tridactyla Semi-precocial 56°N 35 0.146 350.0 58
Rissa tridactyla Semi-precocial 55°N 35 0.156 350.0 59
Rissa tridactyla Semi-precocial 35 0.122 363.0 60
Rissa tridactyla Semi-precocial 56°N 35 0.133 375.0 49
Rissa tridactyla Semi-precocial 35 0.095 380.0 41
Rissa tridactyla Semi-precocial 47°N 35 0.131 400.0 61
Rissa tridactyla Semi-precocial 69°N 35 0.133 402.2 62
Rissa tridactyla Semi-precocial 69°N 35 0.135 405.0 57
Rissa tridactyla Semi-precocial 69°N 35 0.144 410.0 57
Rissa tridactyla Semi-precocial 35 0.111 410.0 56
Rissa tridactyla Semi-precocial 69°N 35 0.123 414.0 57
Rissa tridactyla Semi-precocial 35 0.120 421.0 61
Stercorarius longicaudus Semi-precocial 25 0.225 242.8 33
Sterna anathetus Semi-precocial 4°S 59 0.097 82.5 63
Sterna anathetus Semi-precocial 59   119.3 28
Sterna anathetus Semi-precocial 23°S 59 0.075 126.0 64
Sterna anathetus Semi-precocial 23°S 59 0.078 128.5 65
Sterna antillarum Semi-precocial   38.5 28
Sterna bergii Semi-precocial 23°S 39 0.082 233.5 66
Sterna bergii Semi-precocial 39 0.064 279.0 30
Sterna bergii Semi-precocial 39 0.073 279.3 66
Sterna bergii Semi-precocial 39 0.083 279.3 66
Sterna bergii Semi-precocial 39 0.073 318.0 30
Sterna caspia Semi-precocial 38   540.5 28
Sterna caspia Semi-precocial 38   565.1 28
Sterna dougallii Semi-precocial 26   100.7 28
Sterna dougallii Semi-precocial 26   104.3 28
Sterna dougallii Semi-precocial 26 0.159 106.0 67
Sterna dougallii Semi-precocial 26   107.9 28
Sterna fosteri Semi-precocial 60 0.188 126.7 68
Sterna fosteri Semi-precocial 60   175.0 68
Sterna fuscata Semi-precocial 25°N 60 0.073 205.0 23
Sterna fuscata Semi-precocial 60 0.086 190.0 69
Sterna fuscata Semi-precocial 60   148.7 70
Sterna fuscata Semi-precocial 60   183.6 28
Sterna fuscata Semi-precocial 25°N 60 0.073 187.2 69, 71 
Sterna fuscata Semi-precocial 25°N 60   210.7 71
Sterna hirundo Semi-precocial 54°N 25 0.204 130.0 72
Sterna hirundo Semi-precocial 25°N 30 0.180 110.0 71
Sterna hirundo Semi-precocial 26 0.115 100.0 67
Sterna hirundo Semi-precocial 26 0.163 105.0 73
Sterna hirundo Semi-precocial 26 0.132 107.1 72
Sterna hirundo Semi-precocial 26 0.179 110.0 71, 74  
Sterna hirundo Semi-precocial 26 0.165 114.0 75
Sterna hirundo Semi-precocial 26 0.184 120.0 72
Sterna hirundo Semi-precocial 26   120.7 28
Sterna hirundo Semi-precocial 26 0.105 121.2 76
Sterna hirundo Semi-precocial 26 0.169 122.0 71, 74 
Sterna hirundo Semi-precocial 26 0.192 122.3 77
Sterna hirundo Semi-precocial 26 0.161 123.6 78
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Sterna hirundo Semi-precocial 26 0.173 125.0 71, 74 
Sterna hirundo Semi-precocial 26 0.211 126.0 79
Sterna hirundo Semi-precocial 26   126.6 28
Sterna hirundo Semi-precocial 26 0.207 127.8 76
Sterna hirundo Semi-precocial 26 0.139 130.0 69
Sterna hirundo Semi-precocial 26   130.0 12
Sterna hirundo Semi-precocial 26 0.204 130.0 28
Sterna lunata Semi-precocial   127.7 28
Sterna lunata Semi-precocial   137.2 28
Sterna lunata Semi-precocial 0.107 139.0 69
Sterna paradisaea Semi-precocial 0.153 102.5 78
Sterna paradisaea Semi-precocial   104.9 28
Sterna paradisaea Semi-precocial 79°N 22 0.230 105.0 12
Sterna paradisaea Semi-precocial 0.190 107.0 75
Sterna paradisaea Semi-precocial   107.9 28
Sterna paradisaea Semi-precocial 54°N 22 0.196 110.0 12
Sterna paradisaea Semi-precocial 0.197 113.9 80
Sterna paradisaea Semi-precocial 0.179 115.0 75, 80 
Sterna paradisaea Semi-precocial 0.205 115.0 79
Sterna paradisaea Semi-precocial   115.8 28
Sterna sandvicensis Semi-precocial 54°N 28 0.175 180.0 23
Sterna sandvicensis Semi-precocial 29 0.111 172.8 72
Sterna sandvicensis Semi-precocial 29 0.119 180.0 49
Sterna sandvicensis Semi-precocial 29 0.112 189.0 66
Sterna sandvicensis Semi-precocial 29 0.171 189.0 28
Sterna sandvicensis Semi-precocial 29   193.3 28
Sterna sandvicensis Semi-precocial 29 0.183 219.4 75, 78 
Sterna sandvicensis Semi-precocial 29 0.188 220.0 72
Sterna sumatrana Semi-precocial 23°S 0.196 100.0 81
Sterna sumatrana Semi-precocial   105.4 28
Sterna vittata Semi-precocial 62°S 27 0.216 133.0 75
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Ricklefs (1968), 35. Osborne (1985), 36. Stonehouse (1956), 37. Dunn (1979), 38. Harris (1970), 
39. Drent (1970), 40. Harris (1964), Ricklefs (1973), 41. Belopol’skii (1957), Ricklefs (1973), 42. 
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65. Langham (1986), 66. Langham & Hulsman (1986), 67. LeCroy & Collins (1972), 68. Nisbet et
al. (1995), 69. Shea & Ricklefs (1985), 70. Brown (1976), 71. Ricklefs & White (1981), 
72. Klaassen et al. (1992), 73. Nisbet (1974) in Starck & Ricklefs (1998a), 74. Ricklefs (1979), 
75. Klaassen et al. (1994), 76. Mlody & Becker (1991), 77. Uttley et al. (1989) in Starck & Ricklefs 
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(1998a), 78. Drent et al. (1992), 79. Langham (1983) in Hulsman & Smith (1988), 80. Klaassen et
al. (1989), 81. Hulsman & Smith (1988). 



Chapter 9 208

Table 9.2. Energy budget data for precocial and semi-precocial shorebirds. 
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Precocial 
Recurvirostra 
avosetta 54°N 35 250 470.0 8423.0 384.4 9165.5 22.3 –8.1 1
Recurvirostra 
avosetta 54°N 35 250 432.0 8295.0 384.4 9165.5 12.4 –9.5 1
Recurvirostra 
avosetta 36°N 35 250 472.0 7951.0 384.4 9165.5 22.8 –13.3 1
Recurvirostra 
avosetta 36°N 35 250 207.0 3856.0 384.4 9165.5 –46.1 –57.9 1
Charadrius 
pecuarius 34°S 30 43 64.5 1379.0 61.5 1384.6 4.8 –0.4 2
Pluvialis 
dominica 59°N 22 111 389.0 5019.0 224.3 3300.3 73.4 52.1

3

Vanellus 
armatus 34°S 40 158 235.1 4526.5 172.3 5007.6 36.4 –9.6

2

Vanellus 
coronatus 34°S 35 167 215.2 4505.5 208.5 5162.7 3.2 –12.7 2
Vanellus 
vanellus 52°N 33 142 399.0 6982.0 235.8 5429.0 69.2 28.6

4

Calidris 
minuta 72°N 15 27 137.1 1348.4 72.2 744.5 89.9 81.1

5

Calidris 
canutus 75°N 18 108 494.0 5285.0 238.4 2796.0 107.2 89.0

6

Limosa
limosa 52°N 25 201 556.0 8331.0 364.1 5993.5 52.7 39.0

4

Semi-precocial 
Haematopus 
moquini 34°S 40 695 629.1 17266.7 635.9 17050.1 –1.1 1.3 7
Burhinus
capensis 34°S 54 454 426.2 17546.1 481.7 18329.8 –11.5 –4.3 8
Larus
ridibundus 53°N 30 225 388.0 9190.0 373.1 7510.0 4.0 22.4

9

Rissa 
tridactyla 79°N 35 399 852.0 18400.0 587.7 13650.2 45.0 34.8

10

Larus
dominicanus 
vetula 34°S 38 970 1289.0 35375.0 1271.3 30845.9 1.4 14.7 11
Sterna vittata 62°S 27 131 398.0 7150.0 238.8 4395.5 66.6 62.7 12
Sterna
paradisaea 53°N 22 105 233.0 3996.0 213.3 3147.7 9.3 26.9 12
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Sterna
paradisaea 79°N 22 112 277.0 4628.0 226.1 3325.6 22.5 39.2 12
Sterna
hirundo 53°N 25 112 239.0 4852.0 214.1 3641.6 11.6 33.2

12

Sterna
hirundo 25°N 30 110 199.0 4412.0 194.8 4081.7 2.2 8.1

13

Sterna
fuscata 25°N 60 198 135.0 6882.0 246.9 11017.1 –45.3 –37.5

13

1. Joest (2003), 2. Tjørve et al. (submitted manuscript-c), 3. Visser et al. (submitted manuscript), 
4. Schekkerman & Visser (2001), 5. Tjørve et al. (submitted manuscript-b), 6. Schekkerman et al
(2003), 7. Tjørve et al. (submitted manuscript-d), 8. Tjørve et al. (submitted manuscript-e), 
9. Eising (unpubl.), 10. Gabrielsen et al. (1992), 11. Bakker et al. (unpubl.), 12. Klaassen (1994), 
Klaassen et al. (1992, 1994) 13. Ricklefs & White (1981). 
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Table 9.3. Resting metabolic rate data for precocial and semi-precocial shorebirds. 
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Precocial 
Recurvirostra avosetta 54°N 250 8423.0 1
Recurvirostra avosetta 54°N 250 8295.0 1
Recurvirostra avosetta 36°N 250 7951.0 1
Recurvirostra avosetta 36°N 250 3856.0 1
Charadrius pecuarius 34°S 6.0 43 1379.0 26.5 640 6.7 5.7 2
Pluvialis dominica 59°N 111 5019.0 3
Vanellus armatus 34°S 11.0 158 4526.5 81.8 1842 5.0 4.0 2
Vanellus coronatus 34°S 12.4 167 4505.5 118.8 2430 10.1 5.7 2
Vanellus vanellus 52°N 17.1 142 6982.0 8.8 7.8 4
Calidris canutus 75°N 108 5285.0 5
Calidris minuta 72°N 27 1348.4 6
Limosa limosa 52°N 27.8 201 8331.0 17.2 16.2 3
Numenius arquarta 53°N 55.2 990 31.6 30.6 7

Philomachus pugnax 53°N 13.4 9.5 8.5
7,
8

Tringa totanus 53°N 14.2 137 8.7 7.7 7

Semi-precocial 
Gallinago media 62°N 15.0 12.8 11.8 9
Haematopus moquini 34°S 36.7 695 17266.7 325.5 8518.0 29.2 28.2 10
Haematopus 
ostralegus 54°N 30.9 530 10197 5069.0 27.4 26.4 11
Burhinus capensis 34°S 26.7 454 17546.1 302.2 10079.8 31.8 30.8 12
Larus ridibundus 53°N 26.8 225 9190.0 28.8 27.8 13
Rissa tridactyla 79°N 33.1 399 18400.0 9715 22.1 21.1 14
Larus dominicanus 
vetula 34°S 970 35375.0

15

Larus glaucescence 49°N 60.3 927 31390.0 14320 34.8 33.8 11
Larus argentatus 54°N 57.4 1016 43839.0 15065 37.4 36.4 16
Larus atricilla 29°N 28.4 350 26.7 25.7 17
Larus delawarensis 45°N 34.6 403 26.5 25.5 18
Larus occidentalis 
livens 29°N 65.4 900 41.7 40.7

19

Larus occidentalis 
wymani 33°N 58.0 40.6 39.6 20
Sterna vittata 62°S 131 7150.0 2264 21
Sterna paradisaea 53°N 12.0 105 3996.0 1877 10.8 9.8 21
Sterna paradisaea 79°N 13.0 112 4628.0 2379 9.0 8.0 21
Sterna hirundo 53°N 14.9 112 4852.0 2379 10.6 9.6 21
Sterna hirundo 25°N 110 4412.0 22
Sterna fuscata 25°N 21.0 198 6882.0 3895 10.4 9.4 22
Sterna sandvicensis 25.3 216 6839.0 3841 15.0 14.0 11
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1. Joest (2003), 2. Tjørve et al. (submitted manuscript-c), 3. Visser et al. (submitted manuscript),
4. Schekkerman & Visser (2001), 5. Schekkerman et al. (2003), 6. Tjørve et al. (submitted 
manuscript-b), 7. Visser (1991), 8. Ricklefs (1973), 9. Klaassen & Drent (1991), 10. Tjørve et al.
(submitted manuscript-d), 11. Drent et al. (1992), 12. Tjørve et al. (submitted manuscript-e), 
13. Eising (unpubl.), 14. Gabrielsen et al. (1992), 15. Bakker et al. (unpubl.), 16. Spaans (1971), 
Dunn (1980), Drent (1970) in Klaassen & Drent 1991, 17. Schreiber & Schreiber (1980),
18. Dawson et al. (1976), 19. Ricklefs (1973), Dawson & Bennet (1980), 20. Vleck & Vleck (1987),
Dawson & Bennet (1980), 21. Klaassen (1994), Klaassen et al. (1992, 1994), 22. Ricklefs & White
(1981).

Results
Growth
Breeding latitude, suborder and asymptotic mass, A (g), significantly influenced the
Gompertz growth rate coefficient, KG (g.day-1), of the two suborders, waders and gulls
(Table 4 no. 1), and mode of development did not (P = 0.277). 

The relationship between growth and body size 
The relationship between the Gompertz growth coefficient, KG, and A was
KG = 0.220 · A–0.126 for waders and gulls (Figure 9.1, Table 9.4 no. 2). The equation 
was obtained by transforming the linear relationship

log (KG) = –0.658 – 0.126 · log A to KG = 10–0.658 · A–0.126).
The relationship between KG and A of waders was

KG = 0.310 · A–0.254 (Figure 9.1, Table 9.4 no.3), 
 and that of gulls was

KG = 0.318 · A–0.174 (Table 9.4 no. 4). 
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Figure 9.1. The relationship between Gompertz growth rate coefficient (KG) and asymptotic mass 
(A) for wader (Charadrii, ) and gull (Lari, ) chicks. The data was modelled for waders (—) and
gulls (····) and compared to that determined for shorebirds (Charadriformes, –·–).
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Growth rate coefficients of waders were significantly less (two-tailed Mann-
Whitney U test: U = 847.0, n1 = 32, n2 = 96, P < 0.001) than those of gulls
(Figure 9.1). There was a significant interaction between suborder and asymptotic
mass of shorebirds (Table 9.4 no.5). This shows that gulls generally had a larger
asymptotic mass than waders. The different relationships between asymptotic mass
and KG of the two suborders could be a consequence of the different asymptotic body
mass ranges of waders and gulls. 

The impact of ecology and mode of development on growth 
The above relationships between KG and A were used to predict the growth rate 
coefficients of species in this study with a particular adult body mass. From this
predicted KG and the observed KG for that same species, a relative KG was
determined (see Methods). There was no significant difference in relative KG between
precocial and semi-precocial wader species across all latitudes (one-tailed Mann-
Whitney U test: U = 12.0, n1 = 30, n2 = 1, P = 0.839). 

Relative growth rate coefficients of waders were significantly and positively
related to latitude (Figure 9.2, Table 9.4 no. 6). A multiple linear regression indicated
that both breeding latitude and asymptotic mass influenced the KG of waders (Table
9.4 no. 7), and that mode of development did not (P = 0.431). The length of the 
prefledging period of waders was influenced by KG, asymptotic mass and breeding
latitude (Table 9.4 no. 8). 
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Figure 9.2. Relative Gompertz growth rate coefficient (KG) of wader (Charadrii) chicks according
to latitude (°).The relationship is described by the curve: relative KG = 1.275 · (Latitude) – 66.1. 
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The KG values of the semi-precocial gulls were greater than those of waders 
(two-tailed Mann-Whitney U test: U = 98.0, n1 = 8, n2 = 92, P = 0.001). The relative 
growth rate coefficients of gulls were influenced by latitude (Table 9.4 no. 9). The KG
values of the gulls were influenced by asymptotic mass (Table 9.4 no. 10) and not 
latitude (P = 0.311). The length of the prefledging period of gulls was influenced by 
their KG values alone (Table 9.4 no. 4), and not their breeding latitude (P = 0.237) or 
asymptotic mass (P = 0.529). 

Energy expenditure 
Multiple regression showed that fledging mass, the length of the prefledging period 
and breeding latitude influenced the peak DME of shorebirds (Table 9.4 no. 11), and 
that fledging mass, suborder and latitude influenced their TME (Table 9.4 no. 12). 
Neither suborder (P = 0.755) nor mode of development (P = 0.604) influenced peak 
DME. The length of the prefledging period (P = 0.533) and mode of development 
(P = 0.559) did not significantly influence the TME of shorebird chicks.  

The length of the prefledging period and fledging mass influenced peak DME 
of waders (Table 9.4 no. 13), but when breeding latitude and mode of development 
were included in the regression, the length of the prefledging period did not influence 
peak DME (P = 0.718, Table 9.4 no. 14). Mode of development did not influence 
peak DME (P = 0.915) either. The TME of waders was influenced only by mass at 
fledging (Table 9.4 no. 15), and not the length of the prefledging period (P = 0.505), 
mode of development (P = 0.924) or breeding latitude (P = 0.079). Peak DME of 
gulls was influenced by mass at fledging and the time taken to fledge 
(Table 9.4 no. 16) but not breeding latitude (P = 0.158). The TME of gulls increased 
with increasing fledging mass (Table 9.4 no. 17); fledging age (P = 0.399) and breeding 
latitude (P = 0.110) did not significantly influence the TME of gulls. 

Due to the fact that most RMR data available were for gulls, I analysed the 
data for waders and gulls together. Multiple regression indicated that increasing 
fledging mass resulted in larger peak RMR values for shorebirds (Table 9.4 no. 18) and 
that fledging age was not an influencing factor (P = 0.760). RMR across the whole 
prefledging period (TRMR) was influenced by fledging mass and the suborder 
(whether waders or gulls, Table 9.4 no. 19). Fledging age (P = 0.345), breeding latitude 
(P = 0.801) and mode of development (P = 0.561) did not influence TRMR. 
Hatchling RMR was influenced by hatchling body mass (Figure 9.3, Table 9.4 no. 20). 
I found no significant relationship between hatchling RMR and latitude (P = 0.739), 
suborder (P = 0.807) or mode of development (P = 0.061). Similarly, no significant 
relationships were found between relative hatchling RMR and hatchling mass 
(P = 0.3623) or latitude (P = 0.5423). 
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Figure 9.3. Relative peak DME ( ,—) and TME ( , ···) of wader (Charadrii) and gull (Lari) chicks
according to latitude.
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Figure 9.4. Hatchling resting metabolic rate (RMR) of wader (Charadrii, ) and gull (Lari, )
chicks, according to hatching mass (Mh). The relationship is described by the curve: relative 
hatchling RMR = 0.127 · (Mh) – 0.013.
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Table 9.4. Regression coefficients for relationships of growth and energetic measures and the 
variables that may influence them for wader (Charadrii), gull (Lari) and shorebird (Charadriform) 
chicks.

No. Suborder Regression coefficients ± SE Response 
variable 

Predictor
variable Constant Predictor df r2 P

1 Charadrii 
& Lari 

KG latitude
suborder
A

–1.659 ± 0.253   0.487 ± 0.120 
  0.266 ± 0.038 
–0.235 ± 0.042 

46 0.704 0.000

2 Charadrii 
& Lari 

KG A –0.657 ± 0.083 –0.126 ± 0.036 129 0.087 0.001

3 Charadrii KG A –0.509 ± 0.118 –0.254 ± 0.057 38 0.352 0.000
4 Lari KG A –0.498 ± 0.101 –0.174 ± 0.042 90 0.158 0.000
5 Charadrii 

& Lari 
suborder A   1.719 ± 0.126  0.314 ± 0.069 166 0.110 0.000

6 Charadrii relative
KG

latitude –70.125 ± 
19.224

  1.343 ± 0.336 31 0.347 0.000

7 Charadrii KG latitude
A

–1.979 ± 0.312   0.729 ± 0.142 
–0.154 ± 0.050 

31 0.720 0.000

8 Charadrii tfl KG
A
latitude

  1.462 ± 0.296  –0.277 ± 0.114 
  0.109 ± 0.035 
–0.330 ± 0.121 

31 0.832 0.000

9 Lari relative
KG

latitude –1.932 ± 13.47   1.483 ± 0.282 48 0.371 0.000

10 Lari tfl KG   0.971 ± 0.149 –0.621 ± 0.163 29 0.341 0.001
11 Charadrii 

& Lari 
peak
DME 

Mfl 
tfl
latitude

  0.849 ± –0.698   0.940 ±  0.095 
–0.941 ± 0.322 
  0.566 ± 0.229 

24 0.860 0.000

12 Charadrii 
& Lari 

TME Mfl 
latitude
suborder

  1.244 ± 0.284   0.844 ± 0.055 
  0.098 ± 0.040 
  0.319 ± 0.137 

24 0.925 0.000

13 Charadrii  peak
DME 

Mfl 
tfl

  2.603 ± 0.477  1.004 ± 0.188 
–1.581 ± 0.469 

13 0.728 0.001

14 Charadrii  peak
DME 

Mfl 
latitude

–1.938 ± 0.632   0.789 ± 0.104 
  1.611 ± 0.296 

13 0.850 0.000

15 Charadrii  TME Mfl   2.603 ± 0.477   0.737 ± 0.086 13 0.850 0.000
16 Lari peak

DME 
Mfl 
tfl

  2.204 ± 0.326   1.011 ± 0.103 
–1.333 ± 0.273 

10 0.925 0.000

17 Lari TME Mfl –1.773 ± 0.123   0.930 ± 0.052 9 0.976 0.000
18 Charadrii 

& Lari 
peak
RMR 

Mfl –0.126 ± 0.173   0.957 ± 0.074 4 0.982 0.001

19 Charadrii 
& Lari 

TRMR Mfl 
suborder

  1.086 ± 0.178   0.957 ± 0.060 
  0.153 ± 0.050 

11 0.960 0.000

20 Charadrii 
& Lari 

hatchling
RMR 

Mh –0.055 ± 0.134   0.937 ± 0.097 20 0.830 0.000

21 Charadrii 
& Lari 

relative
peak
DME 

mode
latitude

–1.834 ± 0.975 –0.961 ± 0.157 8 0.879 0.000

22 Charadrii 
& Lari 

relative
TME 

latitude –2.470 ± 0.784 2.470 ± 0.456 14 0.893 0.000

23 Charadrii 
& Lari 

relative
hatchling
RMR 

Mh –30.79 ± 6.479 –0.1798 ± 0.193 23 0.036 0.3623 

24 Charadrii 
& Lari 

relative
peak

Mfl   3.410 ± 0.803 –0.947 ± 0.354 17 0.309 0.017
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DME 
25 Charadrii 

& Lari 
relative
TME 

Mfl    2.000 ± 0.660 –0.277 ± 0.298 14 0.062 0.369

26 Charadrii 
& Lari 

relative
peak
DME 

tfl    4.673 ± 1.536 –2.336 ± 1.055 17 0.235 0.042

27 Charadrii 
& Lari 

relative
TME 

tfl    5.041 ± 1.103 –2.559 ± 0.772 14 0.458 0.006

The impact of ecology and mode of development on energy expenditure 
Shorebird chick relative peak DME was influenced by mode of development and 
latitude (Figure 9.3, Table 9.4 no. 21). Suborder was not an influencing factor 
(P = 0.941). Relative TME of shorebird chicks was influenced by latitude (Figure 9.3, 
Table 9.4 no. 22) and not mode of development (P = 0.684) or suborder (P = 0.754). 
Relative hatchling RMR of shorebird chicks was influenced by hatching mass (Figure 
9.4, Table 9.4 no. 23) and not by latitude (P = 0.802), mode of development 
(P = 0.058) or suborder (P = 0.773). 
 Fledging mass influenced relative peak DME but not relative TME 
(Table 9.4 no. 24 and 25). The length of the prefledging period, however, influenced 
both the relative peak DME and TME (Table 9.4 no. 26 and 27).

Discussion
The relationship between growth and body size 
Ricklefs (1968, 1973) analysed growth rate coefficients, a parameter of growth, to 
illustrate differences in growth rate between altricial and precocial land species. 
Beintema and Visser (1989b) analysed the growth rate coefficients of 15 temperate 
and arctic breeding waders (Charadriidae and Scolopacidae) to determine the 
relationship between asymptotic mass and growth rate coefficient. They showed that 
the growth rate of shorebirds is slightly greater than that determined by Ricklefs 
(1973) for precocial land birds (including growth of some Galliformes). Starck and 
Ricklefs (1998b) analysed the growth of 557 bird species of 84 different families and 
found that birds in the relationship between growth rate coefficient and body mass of 
the order Charadriiformes had a slope of –0.10 (SE = 0.04) compared to the slope of 
–0.316 (SE = 0.010) of all 18 orders in the analysis. This difference was significant 
(P = 0.013). Therefore Starck and Ricklefs (1998b) showed that the growth of 
Charadriiformes was unique, possibly a consequence of evolutionary adaptations to 
their environment.  

This study included the analysis of the growth rate coefficients of six 
shorebird species that breed in the sub-tropics and the growth rate coefficients from 
some additional studies on wader and gull growth completed since 1989. I found that 
the relationship between asymptotic body mass and KG for waders was similar to that 
determined by Beintema and Visser (1989b), lying between the curves for precocial 
and altricial land birds (Figure 9.6). The gulls had greater growth rate coefficients than 
the waders, and the slope of the relationship between asymptotic body mass and KG
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was slightly shallower (Figure 9.6). The relationship between asymptotic body mass 
and KG for waders and gulls from this study was intermediate between the individual 
curves for the two suborders. 

The impact of ecology and mode of development on growth 
Shorebird habitats vary widely, from deserts and semi-deserts to temperate wetlands 
and high arctic tundra. It is known that plover chicks (Charadriidae) grow slower than 
sandpiper chicks (Scolopacidae; Beintema & Visser 1989b). Lapwings (25 extant 
species) and plovers (37 species) are said to have originated from a single ancestor at a 
low latitude in the Southern Hemisphere (del Hoyo et al. 1996). Most species are 
currently found in these lower latitudes; members of Pluvialis being an exception (del 
Hoyo et al. 1996). The slower growth of plovers and lapwings compared to sandpipers 
could be related to their evolutionary past, where a slow growth rate was an adaptation 
to reduce daily energy expenditure of self-feeding chicks, thus enabling them to 
survive in warm, semi-arid regions with poorer food availability than temperate or 
arctic shorebird breeding areas (Schekkerman & Visser 2001). A trade-off between 
energy supply and growth rate may guide the evolution of postnatal growth, because 
faster growth rates can make chicks more susceptible to starvation (Starck & Ricklefs 
1998a).
The relative growth rate of shorebirds was positively related to latitude, but latitude is 
not the only factor that can influence growth. Through multiple regression I found 
that the growth rate coefficient of waders and gulls was influenced by latitude, 
suborder and asymptotic mass. Latitude may act as a substitute variable for several 
other factors, such as temperature, food availability and available feeding time. Gulls 
are mostly semi-precocial, whereas 26 out of 32 of the wader species in this analysis 
were precocial.  

Growth is fuelled by food intake; metabolisable energy (ME) describes the 
energy requirements of chicks. A reduction of food intake of terns by about 20% 
resulted in a 50% reduction in growth rate coefficient (Klaassen et al. 1992). Individual 
wader and gull chicks can therefore exhibit a wide range of growth rates depending on 
the amount of food they are able to obtain and ingest (Klaassen et al. 1992). 

Does food availability in higher latitudes enable shorebirds to compensate 
energetically for faster growth rates? The length of the prefledging period of 
shorebirds was in general shorter at higher latitudes. In addition, relative growth rate 
coefficients were significantly and positively related to latitude. Thus, shorebirds 
exhibit relatively fast growth rates with shorter prefledging periods at high latitudes, 
i.e., in cold climates. This is interesting, because (a) energy expenditure decreases with 
ambient temperature, and (b) chicks are restricted in their foraging time at higher 
latitudes, because both the need to alternate foraging with brooding to maintain body 
temperature, and the time available for foraging increases with ambient temperature. 
The negative impacts of cold temperatures may, however, be negated by the long 
summer days, more hours of sunlight, and possibly greater food availability at higher 
latitudes.
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Figure 9.6. The relationship between KG and asymptotic body mass in shorebird (Charadriiform)
chicks; comparing the relationship determined in this study for waders (Charadri, ), gulls
(Lari, ---) and shorebirds (Charadriformes, —) to those for  all birds (Starck & Ricklefs 1998b, –·–),
altricial land birds (Ricklefs 1968, Ricklefs 1973, –··–), Charadrii and Scolopacidae (Beintema &
Visser 1989b, ····) and precocial land birds (Ricklefs 1973, – –).

Latitude may not have impacted the gulls as it did the precocial waders due to 
their semi-precocial life-style, where chick growth is not dependent on their own
foraging efficiency and ability to thermoregulate, but that of their parents.

Gull chicks are fed large prey items compared to the semi-precocial waders –
fish rather than mussels or arthropods – which may have been able to sustain faster
growth and thus resulted in suborder being an important factor in growth. Further
studies, possibly lab-based where meal size and energy content can be controlled, are
required to determine whether this is an influencing factor. 

Asymptotic body mass was an important factor in determining the growth of 
waders, as well as gulls. Small birds (measured by asymptotic body mass), e.g. the
Little Stint, may grow quickly because the amount of food they require is small and
food availability may be able to support their rapid growth. It is advantageous for
small species to grow quickly in order to reduce their surface-to-volume ratio and thus
reduce the amount of heat they lose to their environment. Larger species are better
able to thermoregulate (Krijgsveld et al. submitted manuscript); due to their size but
their food requirements for rapid growth are greater than those of smaller species.
Therefore, larger species may grow more slowly in order to reduce overall energy
requirements during the prefledging period.
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The impact of ecology and mode of development on energy expenditure 
Body mass and development rate have been found to explain most of the variation 
between the observed and predicted peak DME and TME of growing birds (Weathers 
1992). Although I found no significant relationship between fledging mass and relative 
peak DME or TME of shorebirds through multiple regression, the relationship was 
significant for relative peak DME when investigated through simple linear regression. 
A similar influence was found for the length of the prefledging period. 

Lack (1968) suggested that the growth and development of chicks is a 
compromise between mortality and food supply. The chance of mortality as a result of 
predation, poor weather or reduced food availability in harsh environments can be 
reduced by shortening the prefledging period (Lack 1968, Weathers 1992). To 
accomplish this, a greater amount of energy is required (Lack 1968, Kersten & 
Piersma 1987, Weathers 1992). 

Weathers (1992) suggested that breeding latitude may influence the energy 
requirements and the length of the prefledging period of growing chicks. Latitude can 
be used as a variable to describe both food availability and temperature conditions. At 
higher latitudes, the breeding season is constrained by climatic conditions (Lack 1968), 
and as a result the breeding season is very short. Food availability may increase with 
latitude (Lack 1968). Schekkerman et al. (2003) attributed the higher intake rate of Red 
Knot chicks compared to chicks growing in temperate regions to the simpler structure 
of the tundra vegetation and a larger proportion of wingless or slow-moving 
arthropods making prey capture easier. Thus adaptations to faster growth rates are 
possible and beneficial to chicks growing in high latitude environments. In an analysis 
of 30 bird species, Weathers (1992) found that tropical breeding species had longer 
prefledging periods and lower peak DME and TME than temperate or arctic breeding 
species. The lower than expected energy expenditure in tropical environments may be 
a result of lower thermoregulatory costs in a warm environment, and the opposite 
could be true for arctic breeding species. Chicks in cooler climates face greater 
thermoregulatory costs, particularly when young due to their small size and poor 
insulation (Chappell 1980). Growth and development rate is therefore maximised for 
the amount of food available to and the energy expenditure of the growing chick.  
 In this study, I found that fledging mass, the length of the prefledging period 
and breeding latitude influenced the peak DME of shorebirds, but that fledging mass, 
suborder and latitude influenced TME. Although suborder and mode of development 
were not significant factors in both measures of energy expenditure, the difference in 
food received – fish versus invertebrates and arthropods – and the rather sedentary 
lifestyle of the gulls and terns may have resulted in their exhibiting relatively lower 
activity and thermoregulatory costs at higher latitudes than those of waders. 

Resting metabolism is a large part of the energy budget, possibly constituting 
up to 60% in some species (Klaassen & Bech 1992, Klaassen & Drent 1991). Resting 
metabolism is therefore an important part of the energy budget and it should be 
considered in a discussion of energy expenditure. Drent and Daan (1980) believed that 
DEE is closely linked to BMR at the species level; a relatively high DEE is seen in 
species with a relatively high BMR in adult birds. If the same relationship holds for 
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chicks, resting metabolic rate (RMR, kJ.d–1), may be linked to energy expenditure. The 
positive relationship between basal metabolism and latitude in adult birds (Weathers 
1979, Kersten & Piersma 1987, Weathers 1992) can be regarded as an adaptation to 
climatic conditions. In the tropics, low metabolic rates may reduce metabolic heat 
production and hence heat stress, and in the Arctic, high metabolic rates could be 
related to the higher working capacities of the birds breeding in a harsh environment. 
Klaassen (1994) found that the daily energy expenditure of tern chicks increased with 
increasing latitude. Arctic, Sterna paradisea, and Common, S. hirundo, Tern chicks in the 
Netherlands exhibited different daily energy expenditures, and Klaassen (1994) 
reasoned that this difference was due to differing resting metabolism of the two 
species. This indicates that metabolic rates could be phylogenetic adaptive responses 
to climate as a consequence of evolution, rather than a response to local 
environmental conditions (Klaassen 1994). No significant difference in RMR was 
found with increasing latitude in this study, but a larger sample size may show the 
expected relationship. 

TRMR was affected by suborder in addition to fledging mass. Semi-precocial 
chicks may be able to expend relatively less energy on RMR during the prefledging 
period as a consequence of their reduced activity and potentially a reduced necessity 
for thermoregulation. Consequently, they may be able to grow rapidly at a relatively 
lower energetic cost. 

Conclusions 
Waders and gulls exhibit lower growth rate coefficients with increasing body mass. 
Their growth rate coefficients increase with increasing latitude and semi-precocial 
chicks are able to grow faster than precocial chicks. Prefledging periods are shorter 
and relative energy expenditure is greater for chicks growing in higher latitudes. 
Chicks at higher latitudes may be time-stressed, spending time brooding to maintain 
body temperature in the cold conditions. Food availability, food quality and day length 
increase with increasing latitude. Chicks at higher latitudes may therefore be able to 
compensate for their greater energy expenditure. RMR appeared to be unaffected by 
latitude; energy expenditure at higher latitudes is therefore driven more by 
thermoregulation and activity costs than by RMR. Shorebird chicks at higher latitudes 
spend their time brooding or foraging, and spent little or no time on other activities 
(Schekkerman et al. 1998b, Schekkerman & Visser 2001, Schekkerman et al. 2003, 
Tjørve et al. submitted manuscript-b). Shorebird chicks in the sub-tropics spent more 
time inactive than those in temperate or arctic areas (Tjørve et al. submitted 
manuscript-b, submitted manuscript-c, submitted manuscript-d). Growth and energy 
expenditure of shorebird species included in this study did not seem to be limited by 
time available for foraging, but rather by food availability. 
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Shorebirds form a diverse group of bird species exhibiting a variety growth rates, 
reproduction strategies and behaviours which enable them to survive in the different 
environments in which they live and breed. This variation makes this group of species 
an ideal subject to study latitudinal adaptations. During each life stage shorebirds are 
subject to selective pressures from these different environments. Adaptations to 
survive in these environments are not limited to specialised egg structure or large fat 
reserves to survive harsh conditions. There are other adaptations, also physiological, 
that enable shorebirds to survive in harsh climates; for example, metabolic adaptations 
in chicks. I discuss the adaptations of shorebird (Charadrii) chicks that enable them to 
grow and fledge successfully in their environment. 

Breeding phenology, breeding success and population trends of African Black 
Oystercatchers, Haematopus moquini, were monitored over three austral summers on 
Robben Island, South Africa, from the 2001-2002 to the 2003-2004 breeding seasons. 
The start of the breeding season of oystercatchers seems to be influenced mostly by 
environmental conditions and predation risk; birds choosing to lay eggs once the 
frequency of storms in the Western Cape reduced and laying more synchronously 
when exposed to greater predation risk. Despite differences in the start of the 
breeding season oystercatchers seem to attempt to start incubation before a certain 
time. In a comparison within the species, the potential success of a breeding attempt 
decreased if the clutch was initiated later in the breeding season. Between seasons, the 
number of fledglings produced per pair decreased from 0.74 to 0.41 and 0.35 in the 
first, second and third breeding season, respectively. This decline is a result of 
increased depredation of eggs and chicks and extreme high tide events. Predation of 
oystercatcher eggs and chicks was most likely by Kelp Gulls, Larus dominicanus, mole 
snakes, Pseudaspis cana, and feral cats, Felis catus. Predation can be aggravated by human 
disturbance and it was found that the area with greatest resident and tourist activity 
had the greatest egg and chick losses in all three breeding seasons.  

A large part of this thesis was on the prefledging growth and energetics of 
shorebird chicks; in particular, the Little Stint, Calidris minuta (Scolopacidae), Kittlitz’s 
Plover, Charadrius pecuarius (Charadriidae), Blacksmith Lapwing, Vanellus armatus 
(Charadriidae), Crowned Lapwing, V.  coronatus (Charadriidae), African Black 
Oystercatcher (Haematopodidae) and Spotted Thick-knee, Burhinus capensis
(Burhinidae) .  See Table 1.1 for a description of the species. These species were 
selected on the basis of different adult body masses, different modes of development
and different timing of breeding. Together with data from the literature we could also 
investigate the influence of (adult) geographical breeding distribution on the growth 
and energy expenditure of shorebird (Charadrii and Lari) chicks. 

Little Stint chicks at Medusa Bay, Siberia (73°N), grew relatively quickly; their 
growth rate coefficient was 14% greater than the prediction (from Beintema and 
Visser 1989) for a bird their size. Their total metabolisable energy, TME, over the 15-
day prefledging period was 107% greater than the allometric prediction (from 
Weathers 1992) for a bird the size of a Little Stint. Therefore their small size and large 
surface area-to-volume ratio may have resulted in greater relative heat loss and thus 
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impacted their energy expenditure and growth. To obtain the observed growth rates, 
chicks had to rely on a high rate of food intake. 
 Kittlitz’s Plover, Blacksmith Lapwing and Crowned Lapwing chicks were 
studied in a warm, sub-tropical environment, South Africa (34°S). Body size, timing of 
breeding, mode of development, and habitat all impacted the growth and energetics of 
the three species. Their small growth rate coefficients, low resting metabolic rates 
(RMR) and low daily energy expenditure (DEE) may be adaptations to low food 
availability and mild ambient temperatures. The three precocial species exhibited 
slower growth, longer fledging periods and lower daily energy expenditure than arctic 
and temperate zone relatives of similar size.  
 African Black Oystercatcher chicks are semi-precocial; they are mobile soon 
after hatching but are parentally fed. Growth rate influenced fledging success, the 
length of the prefledging period and mass at fledging. Chicks exhibited a large 
variation in growth rate coefficients and chicks with comparatively slow growth rates 
were able to fledge. Chicks with small growth rate coefficients for body mass 
exhibited retarded growth of all body measures except wing length. Therefore slow 
growing chicks were able to fledge in a shorter period of time than their slow growth 
would otherwise have allowed. Sibling rivalry occurs in African Black Oystercatchers 
and once a dominance relationship is established the larger chick remains so 
throughout the prefledging period. The larger sibling fledges earlier and at a heavier 
mass and may thus, have improved its chances of survival. The observed average 
growth rate coefficient of African Black Oystercatcher chicks on Robben Island 
(33°S) was only 2% less than predicted from the Beintema and Visser (1989) 
allometric equation. Its relative (observed versus predicted) growth rate coefficient 
was closer to the predicted value for shorebirds than those of three precocial, self-
feeding shorebird species in the Western Cape. The growth rate coefficient of African 
Black Oystercatcher chicks was smaller than that of other oystercatcher species which 
may be a consequence of differences in body size and differences in climate and food 
availability. RMR, peak daily metabolisable energy (DME) and total metabolisable 
energy (TME) of African Black Oystercatchers were similar to those expected for the 
species (from Weathers 1992 and based on comparisons with the Eurasian 
Oystercatcher). They spent less time foraging and more time inactive than precocial 
species. Therefore the mode of development of African Black Oystercatcher chicks 
enabled them to reduce energy costs from thermoregulation and activity and they 
were able to grow relatively faster than precocial shorebird species in similar climatic 
conditions. 
 Spotted Thick-knees are also semi-precocial shorebirds found in the Western 
Cape (34°S). Their growth rate coefficient, RMR, peak DME and TME were similar 
to predictions. The potential negative impact of nocturnal feeding on chick growth 
may be countered by parental feeding reducing chick energy expenditure on 
thermoregulation and activity and adults potentially extending their foraging time into 
the day as their chicks become larger. Their relative energy requirements were greater 
than those of precocial shorebird chicks in the same environment and lower than 
those of similar-sized shorebirds breeding in temperate or arctic zones. Therefore the 
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semi-precocial mode of development of Spotted Thick-knees enabled faster relative 
growth than that of precocial species at the same latitude and is thus important in the 
survival of this species. 

Through a study of shorebirds (Charadrii) as a group and through comparing 
them with other Charadriiformes (Lari) we were able to investigate the importance of 
adult body mass, mode of development and latitude in shorebird growth and energy 
expenditure. Shorebird growth rate coefficients decreased whereas energy expenditure 
increased with increasing adult body mass. Semi-precocial shorebirds exhibited faster 
relative growth rates than precocial species at similar latitudes. This was particularly 
obvious when comparing the growth of African Black Oystercatcher and Spotted 
Thick-knee chicks to that of precocial shorebirds in southern Africa. Habitat type and 
food availability are a consequence of latitude. The growth rate coefficients and 
metabolisable energy expenditure of shorebirds increased with increasing latitude, thus 
food availability and habitat type are influencing factors in shorebird growth and 
energetics. Chicks at higher latitudes may be able to compensate for their greater 
energy expenditure due to greater thermoregulatory energy costs through greater food 
intake than chicks at lower latitudes. RMR appeared to be unaffected by latitude 
therefore one can conclude that energy expenditure at higher latitudes is driven more 
by thermoregulation and activity costs than by RMR. Shorebird chicks at higher 
latitudes spend their time brooding or foraging and spent little or no time in other 
activities whereas shorebird chicks in the Western Cape did not seem to be limited by 
time available for foraging but rather by food availability.  
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Steltlopers (Charadriiformes, Charadrii) vormen een zeer gevarieerde groep vogel 
soorten die kunnen overleven in zeer verschillende milieus dankzij aanpassingen in 
gedrag, reproduktie en groeistrategie van de jongen na het uitkomen. Deze kan 
varieren van semi-nestvliedend (jongen gevoed door de ouders) tot volledig 
nestvliedend waarbij de jongen direkt na het uitkomen hun eigen voedsel vergaren. 
Deze variatie maakt de groep steltlopers tot een ideaal onderwerp voor vergelijkende 
studies. Ieder levensstadium is onderhevig aan selektiedrukken uit het milieu. Dit heeft 
bij steltlopers geresulteerd in eieren met een relatief dikke schaal en grote dooiers, 
maar heeft ook geleid tot fysiologische aanpassingen bij de kuikens tijdens de groei. In 
dit proefschrift bestudeer ik welke bijzondere aanpassingen het mogelijk maken voor 
steltloperkuikens om op te groeien in hun extreme milieus. 
 De fenologie en het succes van het broeden, en trends in de populaties van de 
Afrikaanse Zwarte Scholekster (Haematopus moquini) werden bestudeerd in drie 
opeenvolgende zuidelijke zomers vanaf 2001 op Robbeneiland, Zuid Afrika. De start 
van het broedseizoen lijkt afhankelijk te zijn van milieuomstandigheden en 
predatiedruk. De eileg begint pas als de stormen in de Westelijke Kaap verminderen 
en is sterker gesynchronizeerd als het predatierisico groter is. Ondanks de flexibiliteit 
in de start van het broedseizoen lijkt het erop dat het broedsucces groter is voor 
broedsels die eerder gestart zijn. Het broedsucces nam ook af over de drie seizoenen 
van 0.74 naar 0.41 en 0.35 succesvol grootgebrachte jongen per jaar per broedpaar. 
Deze achteruitgang was een gevolg van predatie van eieren en kuikens, en van 
zeldzaam optredende hoge waterstanden. De voornaamste predatoren waren de 
Kelpmeeuw, Larus dominicanus, de mole snake, Pseudaspis cana, en de wilde kat, Felis
catus. Menselijke activiteit lijkt ook invloed te hebben op ei- en kuikenpredatie, want in 
het gebied met de hoogste activiteit van bewoners en toeristen was de predatie het 
hoogst in aal drie de seizoenen. 
 Een groot deel van dit proefschrift behandelt de groei en energiehuishouding 
van de jonge kuikens voordat zij vliegvlug worden. De volgende soorten werden 
onderzocht (zie Tabel 1.1 voor soortsbeschrijvingen en groeistrategie van de jongen): 
in Siberië de Kleine Strandloper, Calidris minuta (Scolopacidae), en in Zuid Afrika 
achtereenvolgens de Herdersplevier, Charadrius pecuarius (Charadriidae), Smidsplevier, 
Vanellus armatus (Charadriidae), Diadeemkieviet, V. Coronatus (Charadriidae), 
Afrikaanse Zwarte Scholekster (Haematopodidae) en Kaapse Griel, Burhinus capensis
(Burhinidae). Deze soorten werden uitgekozen vanwege de variatie in lichaamsgewicht 
van de volwassen vogels, de groeistrategie van de jongen, en de timing van het 
broedseizoen. Met behulp van literatuurgegevens van andere steltlopersoorten was het 
tevens mogelijk om de invloed van de geografische verspreiding op groei en 
energiegebruik van de steltloper- en meeuwenkuikens (Charadriidae and Lari) te 
vergelijken.
 De nestvliedende kuikens van de Kleine Strandloper groeiden relatief snel in 
Medusa Bay, Siberië (73ºN), ze hadden namelijk een 14% hogere groeicoëfficiënt en, 
gemeten over de eerste 15 dagen tot het vliegvlug worden, een 107% hoger niveau van 
de totale metaboliseerbare voedselopname (TME) dan voorspeld op grond van hun 
lichaamsgewicht. Het feit dat ze klein zijn en dus een hoge oppervlakte-inhoud 
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verhouding hebben, zou relatief veel warmteverlies tot gevolg kunnen hebben en zo 
hun energieverbruik en groei kunnen beïnvloeden in de koude Arctis. 
 De nestvliedende kuikens van de Herdersplevier, Smidsplevier en 
Diadeemkieviet, werden onderzocht in het warme subtropische klimaat van Zuid-
Afrika. Lichaamsgrootte, de start van het broeden, de groeistrategie, en habitat hadden 
allemaal een effect op de groei en energiehuishouding van de kuikens. Hun lage 
groeicoëfficiënt, rustmetabolisme (RMR) en dagelijks energieverbruik zouden 
aanpassingen kunnen zijn aan de geringe hoeveelheid voedsel dat beschikbaar is, en de 
gematigde temperaturen in hun milieu. De kuikens van deze drie nestvliedende 
soorten groeiden inderdaad langzamer, en hadden een lager dagelijks energieverbruik 
dan hun even grote verwanten uit arctische en gematigde streken. 
 De semi-nestvliedende kuikens van de Afrikaanse Zwarte Scholekster zijn wel 
mobiel zodra ze uit het ei komen, maar worden tot het vliegvlug worden door de 
ouders gevoed. Hun groeisnelheid bleek van invloed te zijn op hun kans om het nest 
te verlaten, de duur van de periode tot het verlaten van het nest en hun gewicht op het 
moment van het verlaten van het nest. De kuikens vertoonden een grote variatie in 
groeisnelheid, maar zelfs de langzame groeiers verlieten op den duur het nest. Deze 
langzame groeiers bleven achter in de groei van alle lichaamsdelen behalve de vleugels. 
Daardoor konden ze eerder het nest verlaten dan op grond van hun langzame groei 
verwacht zou worden. De kuikens uit hetzelfde nest vertonen sterke onderlinge 
rivaliteit. Er vormt zich een dominantie hiërarchie die tot gevolg heeft dat er verschil 
in grootte ontstaat. Het grootste kuiken verlaat het nest het eerst, en heeft op het 
moment van nest verlaten een groter gewicht en daardoor waarschijnlijk betere 
overlevingskansen dan de andere kuikens. De groeicoëfficiënt van de Afrikaanse 
Zwarte Scholeksters op Robbeneiland (33ºZ) was 2% lager dan was voorspeld. De 
relative groeicoëfficiënt (observaties versus voorspelling) van de semi-nestvliedende, 
door de ouders gevoerde, kuikens van Afrikaanse Zwarte Scholekster lag dichter bij de 
verwachte waarde voor steltlopers dan die van de nestvliedende, zelfvoedende, 
steltlopers uit de Westkaap. De relatieve groeisnelheid van de Afrikaanse Zwarte 
Scholeksterkuikens was lager dan die van andere scholekster soorten die op het 
noordelijk halfrond voorkomen. Dit is mogelijk een gevolg van verschillen in 
lichaamsgrootte, klimaat en voedselbeschikbaarheid. Het rustmetabolisme van de 
kuikens, hun dagelijkse maximim v.w.b. de metaboliseerbare energie opname (DME) 
en de totale metaboliseerbare energieopname gedurende de totale groeiperiode (TME) 
waren gelijk aan wat de modelvoorspellingen. De kuikens besteedden minder tijd aan 
voedselzoeken en waren langer inactief dan andere nestvlieders. Dit heeft tot gevolg 
dat ze relatief sneller kunnen groeien dan nestvlieders in vergelijkbare 
klimaatsomstandigheden. 
 Een andere steltlopersoort met semi-nestvliedende, door de ouders gevoerde 
jongen, uit de Westelijke Kaap (34ºZ) is de Kaapse Griel, waarvan alle 
groeiparameters overeenkomen met de, op basis van hun lichaamsgewicht, voorspelde 
waarden. Relatief gezien is hun energieverbruik hoger dan dat van de nestvlieders in 
hetzelfde milieu, maar lager dan dat van vergelijkbare steltlopers in gematigde en 
arctische gebieden. De semi-nestvliedende ontwikkeling van de kuikens van deze soort 
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maakt het ze mogelijk om relatief sneller te groeien dan de nestvlieders en lijkt van 
belang te zijn in het voortbestaan van de soort. 
 Door de steltlopers als groep te onderzoeken en ze te vergelijken met de 
verwante meeuwen (Charadriiformes, Lari) was het mogelijk om inzicht te krijgen in 
het belang van het volwassen lichaamsgewicht, de manier van ontwikkeling en de 
breedtegraad, voor de groei en energiehuishouding van de steltlopers. Semi-
nestvliedende steltlopers vertoonden relatief snellere groei dan de nestvliedende 
soorten, op dezelfde breedtegraad. Dit werd vooral duidelijk door de Afrikaanse 
Zwarte Scholekster en de Kaapse Griel te vergelijken met Zuid-Afrikaanse 
nestvlieders. Daarnaast bleken de relatieve groeisnelheid en de totale metabolische 
energieopname van de kuikens toe te nemen met de breedtegraad. Kuikens op hogere 
breedtegraad kunnen mogelijk hun hogere energieverbruik, veroorzaakt door hogere 
thermoregulatiekosten, compenseren door meer voedsel op te nemen. Het 
rustmetabolisme (RMR) van de kuikens bleek niet gerelateerd te zijn met de 
breedtegraad, waardoor men zou kunnen concludereren dat energieverbruik van 
kuikens in die gebieden meer beïnvloed wordt door hun kosten voor thermoregulatie 
en activiteit, dan door hun kosten voor het rustmetabolisme. Steltloperkuikens op 
hogere breedtegraden besteden hun tijd óf aan voedselzoeken óf aan opgewarmd 
worden door hun ouders, en lijken onder een grotere tijdsdruk te opereren dan hun 
verwanten in de Westelijke Kaap, die in hun groei beperkt lijken door een lager 
voedselaanbod.
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