
 

 

 University of Groningen

From an egg to a fledgling
Tjørve, Kathleen Marjorie Calf

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2006

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Tjørve, K. M. C. (2006). From an egg to a fledgling: A perspective on shorebird breeding ecology and chick
energetics. [Thesis fully internal (DIV), University of Groningen]. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 23-05-2023

https://research.rug.nl/en/publications/91d0230a-13f8-4629-a654-169965cb8511


Section 3 
The impact of climate and latitude on the 

growth and energetics of shorebird 
chicks





Chapter 9 
Does chick development relate to breeding 

latitude in shorebirds?

Kathleen M.C. Tjørve



Chapter 9 196

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

1. Hötker (1994), 2. Glutz von Blotzheim (1977), 3. Dement’ev (1969), 4. Pienkowski (1984), 
5. Tjørve unpubl., 6. Cairns (1982), 7. Thomson (1994), 8. Tjørve et al. (submitted manuscript-c), 
9. Starck & Ricklefs (1998b), 10. Beintema & Visser (1989b), 11. Redfern (1983), 12. Parmelee 
(1970), 13. Soikkeli (1967), 14. Norton (1970), 15. Schekkerman et al. (2003), 16. Schekkerman 
et al. (1998b), 17. Parmelee et al. (1968), 18. Tjørve et al. (submitted manuscript-b), 
19. Schekkerman et al. (1998a), 20. Safriel (1975), 21. Ricklefs (1973), 22. Miskelly (1990), 
23. Tjørve et al. (submitted manuscript-d), 24. Hockey (1984a), Starck & Ricklefs (1998a), 
25. Klaassen (1994), 26. Tjørve et al. (submitted manuscript-e), 27. Congdon (1990), 28. Schew 
(1990), Starck & Ricklefs (1998a), 29. Pettit et al. (1984), 30. Langham (1986), 31. Congdong 
(1984) in Hulsman & Smith (1988), 32. Hemmings (1984), 33. Furness (1987), 34. Reid (1966), 
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. 
Kadlec et al. (1969), 43. Brisbin unpubl. in  Ricklefs (1973), 44. Witt (1977), 45. Smith & Diem 
(1972), 46. Dawson et al. (1976), Klaassen & Drent (1991), 47. Bakker et al. (unpubl.), 48. Harris 
(1964), Ricklefs (1973), 49. Pearson (1968), 50. Vermeer (1963), Ricklefs (1968), 51. Schreiber 
(1970), 52. Ricklefs (1973), Dawson & Bennett (1980,) 53. Dawson & Bennett (1980), 
54. Palokangas & Hissa (1971), Klaassen & Drent (1991), 55. Eising (unpubl.), 56. Gabrielsen et
al. (1992), 57. Barrett & Runde (1980), 58. Coulson & White (1958), 59. Coulson & Porter (1985), 
60. Vo  & Vleck (1987), Starck & Ricklefs (1998b), 61. Maunder & Threfall (1972), Barrett & 
Runde (1980), 62. Barrett (1989), 63. Diamond (1976), 64. Hulsman & Langham (1985), 
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



Synthesis 209

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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