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PRELUDE

On a sunny morning in a semi-arid area in 
Africa, a small granivorous bird is ready to begin 
its daily activity, the most important of which 
is to find food in order to gain energy required 
to avoid starvation and be in good condition 
at reproduction. It moves around on the bare 
ground and finds a small patch of broken pieces 
of dry grass straws that form a layer over the soil. 
Tossing aside the litter with its bill, it searches for 
fallen grass seeds buried in the sand. Patches will 
vary in quality and quantity; which patches will 
be worth spending time in? What foods will be 
more valuable to handle or process? This bird has 
to act fast, lest it becomes food itself for a bird of 
prey. Even in the absence of predation danger, as 
midday approaches the cost of remaining in the 
scorching sun increases. It is also the dry season 
and a long distance to the nearest waterhole. 
What choices will be optimal? What decisions 
will make the best balance of food and safety?

In this thesis, I evaluate the costs associated with 
foraging for birds in a savannah woodland area 
in central Nigeria. I investigate the relationship 
between seasonality in food and water 
availability, predation risk and thermal stress and 
examine the role each factor plays in shaping the 
foraging behavior of birds in this dry, seasonal 
environment.

INTRODUCTION
 
Foraging ecology and behavior
One very important resource that determines 
how well an animal performs in its environment 
is the local density and immediate availability 
of food (Begon et al. 1996; Leisler 1992). 
Animals require food to obtain energy necessary 

to maintain body processes and for growth and 
reproduction (Schmidt-Nielsen 1997). Hence 
the process of obtaining food is directly linked 
to fitness. When an animal forages for food, it 
is faced with a number of options which include 
where to feed, what to eat or whether to continue 
feeding or not (MacArthur and Pianka 1966; 
Emlen 1966; Stephens et al. 1986), as well as 
how long to remain in a foraging patch (Charnov 
1976; Stehens et al. 1986). A forager may be 
constrained by its internal state, its physiology 
or morphology and by different external factors, 
biotic or abiotic (Stephens and Krebs 1986; 
Houston et al. 1993; Sih and Christensen 2001; 
Stephens et al. 2007). These constraining factors 
set limits to the extent to which an animal can 
exploit its environment and therefore affects its 
foraging decisions. 

Foraging animals are continuously faced with 
different forms of challenges and risks. The extent 
to which they are affected by potential danger 
depends to a great extent on habitat structure. 
For example the structure of a habitat may 
influence a forager’s decision by creating different 
habitat sub-units differing in food availability 
and quality, predation risk and thermal stress. 
While moving between these microhabitats, they 
will have to avoid being casualties to imminent 
danger while at the same time avoiding the 
likelihood of starving to death (Stephens et al. 
2007). The more time it spends foraging, the 
higher the energy reward, but also the greater 
the risks of falling victim to danger. This results 
in a trade-off of some sort (Lima 1985). Hence 
foraging decisions can have direct consequences 
on energy intake and survival and will thereby 
affect fitness (Olsson et al. 2002). 

Two models have formed the basis for other 
models of foraging theory: the diet and patch 

Costs of foraging in a dry tropical environment
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models. While the diet model deals with the 
decision whether to attack an encountered 
food item or not, the patch model deals mainly 
with how animals should allocate time to patch 
exploitation (Stephens and Krebs 1986; Stephens 
et al. 2007). These first models have however 
undergone significant modifications over the years 
(Stephens et al. 2007). For example, the original 
model that describes how an animal should use a 
patch, the marginal value theorem (MVT) states 
that a foraging animal should leave a patch when 
its marginal rate of intake equals the average rate 
of intake for the entire environment (Charnov 
1976), assuming that the forager is working 
towards maximizing its energy intake rate. 
However, an important consideration may be the 
extent to which animals will maximize net intake 
rates of energy when they are continuously faced 
with different conflicting selective pressures such 
as competition, predation, thermal stress, water 
balance and nutrient requirements (Walsberg 
1983). In addition, animals in the wild are not 
constantly foraging, but engage in other fitness-
related activities such as mating, territoriality, nest 
building as well as feather maintenance (Brown 
1988). As a response to this, an extension of the 
MVT (Brown 1988) incorporates a complete set 
of costs that may influence the forager’s patch 
leaving decisions. The model states that a forager 
should quit foraging when the benefits derived 
from being in a patch no longer outweigh the 
costs. The model assumes that the resources in 
the forager’s environment are depletable and that 
it can engage in other fitness related activities 
aside from foraging (Brown 1988). 

The amount of food left in a depletable patch 
after a foraging bout, i.e. giving-up density 
(GUD; Brown 1988) reflects the quitting harvest 
rate at the point where a forager leaves the patch. 
This is affected by the costs of foraging in that 
patch (Kotler and Brown 1990). This is expressed 
by

H = C + P + MOC (Equation 1)

where H is the quitting harvest rate, C, metabolic 
costs, P, predation costs (how much energetic 
compensation a forager will demand for taking a 
risk) and MOC, missed opportunity costs (costs 
of forgone alternatives such as foraging elsewhere 
or engaging in other fitness related activities). 
When the benefit of feeding in a patch no longer 
outweighs the costs incurred by the forager, i.e. 
when the quitting harvest rate is equal to the 
sum of the metabolic, predation and missed 
opportunity costs of foraging, the best option 
is to leave that patch (Brown 1988). GUD is 
used as a surrogate of the quitting harvest rate 
and should increase with any increase in the 
metabolic, predation and missed opportunity 
costs (Brown 1988, 1992).

Early diet models addressed issues related to 
attack and handling of food before consumption 
and the inclusion of food items are based on 
their profitabilities (Pulliam 1974). Later models 
combined elements of the diet selection and 
patch use theory to model within patch diet 
selection when exploiting patches with multiple 
resources (Brown and Mitchell 1989; Brown and 
Morgan 1995). More recent models have gone 
a step further to incorporate processes that take 
place after food is consumed (post-consumptive 
handling; Whelan and Schmidt 2007). These 
models combine the physiological and ecological 
aspects influencing diet choice and patch use. 
The acquisition and handling of food will be 
influenced by the physiological processes that 
follow consumption (Whelan and Brown 2005; 
Whelan and Schmidt 2007). Consequently, a 
forager’s physiological capacity will determine 
the variation in its diet.  

Foraging behavior gives insight into the 
experiences of organisms in their environment, 
which in turn shapes the evolution and 
coadaptation of other traits such as its physiology 
and morphology (Ydenberg et al. 2007). The 
evolutionary consequences of feeding behaviors 
and the resulting population and community 
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structure form the basis of foraging ecology 
(Ydenberg et al. 2007).

The significance of foraging behavior
Foraging models assume that the feeding 
behavior of animals are shaped by natural 
selection and that the individuals that exhibit 
behaviors that tend to increase fitness will 
contribute more genes to future generations. 
Such traits will be heritable and through natural 
selection will eventually become dominant in 
populations of that species (Emlen 1966; Werner 
and Hall 1974; Pyke 1984; Stephens and Krebs 
1986). This notion was supported by the use 

of mathematical models (optimization models; 
Stephens and Krebs 1986) to investigate the 
set of decisions in the foraging process that will 
produce the best outcomes. This gave rise to the 
concept of “optimal foraging theory” (Stephens 
and Krebs 1986; Stephens et al. 2007). 

If animals are designed to act optimally, then 
studying their behavior may provide ecologists 
with information on their assessment of the 
environment. For example, food abundance 
can be measured directly by sampling food 
availability in the environment (Hutto 1990; 
Crowley and Garnett 1999; Olsson et al. 2001). 
However, estimating food availability in an 
environment based on direct sampling may not 
accurately reflect its availability to an animal 
(Hutto 1990; Olsson et al. 1999; 2001; Persson 
and Stenberg 2006). Observation of a forager’s 
behavior in its environment may therefore result 
in better estimations of environmental quality as 
well as the effects of biological interactions such 
as predation and competition. An individual 
will assess opportunities and hazards in its 
environment and respond through its behavior 
(Brown 2000). Foraging behavior could therefore 
serve as a useful tool in conservation (Rosenzweig 
2007) such as in monitoring population changes 
(Whelan and Jedlicka 2007). 

Dry environments
Tropical savannahs are characterized by low 
rainfall and high temperatures with large 
seasonal and annual variation (Nix 1983) 
and consequential strong seasonal changes in 
vegetation structure and productivity (Hopkins 
1968), which are determined mainly by rainfall 
patterns (Fig. 1). Hence animals adapted to these 
regions are constantly faced with fluctuations in 
food and water availability (Walker 1985). These 
environments are made up of two main seasons, 
the dry and wet seasons. In addition to temporal 
variation in vegetation condition and production 
there is also great spatial variation (Bourliere 
and Hadley 1970) resulting from burning and 

Figure 1. Maximum and minimum temperatures (solid 
and dashed lines, respectively) and frequency of rain (bars) 
during February to October in (a) 2004 and (b) 2005. Day 
1 refers to 6 and 8 February respectively.
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grazing pressures as well as other anthropogenic 
activities. This may result in a landscape mosaic 
of habitats that vary in structure and function, 
e.g. protective cover, food and water availability. 
Such temporal and spatial variability in food 
availability and habitat structure is of utmost 
importance to consumers (Bourliere and Hadley 
1970) and coupled with temporal and spatial 
changes in the thermal environment will form a 
significant component of the foraging ecology of 
granivores (Bozinovic and Vasquez 1999; Caraco 
et al. 1990).

Optimal foraging models have mainly been tested 
on temperate birds (e.g. Olsson and Holmgren 
1999; Olsson et al. 1999; 2001; 2002; Oyugi 
and Brown 2003; van Gils et al. 2005; Nolet 
et al. 2006). However, the ecological models 
should be valid in both temperate and tropical 
climates, although environmental conditions 
are so different that the outcomes may differ 
substantially.

In this thesis, I explore the different costs that 
may be faced by foraging birds in a dry, seasonal 
environment. My research questions are the 
following:

1. How does seasonal variability in food 
and water availability affect the value of 
resources to birds in dry environments? 
(Paper I, II & III)

2. Does proximity to water affect foraging 
decisions? What implication will this have 
in the management of savannah birds?  
(Paper III & IV)

3. Are tropical birds mostly affected by 
metabolic or predation costs? (Paper III)

4. What factors affect diet selection in birds 
and how? (Paper IV)

5. How are birds adapted to hot dry 
environments? (Paper  III, V, VI)

METHOD
Study Area
The entire study was carried out at the field 
station of the A. P. Leventis Ornithological 
Research Institute (Fig. 2), located within the 
Amurum Forest Reserve 15 km east of Jos, 
Central Nigeria 09°53′N 08°59′E (Fig. 3). 
The Reserve, with a total area of about 125 ha, 
comprises a small area of granitic outcrops in dry 
scrub savanna, interspersed with gallery forests, 
patches of grassland (Fig. 4) and surrounded by 
cultivated farmlands on the Jos Plateau (Ezealor 
2002). Some common tree species include 
Daniella oliveri, Parkia biglobosa, Acacia albida, 
Lophira lanceolata, Khaya senegalensis, Vitex 
doniana, Piliostigma thonningii and Ficus spp 
(Ezealor 2002). Rain occurs from around May to 
August, while the dry season is between October 
and March with an average rainfall of ca. 1400 
mm per year (Payne 1998). Temperature range 
is between +20 - +25 °C (< +10 °C in extreme 
cases) during the coldest months and +30 - +35 
°C during warm and dry months (Paper I).

Field studies
Giving-up density: In my field studies (Paper I, 
III and IV), I have used artificial food patches 
in the natural environment, consisting of feeding 
trays with seeds mixed in sand (Fig. 5). In all 
cases I have allowed free-ranging birds to forage 
from the trays. I placed out seed trays (Fig. 6) 
in the morning around 7 am and collected and 
weighed the remaining seeds (GUDs) after about 
five hours. 
Focal observations: I carried out focal 
observations to record the identity of the foragers. 
I observed the feeding patches from about 10 m 
away, with the use of a telescope (Paper I and III) 
and recorded the species that visited the tables 
by speaking into a tape recorder. I observed a 
focal individual to collect data on vigilance and 
feeding rates. However the data on vigilance 
behavior is not presented in this thesis. 

In Paper I and III, several granivorous bird 
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Figure 3. Map of Nigeria. Arrow points to the study area in Jos, central Nigeria. Inset: map of Africa with arrow pointing to Nigeria.

Figure 2. Left photo: Aerial view of the A. P. Leventis Ornithological Research Institute (APLORI) field station. Right photo: Institute 
building. Photo by Ola Olsson.
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Figure 5. The author placing seed trays and a water pot at a 
feeding station. Photo by Ola Olsson.

Figure 4. Photo shows the different habitat types within the Amurum Forest Reserve. Left photo:  fringing forest, top right: savanna 
area, bottom right: a view of the Reserve from the top of an inselberg, showing rocky out crops, an area of savanna woodland and a 
strip of fringing forest. Photo by Ola Olsson.

Figure 6. Top: a feeding tray with mixture of sand and millet. 
Bottom: Grey headed sparrows feeding from a tray (Photo by 
Martin Stervander).
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species visited the artificial patches, however at 
different frequencies. These are sun lark Galerida 
modesta, village weaver Ploceus cucullatus, red-
billed fire-finch Lagonosticta senegala, cinnamon-
breasted rock bunting Emberiza tahapisi. speckle-
fronted weaver Sporopipes frontalis, northern 
red bishop Euplectes franciscanus, rock firefinch 
Lagonosticta sanguinodorsalis, lavender waxbill 
Estrilda caerulescens, orange-cheeked waxbill 
Estrilda melpoda and red-cheeked cordon-bleu 
Uraeginthus bengalus (Fig. 7). In both studies, 
the same sites were used and the food in a 
feeding tray consisted of pearl millet Pennisetum 
gambiense seeds mixed in sand. I looked at the 
effect of a seasonal change in food (Paper I and 
III) and water availability (Paper III) by collecting 
a continuous series of GUD data throughout the 
year, covering different seasons, thus, looking 
for a seasonal trend in GUDs (Paper I). I also 
placed feeding patches in the open and in a 
bush microhabitat in Paper I while in Paper III, 
I placed patches in the open, close to bush and 
near bush to separate the effects of predation risk 
and heat (Fig. 8). At the same time, I looked at 
the seasonal variation in microhabitat use in both 
studies. 

The study in Paper IV took place in a separate 
site and only one bird species, village weaver, was 

observed to visit the patches. I investigated how 
the quality and abundance of different food types 
determined the diet selection strategy of these 
birds by presenting wild birds with two food 
patches placed side by side, at different distances 
from a bush. Each feeding tray contained 
different proportions of millet and peanut Arachis 
hypogaea seeds (Fig. 9) mixed together in sand. 
The two seed types were used because of their 
differences in chemical composition, especially 
in energy content. In another experiment in the 
same study, I placed two feeding trays, containing 
only millet or only peanuts, side by side (Fig. 9), 
at different distances from cover and at different 
seasons, to investigate how diet selection varied 

Figure 7. Top left – right: red-cheeked cordon bleu, cinnamon breasted rock bunting, lavender waxbill, rock firefinch. Bottom left 
– right: speckle-fronted weaver, village weaver, bronze manikin, red-billed firefinch. Photos taken from the APLORI website (www.
aplori.org) bird gallery.

Figure 8. Feeding tables placed in a bush, near bush and 
in the open.
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with season.
In paper V, we mist-netted birds during two 
periods of the day early in the morning and 
late afternoon and measured body temperature 
within five minutes of capture. We used a copper 
thermocouple to measure body temperature by 
inserting it into the cloaca (Fig. 10; see Paper 
V for more detail). Ambient temperature was 
also recorded at the same time. This was to 
investigate the change in body temperature 
with ambient temperature, to understand the 
physiological adaptations of birds living in dry, 
hot environments.

Aviary studies
I also carried out experiments in an aviary (Paper 
VI; Fig. 11) consisting of three compartments: 
one with ambient temperature, another heated 
to temperatures well above ambient temperature, 
with a fan heater and a third cooled to low 
temperatures by an air conditioner. I recorded 
the food intake, i.e. amount of seeds eaten, 
of two bird species, red-cheeked cordon-bleu 
and northern red bishop, in these different 
compartments, by allowing them to choose 
between feeding in each compartment. This 
was to investigate the extent to which birds are 
affected by temperature (metabolic costs) and 
to understand the different adaptations of these 
birds to their environment.

FORAGING COSTS 
In a seasonal environment such as in the dry 
tropics, variation in food and water availability 
and temperature, as well as the timing of seasonal 
activities should influence the costs of foraging in 
various ways (Fig. 12). In his patch-use model, 
Brown (1988) states that a forager should leave 
a patch when its quitting harvest rate equals 
the sum of its metabolic, predation and missed 
opportunity costs. Equation 1 can be rewritten 
as:

Cost of predation and Missed opportunity 
cost

H = c + + ……….. Equation 

(2)

Where P = , and MOC =  

Figure 9. Left: Mixture of millet and crushed peanuts; 
top: crushed peanut seeds; bottom: millet seeds.

Figure 10. Prof. Jan-Åke Nilsson taking body temperature 
of a bird with a copper thermocouple, while the author 
takes readings. Photo by Jacinta Abalaka.

Figure 11. Aviary with three compartments.
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The cost of predation (P), which is the energetic 
compensation a forager will demand for taking 
a risk (Brown 1992; Brown and Kotler 2004) 
is made up of three components: the risk of 
predation (μ), survivor’s fitness i.e. the expected 
fitness if surviving (F) and the marginal value of 
energy i.e. the rate of change in expected fitness 
with energy intake (∂F/∂e). A change in any of 
these components of the cost of predation will 
affect GUD. P should increase with an increase 
in μ and F, and increase with a decrease in ∂F/∂e.
Within its environment a foraging animal is 
faced with microhabitats that differ in risk and 
while seeking for food it risks the possibility of 
becoming food for other animals. Consequently, 
it has to set a balance between food and safety 
(Lima 1985), spending more time and feeding 
more in safer habitats even if the energy reward 
in the risky habitat is greater (Brown and Kotler 
2004). The forager accepts a lower rate of energy 
gain rather than maximizing its energy intake 
rate. It should therefore demand much more to 
feed in the risky habitat, resulting in a higher 
cost of predation (see review by Brown and 
Kotler 2004; Paper II). A rich body of literature 
has shown that animals perceive greater risk with 
increasing distance from cover (see Brown and 
Kotler 2004 for a review). Hence bushes may 
serve as refuge from predation.
Animals living in different environments 
face different circumstances and so will have 
different fitness prospects (Olsson et al. 2002). 
This may influence the manner in which they 
respond to risks and will be reflected in their 
cost of predation. The cost of predation is not 

the same as the risk of predation, instead, it is 
the price (measured in energy units) placed on 
the consequences of a risky venture (Brown and 
Kotler 2004). Therefore, an individual in a high 
quality environment (high F) will demand more 
for taking a risk, i.e. will have a higher cost of 
predation than an individual with a lower fitness 
expectation (low F) and thus should be less willing 
to take risks (Olsson et al. 2002). However, in 
making between environment comparisons, the 
missed opportunity cost is the most vital cost of 
interest (Paper II).

The missed opportunity cost (MOC) is the cost 
of forgoing other alternative activities, including 
foraging elsewhere, while foraging in a patch 
(Brown 1988; Paper II). It consists of three 
components: the long-term survival rate, p; the 
marginal value of energy, ∂F/∂e and the marginal 
value of time, Φ (i.e. the change in expected 
fitness if given one extra time unit). Therefore, 
MOC should be affected by an increase in other 
activities such as territorial defense, mating, nest 
building, as well as by resource availability (Paper 
II). It should increase with an increase in Φ, a 
decrease in p and a decrease in ∂F/∂e. While many 
studies have assumed that the cost of predation 
is the most important cost that determines the 
behavior of animal in (e.g. Olsson et al. 2002; 
Brown 1992; Brown and Kotler 2004), we 
argue that when making within environment 
comparisons, that is not the whole truth (Paper 
II). Instead, between environment differences in 
food availability will influence the MOC. Since 
the opportunity to feed in other patches in the 
environment is part of the opportunity cost, the 

Figure 13. Photo showing the same savannah area during 
dry and wet seasons.

Figure 12. Schematic representation of the different factors 
that potentially can affect GUD.
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higher the quality of the environment (e.g. higher 
food availability), the more the lost opportunities 
i.e. higher MOC.
An increase in food availability in the environment 
increases the value of other alternative activities, 
increasing the MOC, through both an increase 
in the marginal value of time and a decrease in 
the marginal value of energy (eq. 2; Paper I, II, 
III). This is because while in the current patch, 
the forager continuously misses the opportunity 
to forage in other rich patches. In the same vein 
MOC may differ between seasons, either due to 
a difference in resource availability or a difference 
in the frequency of certain activities such as 
between breeding and non-breeding seasons 
(Paper I & III). 

In our study on the seasonal variation in foraging 
behavior of birds in a seasonal environment (Paper 
I), GUD of foraging birds seemed to follow the 
pattern of grass seed availability between dry and 
wet seasons (Fig. 13). In the beginning of the dry 
season, when seed availability is still moderately 
available (Dostine et al. 2001), GUDs were still 
high, however as food availability decreased, 
towards the beginning of the wet season, GUDs 
declined and reached its lowest point at the 
beginning of the rains when seed availability was 
most likely at its lowest level (Fig. 14, Paper I). 
When food became more available, either due to 
an increase in insect abundance (Denlinger 1980) 
or when grass seeds became more available after 
the rains (Crowley and Garnett 1999; Dostine 
et al. 2001), GUDs increased further (Paper I & 
III). The increase in GUD when food availability 
increased was possibly due to a decrease in the 
marginal value of food, which resulted in an 
increase in the MOC and P. In contrast, when 
food availability is low, the marginal value of 
food should increase, resulting in a low MOC 
and P. Thus, MOC and possibly P should differ 
between rich and poor seasons.

Similarly, in the study on the effects of seasonality, 
water and predation risk on birds (Paper III), 

a difference in GUD between seasons may 
result from a difference in MOC as well as in 
P. However, in addition to the seasonal variation 
in GUD, there was a difference in GUD, within 
seasons between patches with or without water. 
During seasons with high food availability but 
low water availability, providing water increased 
GUDs, meaning that birds fed less thoroughly 
when water was provided. This is most likely due 
to an increase in MOC, resulting from increasing 
opportunities of feeding elsewhere. Proximity to 
water should increase the value of food and in 
a rich environment (or season), this results in 

Figure 14. Mean (± SE) GUD, in g of remaining millet 
seeds, during February to October in two microhabitats, 
cover (shaded circles) and open (open circles), over the season 
in (a) 2004 and (b) 2005. Curves represent patterns predicted 
by models 19 (bold line) and 22 (thin line). In 2004, both 
models yeild identical results but in 2005 GUD in open 
(dashed lines) and cover (solid lines) differs slightly between 
the two models. Each symbol represents a 20-day average.
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a further increase in environmental and patch 
quality, thereby resulting in less depletion of 
patches. Thus the MOC should increase even 
if the cost of predation P remains the same. 
A similar result was obtained in Paper IV. In 
contrast, during the season with low food and 
water availability, GUD decreased when water 
was provided i.e. birds fed more thoroughly 
when water was provided. Since the environment 
was relatively poor at this time, providing water 
may have only increased the value of the foraging 
patch, leading to a more thorough depletion of 
the patch. This may have led to a decrease in the 
MOC and possibly P. The effect of water provision 
that leads to low GUDs have been explored to a 
great extent in other studies (Kotler et al. 1998; 
Hochman and Kotler 2006; Shrader et al. 2008), 
however, this is the first demonstration of an 
increase in GUD with water provision.

In Paper I, I placed feeding patches in open 
and bush microhabitats, possibly differing 
in predation risk and thermal costs. Open 
microhabitats may be viewed as costly in terms of 

predation risk, i.e. if being in the open increases 
the chances of being seen and attacked by a 
predator, or in terms of thermal stress, if exposure 
to high temperatures increases metabolic costs. 
Birds fed more in cover during the two years 
of the study (Fig. 14), possibly due to a higher 
cost of predation or high metabolic cost in the 
open. Preference for cover remained unchanged 
throughout the year, irrespective of variations in 
food availability and temperature across seasons. 
A higher cost of predation may outweigh any 
metabolic costs as has been suggested in previous 
studies (Brown et al 1994), which I tested in 
Paper III.

In the study on the effects of seasonality, water and 
predation risk on patch use (Paper III), I placed 
patches in bush, close to a bush and far away 
from a bush, to separate the costs of predation 
and thermal stress. There was a gradient in patch 
use, as birds had the lowest GUDs in bush and 
the highest GUDs in the open. The patches close 
to a bush had intermediate values (Fig. 15). This 
and the fact that the pattern remained the same 
across seasons points to predation risk as the main 
factor affecting microhabitat use in these birds 
and suggests that predation costs are higher than 
metabolic costs for birds in this environment. 
This is not surprising as birds have physiological 
adaptations by which they can offset metabolic 
costs (Paper V).

Metabolic cost
The metabolic cost is the energetic costs associated 
with foraging. An important part of this cost is 
usually the thermal costs associated with the 
foraging area, i.e. the thermal environment. 
Animals have successfully adapted to a range 
of ambient temperatures. The range of thermal 
environments that minimize metabolic rate is 
called the thermoneutral zone (McNab 2002) 
and this is delimited by the upper and lower 
critical temperature, respectively. Above, as well 
as below this range of ambient temperatures 
animals have to thermoregulate (McNab 2002). 

Figure 15. Giving-up densities, measured as the mass of seeds 
(g) remaining in the food patch after a foraging session, on 
food patches placed in a bush (cover), close to a bush (near; 
<2 m from a bush) and in the open (~8 m from the closest 
bush). Error bars represent 95 % confidence intervals, and 
the values shown are representative for absence of water 
during the dry season.
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Behavioral thermoregulation may include 
selection of less thermally stressful microhabitats, 
reduction in activity during the daily peak in 
temperature (Tieleman and Williams 2002) or 
adoption of different positions or body postures 
to regulate temperature.

Animals expend energy while searching for 
and consuming food and in a hot and dry 
environment, the energetic costs should increase 
with a decrease in food and water supply (Louw 
1993). Then foraging animals will have to search 
longer, exposing themselves to harsh weather 
conditions and increasing metabolic costs. 
Foraging animals have been found to reduce 
activity during periods of high temperatures 
(Kenagy et al. 2004) and higher GUDs in the 
open have sometimes been attributed to high 
metabolic costs (Bozinovic and Vasquez 1999; 
Kilpatrick 2003). However, in a study on hoopoe 
larks (Alaemon alaudipes; Tieleman and Williams 
2002) birds spent less time feeding and more 

time resting during the hotter part of the day, 
only on days with surplus food. On days without 
supplemented food, they increased their exposure 
to heat and spent more time feeding (Tieleman 
and Williams 2002). Therefore a trade-off may 
exist between foraging and thermoregulation.

Most studies that suggest a behavioral avoidance 
of thermally costly microhabitats, e.g. seeking 
shade or spending less time feeding under heat 
stress, have been carried out on rodents (e.g. 
degus Octodon degus; Bozinovic and Vasquez 
1999; Bozinovic et al 2000; Bacigalupe et 
al. 2003; Kenagy et al. 2004). Most of these 
animals lack the physiological adaptations to 
cope with heat stress, for example, degus lacks 
the capacity for evaporative cooling (Bacigalupe 
et al. 2003). Birds on the other hand, in addition 
to behavioral adaptations, possess physiological 
mechanism with which they can offset metabolic 
costs. In attempting to tease apart metabolic and 
predation costs, all arguments point to predation 
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 Figure 16. Relationship between ambient temperature (°C) in the shade and body temperature (°C) of 69 individual birds from 
13 different species. Equation of the line: Body temperature = 37.2 + 0.22(ambient temperature); R2 = 0.45.
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cost being the greater cost (Brown et al. 1994; 
Druce et al. 2006; Paper III), but this should not 
lead us to overlook the significance of metabolic 
costs.

Birds in hot environment may revert to the 
use of evaporative cooling to dissipate heat 
and avoid dehydration (Louw 1993), a process 
which is energetically expensive and promotes 
excessive water loss. Due to their high rates of 
metabolism, which is related to their high body 
temperatures (~ 41°C), birds tend to have a high 
rate of water loss. However birds inhabiting dry 
environments, possess adaptations to reduce the 
total evaporative water loss (TEWL) in order 
to conserve water (McNab 2002; Williams and 
Tieleman 2005). Such physiological adaptations 
include: a countercurrent heat exchange system 
in the nasal passages that can recover large 
amounts of water from exhaled air and reduce 
respiratory water loss (Tieleman et al. 1999; Sabat 
et al. 2006); alteration of the lipid composition 
in the skin (Menon et al. 1989; Williams and 
Tieleman 2005) as well as an increase in body 
temperature with ambient temperature i.e. the 
use of hyperthermia. Most studies on the use of 
hyperthermia to reduce energy costs and water 
loss in hot environments is, however confined 
to birds in laboratory settings (Tieleman & 
Williams 1999). In Paper V, we showed for the 
first time the use of hyperthermia by free ranging 
birds to reduce thermoregulatory costs (Fig. 16). 
Birds increased their body temperatures by up to 
5 °C above normal temperatures when ambient 
temperatures were most likely above their upper 
critical temperature. 

In Paper VI, captive birds avoided the thermally 
costly compartments at the beginning of the 
experiment when food availability was equal 
in all compartments. However, over the course 
of the day, they increased their use of the 
thermally expensive compartments, incurring 
a high thermoregulatory cost, probably due to 
declining food availability in the more favourable 

ambient compartment. They may have resorted 
to using costly physiological means to avoid 
overheating, while maintaining their energy 
intake. This implies that birds may alternate 
between the use of behavioral and physiological 
thermoregulation, depending on their internal 
state.

DIET SELECTION

An individual’s diet selection strategy cannot 
be totally independent of its patch exploitation 
strategy (Heller 1980; Brown and Mitchell 
1989). The original diet model assumed no 
depletion of resources and predicts no partial 
preferences among foods (Pulliam 1974). On 
the contrary, most studies on diet selection have 
shown situations where partial preferences occur 
as a result of optimal foraging, such as in the 
expanding specialist diet strategy (Heller 1980; 
Brown and Mitchell 1989). The expanding 
specialist strategy is that where a forager 
selectively harvests its preferred food i.e. the food 
with the higher profitability, until it is depleted 
to a critical level after which it expands its diet to 
include the less profitable food. The expansion 
point is determined by the density of the preferred 
food. Studies on seed selection in animals suggest 
that preference is mainly determined by handling 
times (Willson 1971) as well as seed distribution 
and densities (Brown and Mitchell 1989), while 
seed quality or chemical composition has mainly 
been overlooked. Seeds vary in their chemical 
composition e.g. in carbohydrates, proteins 
and lipids as well as in secondary compounds. 
However, seeds with higher concentrations of 
secondary compounds may not always be of low 
profitability (Pulliam 1980). 

In my study on diet selection in birds (Paper IV), 
I investigated the diet selection strategy of birds 
feeding on two seed types, millet and peanut that 
differ both in energetic (Karasov and Martinez 
del Rio 2007) and toxic content (Odoemelam 
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and Osu 2009). Results showed that birds 
employed the expanding specialist strategy, as 
they started by feeding selectively on peanuts 
but at some point became more selective towards 
millet (Fig. 17). Their expansion point however 
was determined by the amount of peanut seeds 
they had eaten, contrary to predictions. They 
took only ~1 g of peanut before switching to 
millet, irrespective of the amount of peanut 
left. In line with predictions on diet selection, 
preference for peanut may have been as a result 
of its higher profitability, since it contained more 
energy per gram than millet (Asibuo et al. 2008; 
Adeola and Orban 1995; Baryeh 2001) due to 
its high fat content. However, peanut contains 
a higher concentration of toxins than millet 
(Odoemelam and Osu 2009) and so, birds may 
be limited by how much of the toxins in peanuts 
they can handle which probably created a trade-
off between energy gain and toxic exposure.

Birds may switch or expand their diet for several 
reasons ranging from increasing nutritional 
requirements e.g. for migration (McWilliams et 
al 2002) or breeding (Stutchbury and Morton 
2001; Lahti 2003) to declining food availability 
(Dostine and Franklin 2002). They could also 
vary their diet composition to compensate 
for increased metabolic costs during harsh 
conditions (Whelan et al. 2000). Dry regions 
experience relatively high seasonal variation in 
temperatures, water and food availability (Walker 
1985). Therefore the balance between metabolic 
water production and evaporative water loss 
may fluctuate and energetic or nutritional 
requirements may vary seasonally. 

In my second experiment in Paper IV, I 
investigated a seasonal change in diet selection in 
birds. Generally birds preferred millet, however 
preference for millet decreased during the early 
wet season when background seed abundance 
must have declined (Dostine et al. 2001) and 
during this time more peanuts were taken. Even 
though grass seed availability was low, other food 

sources were readily available, e.g. insects, fruits 
etc. At this time, granivores may switch their 
diets to include other available foods (Dostine 
& Franklin 2002; Lahti 2003). Additionally, this 
was the breeding season for the main visitors to 
the feeding patches, village weavers, and they 
have been observed to include insects in their 
diets during this period (Lahti 2003; personal 
observation). Increased intake of peanuts was 
probably due to increasing nutritional demands 
during breeding.

SUMMARY AND CONCLUSION

Measuring patch use by foragers (Brown 1988) 
reveals the magnitude and significance of the 
effects of the different costs associated with a 
foraging area. Hence it should be possible to use 
these behaviors as indicators of habitat quality 
and seasonal background food availability, as 
influenced by e.g. rainfall patterns. The behavior 

Figure 17. Selectivity index for millet as a function of total 
GUD (millet + peanut). The curve represents the prediction 
by the best model, which is the same for both patch types 
with different proportions of millet and peanut. Open circles 
represent low peanut patches and closed circles represent high 
peanut patches, with no difference in selectivity between 
patch types. Dashed curves represent 95 % confidence 
interval. The horizontal line represents the 0.5 mark, the 
region of equal or no selectivity. Above this line, millet is 
preferred and below the line peanut is preferred.
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of foragers in artificial food patches will reflect 
significant temporal and spatial differences in the 
costs and benefits of foraging. 
In this thesis, I have used the patch use behavior 
of birds as an indicator of a seasonal and 
environment-wide effect of food availability, 
water, predation risk and temperature. My 
studies have revealed to a great extent that the 
behavior observed among animals is shaped 
by the circumstances they are faced with in 
their environment. I show that while temporal 
(seasonal) variations in GUDs appear to be 
driven by food availability and water; small-scale 
spatial variation in GUDs seems to be driven 
by predation risk. Birds seem to be willing to 
trade-off food for thermoregulation (Tieleman 
and Williams 2002), however they may resort 
to more costly means of thermoregulation e.g. 
hyperthermia, when energy demand increases.

Proximity to drinking water seems to be a 
determinant of the extent to which granivorous 
birds will exploit their environment. This 
however appears to be tied to immediate 
environmental quality - when birds were offered 
some water, they depleted patches more when 
food availability was low, but less when there 
was plenty of food available. This has great 
implications for bird conservation. For example, 
increased foraging efficiency that could result 
from providing water in a degraded environment 
may adversely affect the overall productivity, 
through higher seed removal rates (Kotler et al. 
1998). However this may not be a problem for 
good quality habitats.

My study supports the proposition that 
physiological considerations of diet selection 
be incorporated in ecological studies of food 
preferences (Whelan and Brown 2005; Whelan 
and Schmidt 2007). I further suggest that the 
quality of seeds may play a more important role 
than previously thought, in the diet selection 
strategy used by granivorous. Theoreticians may 
need to incorporate the effect of toxins rather 

than only considerations of seed densities in 
models of diet selection strategies. For birds that 
employ the expanding specialist strategy, when 
feeding on seeds that vary in toxic content, the 
expansion point may be dependent on how much 
toxin they can handle. Also, seasonal variation in 
diet as confirmed in many studies (see review by 
Whelan et al. 2000) may be related to changing 
nutritional requirements. 
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