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Abstract 

Birds adjust flight speed according to their circumstances, and as such avian flight is a 

behavioural attribute rich with ecological implications. Flight mechanical theory enables 

the power expenditure of flight to be reliably estimated and was incorporated into foraging 

theory to predict the flight speed of foragers in a patchy habitat. The basic prediction is 

that at the net energy intake rate maximizing flight speed, the marginal cost of a further increase 

in flight speed matches the net rate of intake. This equality could theoretically be used in reverse, 

providing a relatively simple method to estimate the net energy intake rate. This could be useful 

for habitat quality assessments and conservation planning because intake rate estimates are 

otherwise often time-consuming, labor-intensive, and difficult.  

In this thesis I measured the flight speed of foragers in two natural foraging scenarios, and 

in an experiment in which I manipulated the attainable rate of energy intake. I demonstrate 

step-by-step how to predict net energy intake rate from flight speed including corrections 

for wind, flight distance (i.e., inter-patch distance) and flock size, all of which affect the 

power requirements of flight. The data support the theoretical predictions of the effects of 

wind and flight distance, as well as the effect of flock size (though interpretation of the 

latter remains uncertain because another published model makes reverse predictions). 

The data give limited support for the prediction that foragers adjust flight speed in relation 

to habitat foraging quality. Dunlin (Calidris alpina) flight speed slowed as predicted in the 

course of the winter on one mudflat, but not on another. As predicted, migrant western 

sandpipers (Calidris mauri) fly faster on small than on large mudflats, but the differences 

are slight and flight speed appears slow relative to predictions. Steller’s jays (Cyanocitta 

cristatus) did not fly faster between patches in response to a manipulation of patch quality. 

Overall, about half of the flight speeds I measured were at maximum range speed or 

slower. I suggest that this might be explained if foragers were maximizing not the intake 

rate but the foraging gain ratio.  

Keywords:  animal behaviour; foraging; flight mechanics; theoretical model; optimal 

flight speed; energy intake rate 
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Chapter 1.  
 
General introduction 

1.1. Theoretical background 

Habitat quality is a central concept in ecology, but measuring it is a challenging task. 

Accurate estimates often involve measurements of many different aspects of the 

environment. An excellent description of what habitat quality means for shorebirds can be 

found in the book “Birds and Habitat” (Piersma, 2012). The book argues that habitat quality 

depends on the right balance between energy management, water and heat management, 

safety management, disease management, and social management. Measuring all these 

variables would be rather complex making it challenging to measure habitat quality.    

Frequently used methods to assess habitat quality include measurements of the resources 

and population counts (Johnson, 2007). These methods are widely applied, but often time 

consuming, costly, and prone to errors. For animals with prey large enough to be seen by the 

observer it may be possible to measure their energy intake rate, especially when the prey items 

consist of a single species (Zwarts, et al., 1996a). However, it becomes rather difficult to 

determine intake rates when prey items are very small and diverse, which is the case for many 

shorebird species (Dierschke, et al., 1999; Jardine, et al., 2015) and may therefore involve 

catching and euthanizing the birds to look at stomach contents (Dierschke, 1998).  

What we measure as prey availability may be very different from what foragers experience 

(Horne van, 1983). For example, when prey density increases predators may become 

selective and in response feeding rates (i.e., pecks per minute) may decrease (Baker & 

Baker, 1973; Backwell, et al., 1998). It may appear that feeding conditions have worsened 

while in reality the intake rate (Joules per second) has increased. Measures of prey density 

may also not represent what is available to consumers. A study on the eastern curlew 

(Numenius madagascariensis) demonstrates that sediment resistance is a better predictor 

of curlew density than benthic fauna density or biomass (Finn, et al., 2008). In this case 

measures of prey density sampled from the substrate do not represent the feeding habitat 

quality for curlew. Estimates of the population density can also be misleading. A study on 

Norway lemming (Lemmus lemmus), for example, found a negative correlation between 

lemming density and food availability (Kock de, et al., 1969). Similarly States (1976) and 
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Schantz (1981) found no relation between Yellow pine chipmunk (Tamias amoenus) and 

Red fox (Vulpus vulpus) density and habitat quality. Direct estimates of energy intake rates 

can also be sensitive to errors. A study that recovered shells eaten by Eurasian oystercatchers 

(Haematopus ostralegus) to estimate energy intake rate found that the size of the shell affected 

how easily a shell was recovered since large shells are easier to find, and as such there was an 

overestimate of as much as 61% when oystercatchers were primarily feeding on small shells 

(Cayford, 1988). Using the inter-catch interval to estimate feeding rates can also lead to an 

overestimate as birds are more likely to disappear out of sight during long intervals than short 

ones, creating a bias to short intervals, and another overestimate occurs when prey is not 

consumed at the measured interval (Goss-Custard, et al., 2002).  

An alternative approach is using foraging behaviour that correlates with energy intake to predict 

the energy intake rate. A study on redstarts (Setophaga ruticilla) showed how prey attack 

rate was significantly lower in winter than in summer and number of foraging movements 

required to encounter a prey was significantly higher in winter, indicating that prey 

availability was much lower in winter (Lovette & Holmes, 1995). Similarly, a study on 

Prothonotary warblers (Protonotaria citrea) found that attack rates were higher in cypress-

gum swamp forests than in coastal-plain levee forests, which correlated with higher 

population density and greater reproductive success, indicating a higher prey availability 

in the former habitat (Lyons, 2005). An earlier study also found that attack rate was 

significantly lower in insectivorous birds in the tropics than in temperate forests, 

suggesting that prey availability in temperate forests is greater than in the tropics (Thiollay, 

1988). Another behavioural change that seems to be consistent among most of these 

studies is an increased foraging speed (i.e., movements per minute), which reflects the 

increased time and energy demands during this period (Lovette & Holmes, 1995; Dobbs, 

et al., 2007). A study on passerines in the Hubbard Brook Experimental Forest, West 

Thornton, New Hampshire, USA also found that forage speed was significantly correlated 

with attack rate (Robinson & Holmes, 1982). These findings suggest that foraging speed 

could also be used to estimate energy intake rate. It has been proposed that foraging 

speed might be easier to measure than attack rate and so estimates of the foraging speed 

might be a more useful method (Hutto, 1990).   

Over the years many theories have been developed regarding these behavioural 

correlates. One theory that stands out is the optimal flight speed theory which may allow 

us to predict net energy intake rates from foraging flight speeds of birds (Hedenstrom & 
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Alerstam, 1995). This theory emerges from the foraging theory as well as the flight 

mechanical theory where the foraging theory allows us to predict what foraging decisions 

a bird should take and the flight mechanical theory allows us to predict the energy 

expenditure in flight. Charnov (1976) was one of the first to describe how the energy intake 

rate in a foraging patch should diminish over time, the longer a forager stays in the patch the 

lower the rate of return should become. In general, a forager should stay longer in the patch 

when the energy intake rate is lower, and as such foraging time can indicate the energy intake 

rate in a foraging patch. Similarly, Norberg (1981) illustrates how parent birds must increase 

their foraging flight speed to maximize the energy delivery to their young. Birds should continue 

to increase their speed as long as the increased travel cost can be more than compensated for 

by foraging in the time saved by traveling faster. In this case the model could be used in reverse 

to predict energy delivery to the young by measuring the foraging flight speed of the parent birds: 

the faster the parent bird flies the more energy it should deliver to the young. Norberg’s 

predictions depend heavily on the flight mechanical theory largely developed by Pennycuick 

(1969). The flight mechanical theory demonstrates that the relation between flight speed and 

flight cost is U-shaped, and as such flight becomes increasingly costly as flight speed increases 

(Pennycuick, 1968; Tucker, 1969; Rayner, 1979). This had led to two well-defined flight speeds: 

minimal power speed (speed with minimal cost per unit time; Vmp) and maximum range speed 

(speed with minimal cost per unit distance; Vmr) (Pennycuick, 1969). Hedenstrom & Alerstam 

(1995) extended Norberg’s theory by combining Charnov’s marginal value theorem with 

Pennycuick’s flight power curve to predict the optimal flight speed between feeding patches. 

The optimal flight speed between patches depends on the optimization currency they are 

using; birds can either adjust their flight speed to maximize net energy intake rate 

(maximum energy accumulation) or maximize foraging gain ratio (minimal energy 

consumption). Which of these currencies is optimal depends on the flight situation (see 

list with flight situation in Hedenstrom & Alerstam 1995). In general birds are expected to 

maximize foraging gain ratio when energy minimization is of immediate concern, for 

example during food scarcity or when there is high risk associated with foraging. In all 

other cases birds are expected to choose the currency that maximizes their net energy 

intake rate (Hedenstrom & Alerstam, 1995). When energy minimization is of concern, birds 

are expected to fly at maximum range speed. When birds need to maximize their net 

energy intake rate their flight speed should exceed maximum range speed and increase 

with increasing energy intake rate. As such this model allows us to predict net energy 
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intake rate from the flight speed between feeding patches under the rate maximizing 

currency.   

Graphically the optimal flight speed while maximizing net energy intake rate can be found 

by drawing a tangent line between U-shaped cost curve (Pennycuick, 1969) and the 

diminishing gain curve (Charnov, 1976) as illustrated in Hedenstrom & Alerstam (1995) 

(Fig. 1.1). Where C stands for flight cost in Joules, Tt for travel time between feeding 

patches in seconds, En for energy gain in the patch in Joules and Tp for patch residence 

time in seconds. Derived from Eq. 18 and 19 in Hedenstrom and Alterstam (1995), the net 

energy intake rate Rn can then be found as: 

 =   −   + p                              (1.1) 

 

where C stands for flight cost in Joules, Tt for travel time between feeding patches in 

seconds, En for energy gain in the patch in Joules and Tp for patch residence time in 

seconds. 

 

Figure 1.1.  The tangent line represents the net energy intake rate, the shaded 
area illustrates how this is calculated in Eq. (1.1). 

Without knowledge of En and Tp, net energy intake rates can be found by taking the 

derivative of the flight cost C with respect to travel time Tt:  
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= −  dd  =   −  + p         (1.2) 
 

To make predictions with the model we need to meet a couple of conditions in regard to 

the bird’s behaviour. First birds need to forage under the rate maximizing currency. 

Foragers are expected to maximize net energy intake rate in most conditions, except when 

energy saving becomes an immediate concern, such as during food scarcity or when there 

is a high risk associated with foraging (Hedenstrom & Alerstam, 1995). When the net 

energy intake rate is maximized, birds should fly faster than maximum range speed and 

increase their speed with increasing energy intake rate. Since the maximum range speed 

is situated at the bottom of the cost curve illustrated in Figure 1.1, flight speeds faster than 

maximum range speed result in an increasing tangent line that becomes steeper when 

energy intake rate increases. This results in a predicted net energy intake rate that 

increases with increasing energy intake rate. However, if birds choose to maximize their 

foraging gain ratio, then their optimal speed should be at maximum range speed and fight 

speed becomes independent from energy intake rate (Hedenstrom & Alerstam, 1995). If 

we were to use the model under these conditions the predicted net energy intake rate 

would always be zero (Fig 1.2). 

 

Figure 1.2.  Predicted net energy gain (J/s) when birds fly at maximum range 
speed (Vmr), faster, or slower. 

Note: The x-axis here is time (s) and the y-axis is energy cost (J) resulting in a rate of change in 
J/s. The shaded region represents the flight speeds at which I expect the birds to maximize net 
energy intake rate. I expect slower speeds to correspond with maximizing foraging gain ratio. 

When we predict the net energy intake rate from flight cost and travel time (Eq. (1.2)), we 

assume that the birds fly at the theoretical optimum (i.e., the flight speed that maximizes 

their net energy intake rate). It is, however, possible that birds don’t fly at the theoretical 
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optimum. Several studies have found that the empirical data did not always match the 

theoretical optimum. A study on foraging seabirds, for example, found that out of four 

seabirds (i.e., the Imperial shag, South polar skua, Little shearwater and Wilson’s storm-

petrel) only the Little shearwater (Puffinus assimilis) flew close to the predicted maximum 

range speed while the others flew well below the predicted optimum (Alerstam, et al., 

1993). A comprehensive literature study compared  flight speeds of 48 migrating birds with 

the theoretical optimum and found that only 42 percent flew at the theoretical optimum, 

where lighter birds generally flew faster and heavier birds flew slower (Welham, 1994). 

Another more recent study found that home-bound Lesser black-backed gulls (Larus 

fuscus) typically flew 17 percent slower than their predicted maximum range speed 

(McLaren, et al., 2016). Since the net energy intake rate is predicted as the derivative from 

the cost curve (Fig. 1.1), we see that a flight speed slightly slower or faster than the 

optimum can result in a noticeably lower or higher predicted net energy intake rate (Fig. 

1.3). We know that birds maximizing their net energy intake rate should fly faster than the 

maximum range speed, but without knowledge of the energy intake rate we cannot predict 

the exact optimum. Since we don’t know what the optimum should be, we can only assume 

they fly at optimal speed to make predictions with this model.  

 
Figure 1.3.  Model-predictions when birds fly fastor or slower than optimum. 
Note: When birds are maximizing the net energy intake rate they fly at the optimum speed, if they 
fly faster or slower than optimum the model would over- or under predict the net energy intake rate. 



7 

1.2. Thesis outline 

The overall goal of this thesis is to test whether optimal flight speed theory can be used to 

estimate net energy intake rate from foraging flight speeds of birds. I will here describe the 

content of each chapter and how each chapter contributes to the overall goal of the thesis. 

In addition I will provide extra information on measuring flight speed of birds, the radar 

used in this study, the study species and the study locations.  

In Chapter 2 I provide an overview of the theoretical framework that forms the basis of the 

predictions made throughout this thesis. I describe step-by-step how the net energy intake 

rate can be calculated from foraging flight speeds of birds. For each step I provide 

mathematical solutions and explain in detail how the input values can be obtained. I also 

discuss the conditions and assumptions around the use of the model. This chapter was 

intended as a tool for future researchers to further explore the predictions from the optimal 

flight speed theory in the context of foraging birds.  

In Chapter 3 I test optimal flight speed theory using seasonal resource depletion to change 

the (assumed) energy intake rate while measuring flight speed response. It is well known 

that resource availability at intertidal mudflats depletes over the course of the winter due 

to reduced photosynthesis and primary production (Joint, 1978; Zwarts & Wanink, 1993), 

reduced prey availability in winter (Schneider & Harrington, 1981; Colwell, 1993; Hemmera, 

2014a) and shorebird foraging (Schneider & Harrington, 1981; Piersma, 1987; Gill, et al., 2001; 

Hamer, et al., 2006). This depletion of resources should reduce the net energy intake rate 

and hence decreasing the optimal foraging flight speed. To test this prediction I measured 

foraging flight speeds of wintering dunlin (Calidris alpina pacifica) from November till May 

to assess whether foraging flight speeds and model-predicted net energy intake rates 

decrease in response to depleting resources. This chapter was intended to show whether 

birds adjust their flight speed to depleting resources as predicted by theory.  

In Chapter 4 I test predictions from optimal flight speed theory against field-estimated 

resource availability and predation danger. I predicted that foraging flight speeds and 

model-predicted net energy intake rates should match in rank order field-estimated 

resource availability. I also predicted that birds foraging at small-enclosed sites should 

achieve a higher net energy intake rate to compensate for the higher risk of predation, as 

suggested by other studies (Ydenberg, et al., 2002; Pomeroy, et al., 2008). To test these 
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predictions I measured foraging flight speeds of western sandpiper (Calidris mauri) at six 

different sites across the Salish Sea in July and August for two consecutive years. I 

collected sediment samples and video footage from feeding sandpipers to estimate 

feeding rates to be used as proxies for resource availability at each site. I tested whether 

foraging flight speeds and model-predicted net energy intake rates matched in rank order 

total organic matter and feeding rates and whether model-predicted net energy intake rate 

was significantly higher at small-enclosed sites than at large open sites. This chapter was 

intended to show whether birds adjust their flight speed to the resource availability as 

predicted by theory.    

In Chapter 5 I conduct a quantitative test of the theory. Not only do I test if birds fly faster 

when energy intake rates are higher, I also test whether model-predicted net energy intake 

rates match with field estimated net energy intake rates. To test this I designed a feeding 

experiment with Steller’s jay (Cyanocitta stelleri) where I manipulated net energy intake 

rate and measured flight speed response. I placed two feeders 20 m apart and used video 

cameras to record energy gain in the patch, patch residence time, flight time and flight 

cost, from which I calculated the net energy intake rate (i.e., Eq. (1.1)). I then tested 

whether flight speed increased with increased field estimated net energy intake rate, and 

whether model-predicted net energy intake rate matched the field estimated net energy 

intake rate.  This chapter was intended to see how well the model-predicted net energy 

intake rate matches quantitively with field estimated net energy intake rate to understand 

how accurately the model predictions can be.  

In the last chapter I summarize the main findings and explain the contributions and 

significance of this thesis. I also provide recommendations for future studies based on the 

findings and lessons learned from this work. 

1.3. Measuring flight speed of birds 

Studies of animal movement date to the 17th century (Galilei, 1623; Borelli, 1680), and 

studies about bird flight start to show up in the 19th century (Prechtl, 1846; Parseval, 1889; 

Marey, 1890). Measurements of bird flight speed began in the 20th century and were most 

commonly done with optical instruments (e.g. telescope or theodolite), or measured  from 

a moving vehicle like an automobile or aircraft (Stebbins & Fath, 1906; Wetmore, 1916; 

Gignoux, 1920; Longstreet, 1930; Weiser, 1933; Darling, 1934; Cooke, 1937). One of the 
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earliest studies used an astronomical telescope to look at migrating birds at night. An 

observer was located 200 feet south of another observer, and both observers aimed their 

telescope at the moon (this provided a clear contrasting image when birds flew by). Both 

observers noted the time at which the birds passed the moon such that the time difference 

and the distance between the observers enabled them to calculate the flight speed 

(Stebbins & Fath, 1906). The availability of  automobiles in the early 20th century enabled 

researchers to measure flight speeds by matching speed to that of birds. One of the earlier 

studies that used this method was carried out at the shore of Tulare Lake, California. Birds 

often tended to fly parallel with the shoreline, which was conveniently parallel with the road 

and thus enabled the researchers to drive the car parallel with the birds. The driver 

increased the speed of the car until it reached the speed of the birds; the passenger then 

noted the speed indicated by the speedometer (Wetmore, 1916). One of the earliest 

measurements by aircraft was made from York airport, Pennsylvania. The aircraft was 

flown to 1400 feet where it was able to fly parallel with a flock of swans, long enough to 

estimate their flight speed (Weiser, 1933).  

With the invention of radar in the late 1930s people started to notice that flocks of birds 

were being picked up by the radar (Brooks, 1945). Many radar operators were unaware 

of the cause of the scatter on the radar (caused by birds) and believed that it was caused 

by atmospheric discontinuities which they referred to as “radar angels” (Harper, 1958). 

One of the first attempts to use radar to measure flight speeds of birds was in at Hawk 

Mountain, Pennsylvania in 1938. However, weather conditions made it impossible for the 

researchers to get good measurements [Broun 1939]. A more successful attempt was 

done a few years later along the East Anglian coast in the UK. The radar plotted a group 

of birds for 57 miles over a 99-minute period, giving an average flight speed of 55 kmh -1. 

The observers were able to identify the birds as grey geese (Anser spp.) from their calls 

(Lack & Varley, 1945). Since then numerous researchers used radar to measure flight 

speeds of birds (Buss, 1946; Tedd & Lack, 1958; Parslow, 1969; Richardson, 1979; 

Alerstam, 1987; Hedenstrӧm & Alerstam, 1996; Bruderer & Boldt, 2001).  

New techniques for tracking animals in the wild based on radio frequencies from satellites 

were developed in the 1970s. The first implementation of satellite tracking was called the 

Interrogation Recording Location System (IRLS) and was used to track Elk in Jackson 

Hole, Wyoming (Craighead, et al., 1972). This system, however, suffered from large 

errors, but the invention of Argos in the late 1970s enabled greater accuracy (Argos, 1978; 



10 

Curatolo, 1986; Fancy, S.G.; Pank, L.F.; Douglas, D.C.; Curby, C.H.; Garner, G.W.; 

Amstrup, S.C.; Regelin, W.L., 1988). The release of the Global Positioning System (GPS) 

to the public in the mid 1990s allowed researchers to study fine scale movements of 

animals worldwide (Rempel, et al., 1995; Moen, et al., 1996; Douglas-Hamilton, 1998; 

Schwartz & Arthur, 1999). One of the first GPS trackers specifically designed to track birds 

was made and tested in Frankfurt, Germany. It had a weight of 33 grams and a time-

indexed recording of latitude, longitude, and flight speed (ground speed) stored every 

second. The recorder was able to store approximately 90,000 positions with a battery life 

of three hours. The study reports a flight path recorded by the GPS tracker but lacks further 

details (Hünerbein von, et al., 2000). Just a few years later another study revealed more 

details. This study was done at the Crozet Islands where eight 100 g GPS trackers were 

attached to the back of breeding albatrosses to follow their movements while foraging. 

The researchers estimated flight speeds ranging from 18 to 135 kilometers per hour 

(Weimerskirch, et al., 2002).  

All these measurements are of  ground speed, which is the speed relative to the earths 

surface. Allen (1939) was one of the first to describe the effect of wind on ground speed. 

He described how, when measurements are done from land, the wind speed and direction 

must be measured in conjunction with track direction to calculate the airspeed (also 

referred to as true speed), which is the speed relative to the air. The vector addition 

procedure described in this paper is now known as the “triangle of velocities”. Calculating 

the airspeed from ground speed and wind velocity is particularly important when we want 

to know the power expenditure of a bird’s flight (Pennycuick, 1968; Tucker, 1969; Rayner, 

1979).  

Nowadays we can find three commonly used techniques to measure flight speeds of birds: 

timing over distance (Elliott & Gaston, 2005; Reurink, et al., 2016), radar (McCann & Bell, 

2017; Jenkins, et al., 2018) and GPS (Bouten, et al., 2013; Fijn & Gyimesi, 2018). Each 

of those techniques has advantages depending on the scenario and what kind of data are 

required. Timing over distance is by far the cheapest method but can suffer from large 

errors and cannot be applied in all circumstances. Radar is the most versatile as it can 

track any moving target within scanning range. It is however expensive to purchase, and 

the size makes it hard to use at any location. Both of these methods can potentially be 

used to measure flight speeds of hundreds of birds within a short timeframe (Reurink, et 

al., 2016; Jenkins, et al., 2018). GPS on the other hand is the only method suitable to track 
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a bird over a long distance anywhere on earth. However, it is not very suitable to measure 

flight speeds of hundreds of birds in a short time frame as birds need to be captured to 

attach a GPS transmitter.  

1.4. Study details 

1.4.1. The radar 

The radar used for this study is a trailer-mounted modified X-band surveillance radar 

designed and built by EchoTrack Inc.® (Fig. 1.4). The radar was designed specifically for 

biological studies to detect small individual targets, such as migratory birds (Millikin, 2001). 

The radar has a 1.8m slotted waveguide antenna that is tilted 73 degrees upwards. This 

tilted design allows for estimates of target elevation. The antenna spins a full 360 degrees 

every 1.33 seconds. Earlier tests demonstrate an error of approximately five meters at a 

distance of 800m (Millikin & Buckley, 2001). In combination with a peak power of 25kW 

and a pulse frequency of 3000 pulses per second this radar is more powerful and accurate 

than other radar surveillance systems used for biological studies (Dagenais, 2016). The 

radar is potentially capable of registering small targets (<1kg) up to a distance of two 

kilometers (EchoTrack, 2017).  

 
Figure 1.4.  EchoTrack's trailer mounted modified X-band surveillance radar. 
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EchoTrack’s custom software automatically generates a flight trajectory when a target is 

detected on at least three consecutive scans and follows a predictable flight path. 

Individual target locations are then stitched to a single flight path, which makes it easy to 

calculate the corresponding flight speed. As the radar was designed to monitor migratory 

birds there was no need to have the radar beam reach the ground surface. Targets below 

the radar beam can still be picked up by the side lobes, which are less powerful side 

beams on top and below the mean beam (Dagenais, 2016). This allows low flying species 

such as  shorebirds to be recorded by the radar.  

1.4.2. Study species 

 
Radar tracked species 

The Salish Sea contains some of the most important shorebird habitats in the Pacific northwest. 

Every year hundreds of thousands of shorebirds aggregate at the estuaries while on 

migration or over winter. Among the most abundant species are the western sandpiper 

(Calidris mauri) and the Pacific dunlin (Calidris alpina pacifica). Both species migrate 

through the Salish Sea, and many dunlins overwinter in the area. Their diets consist of 

benthic invertebrates and biofilm, but whereas dunlin feed primarily on invertebrates, the 

western sandpiper is more specialized in biofilm (Elner, et al., 2005; Kuwae, et al., 2012). Both 

species can be found close to shore following high tide while they move out with the tide as it 

retracts further from shore (Jimenez, et al., 2015). Western sandpipers are known to return to 

the exposed mudflat after a few hours to feed when biofilm is more abundant (Canham, 2019). 

The birds return to shore with incoming tide and when the mudflat is flooded birds roost along 

the marsh edge or feed in the pastures (Shephard, 2001). The primary predators of dunlin and 

western sandpipers are peregrine falcons (Falco peregrinus) and merlins (Falco columbarius)  

(Butler, et al., 2002; Dekker & Drever, 2016).  

Western sandpiper  

The western sandpiper (Calidris mauri) is at 26 grams one of the smallest shorebirds. This 

species has a relatively long drooping bill, slightly longer in females than males. During 

the breeding season the birds have rufous patches on the top of their wings, back and 

head, and are heavily spotted on the breast. Juveniles have a similar plumage but lack 

the spotting on the breast. During the non-breeding season the wings, back and head turn 
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plain grey-brown, and the breast turns plain white. As the name suggests the western 

sandpiper is primarily found on the west coast of North- and South America, but can also 

be found on the east coast, especially during the winter. The western sandpiper breeds 

mostly in the Alaskan arctic and overwinter along the Pacific coast from Oregon south to 

Peru, and along the east coast from South Carolina to the coastline of Mexico. The Salish 

Sea provides important stop-over locations for this species as it migrates north towards 

its breeding grounds, and when they migrate south it provides the first stop-over locations 

to fatten up for the long journey ahead. Western sandpipers pass through this region from 

April-May during spring migration, and from June-September during fall migration, in which 

juveniles leave about a month later than adults (Butler, et al., 1987). The southward 

migration of the western sandpiper partially overlaps with that of peregrine falcons, which 

start to arrive in the Salish Sea in late July (Lank, et al., 2003). During this stop-over period 

western sandpipers have to make a trade-off between food availability and safety. 

Dangerous sites are generally only used when the food availability is high, while sites with 

low food availability are only used when they are safe (Pomeroy, et al., 2008).      

Pacific dunlin  

While the dunlin is in appearance quite similar to the western sandpiper, at a weight of 54 

grams it is substantially larger with a noticeably longer bill and a black patch on the breast 

during the breeding season. In contrast to the western sandpiper the dunlin is commonly 

found along both the east and west coasts of North America. Along the west coast we 

have the Pacific subspecies (Calidris alpina pacifica) which breeds in Alaska and 

overwinters along the west coast from Canada to Mexico. Dunlins arrive in the Salish Sea 

in October for overwintering until April, when they return to their breeding grounds in 

Alaska (Ydenberg, et al., 2010). Dunlins arrive in the Fraser River Estuary when peregrine 

falcon migration has reached its peak (Lank, et al., 2003).  

Experimental species  

Steller’s jay  

The Steller’s jay (Cyanocitta stelleri) is an iconic species with a dark blue plumage at the 

bottom, starting at the base of their wings, and black plumage at the top with blue or white 

marks on the forehead. Steller’s jays are resident and altitudinal migrants in western 

North- and Central America. They can be found in coniferous and mixed conifer-deciduous 

forests at low elevation near the coast and low to mid elevation in the interior (Thomas & 
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Jardine, 2021). Steller’s jays are generally associated with fragmented forest habitat and 

are known to benefit from timber harvesting (Marzluff, et al., 2004). Like other birds of the 

corvid family Steller’s jays are intelligent birds that hoard and cache their food. They are 

highly responsive to human activities and are therefore often found in recreational areas 

where they feed on leftover or hand-out food from humans (Goldenberg, et al., 2016). 

Because these birds are intelligent and quickly habituate to human presence (Harvey, 

2015; Billings, et al., 2017) they have become a species of choice for behavioural 

experiments.  

1.4.3. Study location 

The radar studies were conducted at six locations across the Salish Sea (Fig. 1.5). The 

Salish Sea is located in southwest British Columbia Canada and extends to northwest 

Washington State USA. This region consists of three main waterbodies: the Strait of Juan 

de Fuca, the Strait of Georgia, and Puget Sound. Research shows that 72 bird species 

are highly dependent on this marine environment and the food it provides, these include 

the dunlin and western sandpiper (Gaydos & Pearson, 2011).  
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Figure 1.5.  The six research locations indicated with open circles.  
Source: Google Earth 

Study sites were selected from 39 sites known to be used by dunlins and western 

sandpipers (Reurink, et al., 2016; Hope, 2018). From these I selected eight sites 

accessible for the radar trailer of which five were visited in 2018. A sixth site was added in 

2019. From north to south these six sites are located along the east coast of Vancouver 

Island, at the Fraser River Estuary in southwest British Columbia and at the Skagit River 

Estuary and Puget Sound in northwest Washington State. 

 

Oyster Bay 

The most northern location on Vancouver Island is Oyster Bay, which is located along the 

North Island Highway between Comox and Campbell River, just north of the Oyster River. 
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This location is bordered by land on the south- and westside and surrounded by a 

sandbank on the north- and east side, with a 100-meter gap in the southwest corner 

directly exposed to the ocean (Fig. 1.6). The sandbank is almost entirely flooded during 

high tide. With a surface area of only 16 acres this is one of the smaller sites of this study. 

The sediment in the center of the bay is soft and organic with lots of wood and debris, 

while the sides are sandy with pebbles and rocks.  

 
Figure 1.6.  Oyster Bay with radar and transect posts 50 meters apart. 
Source: Google Earth 

San Malo 

The second location on Vancouver Island is located further south at the mouth of the 

Englishman River in Parksville. This location is almost entirely surrounded by land with 

only a small opening on the west side where both river and ocean water is able to enter 

(Fig. 1.7). With a surface area less than 10 acres this is the smallest site of this study. The 

sediment is very muddy with a thin vegetation cover around the boarders.  
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Figure 1.7.  San Malo with radar and transect posts 50 meters apart. 
Source: Google Earth 

Roberts Bank 

Roberts Bank is located between the mouth of the Fraser River and the Port terminal. This 

location is also referred to as Brunswick Point. At the north end there is a large marsh 

habitat that runs about two kilometers out from shore and is approximately eight hundred 

meters wide (Fig. 1.8). The east side is bordered by a dike backed by agricultural land; 

the south end is bordered by the Port terminal. The mudflat has a surface area of 

approximately ten square kilometers during low tide. Its close proximity to the Fraser River 

allows fine sediments from the river to settle and form a thick mud layer. These fine 

sediments hold a lot of nutrients making it one of the richest sites in the estuary (Hemmera, 

2014a).  
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Figure 1.8.  Roberts Bank with radar and transect posts 100 meters apart. 
Source: Google Earth 

Boundary Bay 

The second site in the Fraser Estuary is Boundary Bay. With a surface area of 

approximately seventy square kilometers during low tide this is the largest bay in the 

estuary. The north side of the bay is bordered by a dike with a strip of marsh vegetation 

along the shore (Fig. 1.9). The westside is bordered by Point Roberts and Boundary Bay 

Regional Park. Inundation from the Serpentine and Nicomekl Rivers on the east side of 

the bay causes inflow of fine sediments, making this side of the bay much richer than the 

rest. This area is also referred to as Mud Bay. The rest of the bay bottom consists largely 

of sand;  fine sediments from the much larger Fraser River are blocked by the 

Tsawwassen peninsula.  
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Figure 1.9.  Boundary Bay with radar and transect posts 100 meters apart. 
Source: Google Earth 

English Boom 

English Boom (Fig. 1.10) is located on the north shore of Camano Island, which forms the 

south border of Skagit Bay. Ocean water enters the bay through Puget Sound in the south 

and through Deception Pass in the north. The Skagit River enters the bay along the 

northeast border and the much smaller Stillaquamish River enters the bay in the southeast 

corner. The inflow of these rivers allows for fine sediments to settle in the bay forming a 

thick mud layer. With a surface area of approximately ninety square kilometer this is the 

largest site in this study.  

Crockett Lake 

Crockett Lake (Fig. 1.11) is located on the southwest side of Whidbey Island and is mostly 

detached from the ocean, only a tidegate in the southwest corner is connected to the open 

ocean. Water in the lake is brackish as a result of mixture from runoff from the surrounding 

area and saltwater entering through the tide gate (Bell, 2020). The lake is very shallow 

with a thick soft organic sediment underneath. This is the only site in the study that is not 

directly affected by the tidal cycle. 
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Figure 1.10.  English Boom with radar and transect posts 100 meters apart. 
Source: Google Earth 

 

Figure 1.11.  Crockett Lake with radar and transect posts 50 meters apart. 
Source: Google Earth 
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Locations of the experiment 

I conducted the feeding experiment with Steller’s Jays in the UBC Malcolm Knapp 

Research Forest located at the foot of the Golden Ears Provincial Park in Maple Ridge, 

approximately 60km east of Vancouver (Fig. 1.12).  

 
Figure 1.12.  Malcolm Knapp Research Forest with research site locations. 
Source: Google Earth 
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This land was purchased by the University of British Columbia in 1949 to facilitate research 

and education in forestry and related fields. It is on the traditional territories of the Katzie 

First Nation. The forest has a total surface area of 5,157 hectares and is dominated by 

coniferous trees, of which the most common species are Douglas fir (Pseudotsuga 

menziesii), Western redcedar (Thuja plicata) and Western hemlock (Tsuga heterophylla). 

This research forest was a convenient location since Dr. Tom Flower (a former post-

doctoral fellow in the Centre for Wildlife Ecology) had established a study population of 70 

color-banded semi-habituated Steller’s jays together with 40 bird feeders across 24 clear 

cuts. I selected ten of those feeders to attract jays for my feeding experiment, of which five 

turned out to be successful (Figs. 1.13 - 1.17). All experiments were conducted on a road 

situated between a clear cut and forest in close proximity to the feeder traps to which the 

jays were habituated. Although the area is exposed to regular forestry activities there is 

relatively little disturbance in the areas without forestry practices since the public is only 

allowed to access the forest on foot, and visitors rarely seem to wander far from the 

entrance. It was important that there be minimal disturbance for habituating and training 

the jays for my experiment. 

 
Figure 1.13.  Site A1 with the two feeder locations, forest west and clear-cut east.  
Source: Google Earth 
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Figure 1.14.  Site A2 with the two feeder locations, forest east and clear-cut west. 
Source: Google Earth 

 
Figure 1.15.  Site B1 with the two feeder locations, forest west and clear-cut east. 
Source: Google Earth 
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Figure 1.16.  Site B3 with the two feeder locations, forest east and clear-cut north. 
Source: Google Earth 

 
Figure 1.17.  Site R4 with feeder locations, forest east and clear-cut strip west.  
Source: Google Earth 
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Chapter 2.  
 
Predicting net energy intake rate from flight speed of 
birds 

 

2.1. Abstract 

The flight mechanical theory has allowed researchers to predict at what speed a bird 

should fly in a particular situation. While some of the well-defined optima like the minimal 

power speed and maximum range speed have been well studied, little attention has been 

given to the rate maximizing flight speed in a forging context. The optimal flight speed 

theory tells us that the rate maximizing flight speed should be adjusted to the energy intake 

rate in the foraging habitat, and as such we should be able to predict the net energy intake 

rate from flight speed. From the current literature it is however unclear exactly how net 

energy intake rate can be calculated from flight speed. In this chapter I therefore describe 

and develop a model to calculate net energy intake rates from flight speed of birds based 

on existing theories. I also explain how wind, take-off cost and flock size effect the optimal 

flight speed, and I provide mathematical solutions to account for these factors. My 

corrections for wind remove the variance in speed caused by wind, making flight speed 

estimates across different wind conditions more comparable, and I show how including 

the take-off cost results in much more realistic predictions of the rate maximizing flight 

speed, especially at short flight distances. While I also demonstrate how the rate 

maximizing flight speed is affected by flock size according to theory, these predictions are 

not supported by empirical data. I therefore recommend future studies to account for wind 

and take-off cost as described in this chapter, and only account for flock size when the 

empirical data matches the theoretical predictions. My step-by-step procedure with clear 

mathematical solutions should allow other researchers to make similar predictions for their 

species of interest.    
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2.2. Introduction 

The optimal flight speed theory is developed from behavioural and flight mechanical theory 

(Pennycuick, 1968a; Norberg, 1981; Pyke, 1984; Brown, 1988). Flight mechanical theory 

allows us to predict the energy requirements for a particular flight situation (Pennycuick, 

1978; Pennycuick, 1997), which can then be used with knowledge from behavioural theory 

to predict what decision the bird should make to meet its particular energy demands. Since 

the relationship between flight cost and flight speed is U-shaped (Pennycuick, 1968b), 

birds can either increase or decrease their flight speed to win time or save energy 

(Ydenberg & Welham, 1994). When the aim is to remain airborne as long as possible, the 

minimal power speed, which is the speed with minimal cost per unit time, becomes the 

optimal flight speed (Pennycuick, 1968b; Hentze, 2012). If it is more important to cover 

the maximum amount of distance, then maximum range speed, which is the speed with 

minimal cost per unit distance travelled, becomes the optimal flight speed (Pennycuick, 

1969; Welham, 1994). While these particular speeds can certainly be considered optimal 

in the described situations, the optimal flight speed really depends on what criterion the 

bird is expected to optimize for and may thus vary depending on their particular energetic 

needs (Hedenstrom & Alerstam, 1995). However, if we know their particular energetic 

needs, then flight mechanical theory allows us to predict at what speed the birds should 

be flying.   

When it comes to foraging birds there are two distinct flight situations: birds can fly while 

searching for food, and birds can fly between feeding patches. In this review I am only 

concerned about the flight speed between feeding patches. The optimal speed between 

feeding patches generally depends on which of the following currencies birds choose to 

maximize foraging gain ratio (i.e., ratio of energy gain to cost of foraging) or net energy 

intake rate (i.e., difference between the energy gain and cost of foraging). When birds 

choose to maximize foraging gain ratio, such as during food scarcity or when there is a 

high risk associated with foraging, the maximum range speed is the optimal flight speed. 

In most other circumstances birds are expected to maximize their net energy intake rate, 

where optimal flight speed becomes a function of the energy gain from foraging: the 

optimal flight speed should be faster than maximum range speed and increase with 

increasing energy gain (Hedenstrom & Alerstam, 1995). This generally means that if a 

bird were to fly faster in one habitat than another, the habitat where it flies faster provides 
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a greater energy gain. This was largely supported by my earlier work where flight speeds 

matched in rank order with resource availability (Reurink, et al., 2016).  

Although the basic predictions from the optimal flight speed theory allows us to get an idea 

of what habitat is better than another based on flight speed, when we look closely at the 

theory, we can also predict the net energy intake rate with knowledge of the flight cost and 

travel time since the derivative of flight cost with respect to flight time should be equal to 

the net energy intake rate when net energy intake rate is maximized (Hedenstrom & 

Alerstam, 1995). This means that when we measure the flight cost and flight time, which 

is relatively easily obtained with field observations (Hentze, 2012; Reurink, et al., 2016), 

we can predict what the net energy intake rate should be. Although the rate maximizing 

flight speed has been well described in the optimal flight speed literature (Norberg, 1981; 

Houston, 1986; Hedenstrom & Alerstam, 1995), a detailed description of how net energy 

intake rate can be predicted from foraging flight speeds is still missing. A step-by-step 

description of this procedure may be of some interest to other researchers, 

conservationists, or wildlife managers.  

Here I will describe in detail how net energy intake rate can be predicted from flight speed 

using the predictions described by Hedenstrom & Alerstam (1995). I will then go over a 

few factors that are known to affect flight speed and flight cost, explain how these factors 

affect flight speed and flight power expenditure, and how we can account for these factors. 

Since there are many ways to measure foraging flight speeds of birds, and the most 

suitable procedures may vary with species, I will not describe here how flight speeds are 

measured. See Chapter 1 for a brief summary of measuring flight speeds of birds.  

2.3. Theoretical background  

Although there are several criteria that birds can chose to optimize, in this review I am 

focussing on the net energy intake rate maximizing flight speed. This is the flight speed 

that birds should choose, when flying between feeding patches during foraging, to 

maximize their net energy intake rate. The general predictions for this optimal flight speed 

are based on the power expenditure during flight between feeding patches, and the energy 

intake rate while feeding in a patch (Hedenstrom & Alerstam, 1995).  
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One of the first established methods to estimate the power expenditure from a bird in flight 

is through oxygen consumption (Pearson, 1950; Lasiewski & D., 1967; Tucker, 1966). This 

method is only possible, however, in a controlled environment and cannot be applied to 

field studies. A much more useful method for field studies is based on flight mechanical 

observations (Pennycuick, 1968; Tucker, 1969; Rayner, 1979), which allows researchers to 

estimate flight power expenditure from wing size, body mass, and flight speed 

(Pennycuick, 1989). Once these estimates are obtained, power expenditure can be 

estimated from flight speed, which is generally easy to obtain with field observations (Elliott 

& Gaston, 2005; Bouten, et al., 2013; Reurink, et al., 2016; Fijn & Gyimesi, 2018).   

While the flight power expenditure can be estimated relatively easily due to the well-

established theories, measuring energy intake rate is much more challenging, especially 

when prey items are very small and diverse (Dierschke, et al., 1999; Jardine, et al., 2015). We 

know however that the energy intake rate in a feeding patch should decrease over time 

as prey items deplete, and as such there is an optimal time for birds to leave the patch 

(Charnov, et al., 1976). A forager is expected to leave the patch when the marginal intake rate 

becomes equal to the average intake rate in other available patches; this prediction is known as 

the marginal value theorem (Charnov, 1976). Since the intake rate is also a function of flight 

speed, birds can adjust their flight speed between feeding patches to maximize their overall 

energy intake rate (Norberg, 1981; Houston, 1986). 

When the flight power requirements are integrated with the marginal value theorem, as 

described by Hedenstrom & Alerstam (1995), we can now see that the net energy intake rate 

depends on the power expenditure during flight between feeding patches (i.e., travel time 

and flight cost), and the energy intake rate while feeding in a patch (i.e., patch residence 

time and energy gain) (Fig. 2.1). 
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Figure 2.1.  Graphical illustration of the optimal flight speed between feeding 

patches when net energy intake rate is maximized. 
Note: The tangent line represents the net energy intake rate, and the dashed surface area 
illustrates how this is calculated from Eq. (2.1). 

The net energy intake rate is found by dividing the difference between energy gain and 

flight cost by the sum of the patch residence time and flight time, as shown in Eq. (2.1). 

 =                                   (2.1) 

 

Where Rn stand for the net energy intake rate, En is the energy gain in the patch, C is the 

flight cost between feeding patches, Tt  is the travel time between feeding patches and Tp 

is the patch residence time. Since the energy gain and cost is expressed in Joules and 

time is expressed in seconds, the net energy intake rate is expressed in Watts.   

To estimate the net energy intake rate from Eq. (2.1) we need to know the power 

expenditure in flight as well as the energy intake rate in the patch. Since the energy intake 

rate is exactly what we don’t know, as this is often very challenging to estimate in the field, 

I want to focus on the relation between the flight power expenditure and corresponding 

net energy intake rate. In Figure 2.1 we can see that the net energy intake rate is 

maximized when it becomes tangent to the cost curve on the left and the gain curve on 

the right. Thus when birds choose to fly at a speed that maximizes the net energy intake 
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rate, we can predict the net energy intake rate as the derivative of flight cost with respect 

to flight time, as shown in Eq. (2.2). = −    =                (2.2) 

 

Since the net energy intake rate is a key indicator for the condition and quality of the 

foraging habitat (Piersma, 2012), but this information is often very challenging to obtain 

and prone to errors (Goss-Custard, et al., 2002), the model that I am describing here may 

be a very practical alternative approach to estimating net energy intake rates in the field. 

This procedure may potentially allow researchers, conservationists, or managers to obtain 

information they would otherwise  be unable to.   

2.4. Predicting net energy intake rate from flight speed 

In the following paragraphs I will describe how net energy intake rates can be predicted 

from foraging flight speeds. To explain how these predictions come together 

mathematically I will be using symbols that refer to particular parameters that are needed 

to make the described predictions. These symbols and there meaning are shown in Table 

2.1.  

2.4.1. Basic model 

The model that I will be describing here is based on the predictions laid out by Hedenstrom 

& Alerstam (1995). However here I will focus only on the relation between flight power 

expenditure and net energy intake rate as this part of the model has the potential to allow 

us to predict net energy intake rates from flight speeds. For details on other aspects of the 

model, as illustrated in Figure 2.1, I refer to Hedenstrom & Alerstam (1995).  
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Table 2.1.  Symbols with definition and units. 

Symbol Definition Unit 

m Body mass Kilograms 

b Wingspan Meters 

Sw Wing area Meters2 

p Air density Kg/Meter3 

g Acceleration due to gravity m/s/s 

CDb Body drag coefficient   

Sb Body frontal area Meters2 

A Equivalent flat-plate area Meters2 

Ra Aspect ratio   

Sd Disc area Meters2 

k Induced power factor   

C1 Profile power constant   

X1 Profile power ratio   

h Conversion efficiency   

R Respiration factor   

B Unstandardized beta coefficient   

Pbmr Basal metabolic rate J/s 

D Flight distance between feeding patches Meters 

En Energy gain in the feeding patch Joules 

Et Take-off cost Joules 

C Flight cost between feeding patches Joules 

Tp Time in the feeding patch Seconds 

Tt Travel time between feeding patches Seconds 

Rn Net energy intake rate J/s 

n Number of birds in a flock   
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Although multiple authors have modelled the relation between flight speed and flight power 

expenditure (Pennycuick, 1968; Tucker, 1969; Rayner, 1979), here I only use the predictions 

made by Pennycuick  (2008) as this model was also used by Hedenstrom & Alerstam 

(1995) and is perhaps the most accessible and well documented model of the flying bird.      

As shown in Eq. (2.2) we need to know the flight cost as well as the flight time to predict 

the net energy intake rate. Both of these values can be obtained from the chemical power 

expenditure Pchem, which is the rate of fuel energy consumption, as measured with 

physiological methods like oxygen consumption (Pearson, 1950; Lasiewski & D., 1967; 

Tucker, 1966). Chemical power can be calculated from the mechanical power Pmech with 

addition of the metabolic power Pmet, respiration factor R, which is the additional energy 

required by the heart and muscles, and conversion factor ƞ, which is the proportion of fuel 

energy converted into mechanical power.  

Metabolic power Pmet is calculated from the basal metabolic rate Pbmr multiplied by the 

conversion factor ƞ. Basal metabolic rate is calculated slightly different for passerine and 

non-passerine birds and is calculated from body mass m and body fat mfat as follows: 

Passerines:   = 6.25 −  .
 

Non-passerines:    = 3.79 −  .   
 
Chemical power is then calculated as: 
 = (  )ƞ          (2.3) 

 

The respiration factor R is set to a default of 1.1 and the conversion factor ƞ is set to a 

default of 0.23. The metabolic power Pmet is the basal metabolic rate multiplied by the 

conversion factor. The mechanical power is calculated from three components of which 

two vary with flight speed: induced power, parasite power and profile power, as shown in 

Eq. (2.4).   = + +         (2.4) 
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The induced power Pind is the power needed to support the weight of the bird and is 

therefore based on body mass m, wing disc area g, air density p, disc area Sd and flight 

speed V, and is calculated as follows: 

=          (2.5) 

 

The induced power factor k is set to a default of 1.2, all other factors are bird species 

specific; see details in Table 2.1.  

The parasite power Ppar is the power required to overcome the body drag and is therefore 

based the body drag coefficient CDb, body frontal area Sb, air density p and flight speed 

V, and is calculated as follow:  

=           (2.6) 

 

where the equivalent flat-plate area A is calculated as the body frontal area Sb times the 

body drag coefficient CDb. The body frontal area is calculated as 0.00813m0.666 while the 

body drag coefficient is set to a default of 0.1.   

The profile power Ppro is the power required to overcome the profile drag of the wings. The 

profile power is calculated from the absolute minimal power Pam, which is the sum of the 

induced power and parasite power when flight speed is set to the minimal power speed 

Vmp. The absolute minimal power is then multiplied by the profile power ratio X1, which is 

set to a default of 1.2, to calculate the profile power as: =       (2.7) 
 

This is also calculated as: 

= +          (2.8) 

 
Now that we know how chemical flight power expenditure Pchem is calculated we can 

calculate the flight cost as: 
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=             (2.9) 

 
where the flight distance D can be set to any distance as the chemical power expenditure 

is independent from flight distance. The corresponding flight time Tt can then be calculated 

by dividing the flight distance D by the flight speed V.  

The net energy intake rate Rn can be calculated as the derivative of flight cost C with 

respect to flight time Tt. I will start with splitting up each different component that makes 

up the mechanical power. Note that the profile power is independent from flight speed and 

as such I don’t take the derivative of this component.  

Since   =     the derivative of the induced cost with respect to time is as follow: 

=          (2.10) 

 

Since   =     the derivative of the induced cost with respect to time is as 

follow: =                (2.11) 

 
With the profile power remaining unchanged, the derivative of the mechanical cost with 

respect to time becomes: 

 = − + +     (2.12) 

 

Since   = (  )ƞ  =   ƞ (  + )   the derivative of 

chemical cost with respect to time is then found as: 

 = ƞ − ++  + ( ƞ)     (2.13) 
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where chemical cost Cchem is the same flight cost C as illustrated in Eq. (2.2). The net 

energy intake rate can thus be calculated as the negative of the outcome of Eq. (2.13), 

that is when the birds fly at a speed that maximizes their net energy intake rate.  

2.4.2. Environmental factors that need to be considered 

Since the net energy intake rate is predicted from the flight speed and flight power 

expenditure, we need to carefully consider factors other than the energy intake rate that 

may be responsible for observed changes in flight speed and flight power expenditure. 

These factors may environmental, such as wind and altitude, or may be caused by 

species-specific behaviour, such as carrying loads or flying in flock formation (Hedenstrom 

& Alerstam, 1995).. The first and perhaps most widely documented factor known to affect 

flight speed is wind; birds are expected to increase their speed into heading winds and 

decrease their speed with tailwinds (Pennycuick, 1978; Alerstam, et al., 1993; Reurink, et al., 

2016). The second factor is flight distance where flight speed should increase and eventually 

asymptote with increasing flight distance (Houston, 1986). The third factor is flock size; birds 

are generally expected to decrease their flight speed with increasing flock size (Kshatriya 

& Blake, 1992). I will now describe how these factors affect flight speed and flight power 

expenditure.  

Wind 

It is important to note that, when flight speed is estimated from the ground, there are two 

ways that wind affects the estimated flight speed. The first well-known effect from wind 

that applies to any object moving through the air is that the speed at which an object 

moves through the air is different from what we estimate from the ground. The speed from 

an object moving through the air should therefore be estimated relative to the air, which 

we refer to as airspeed. When there is no wind, airspeed will be the same as what we 

estimate from the ground, which we refer to as ground speed. In the presence of wind 

however we need to add the windspeed that is facing the bird (i.e., headwind) or subtract 

the windspeed that is behind the bird (i.e., tailwind). The proportion of windspeed that 

needs to be corrected for is well described in the triangle of velocities (Fig. 2.2; Pennycuick 

1978).  
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Figure 2.2.  Triangle of velocities. 
Note: Airspeed (Va) can be calculated from the vectors ground speed (Vg) and wind speed (Vw). 

The airspeed is then calculated as follow (with β in radians): 

 =  + − 2 cos       (2.14) 

 

Another effect from wind is induced by the behavioural decisions of the bird. If a bird 

chooses to minimize energy consumption, such as during food scarcity, the airspeed 

should be unaffected by wind. However, when a bird chooses to minimize the energy cost 

per unit distance, such as during migration, they are expected to increase their speed into 

headwinds and decrease their speed with tailwinds (Pennycuick, 1978; Liechti, et al., 

1994). The same prediction is true for birds searching for food or travelling between 

feeding patches (Alerstam, et al., 1993; Reurink, et al., 2016). This effect from wind can 

be investigated by calculating a linear regression between the airspeed and the speed 

increment from wind, which is calculated by subtracting airspeed from ground speed.    

To account for this speed increment from wind I estimate a zero-wind speed, which is the 

speed that birds would fly if there were no wind. This not only reduces the variation in 

estimated airspeeds, but it also makes flight speed estimates from days with different wind 

conditions more comparable. I calculate the zero-wind flight speed Vzw using the 

unstandardized beta coefficient B from a linear regression between the airspeed and the 

speed increment from wind Vinc. The zero-wind speed is then calculated as follows: 

  =  + (− )        (2.15) 
 
 

β 
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Distance 

The effect of distance on flight speed is due to the flight take-off cost. Because take-off 

cost is an expense only at the start of flight, the proportion of the take-off cost relative to 

the total flight cost diminishes with distance traveled. As such bird flight speed should 

increase with increasing distance, and the increase in flight speed should diminish as the 

proportion of take-off cost diminishes.  This prediction is also expected for the rate 

maximizing flight speed between feeding patches (Houston, 1986). Since the between 

patch flight distance can vary widely between foraging habitats, the take-off cost is an 

important expense to include when comparing flight cost between habitats.  

The energy cost of take-off Et is a function of airspeed Va and body mass m and can be 

calculated as follows: 

 = . ƞ          (2.16) 

 
This equation is mostly based on the predictions from Houston (1986) with the addition of 

the respiration rate R and metabolic power Pmet to match the conversion from mechanical 

power to chemical power with the rest of the model, as described by Pennycuick (2008).  

 
Flock size 

Flying in a flock is generally less costly than singular flight as birds flying in a flock have 

an aerodynamic advantage from the lift generated by wingtip vortices from other birds in 

the flock (Hummel, 1983). While lift generated by the surrounding birds in the flock has no 

effect on parasite and profile power, it does reduce the induced power, which becomes a 

function of wingtip spacing (i.e., distance between the wingtips of the birds in the flock) 

and flock size (i.e., number of birds in the flock) (Kshatriya & Blake, 1992). When the 

wingtip spacing is unknown, a good approximation for the induced power of a single bird 

in a flock is the induced power divided by the flock size n (Kshatriya & Blake, 1992; 

Hedenstrom & Alerstam, 1995). The induced power as shown in Eq. (2.5) now becomes: 

= /           (2.17) 
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Note that this equation should only be used in the special case where the wingtip spacing 

is such that the wingtip vortices overlap, or when wingtip spacing is unknown. See figure 

3 in Kshatriya & Blake (1992) to see how different wingtip spacing effects the induced drag 

from birds in flock formation compared to a single bird. Generally, the flight speed of a 

flock is expected to be lower than a single bird as flight speed becomes less costly at lower 

speeds. This prediction is expected for birds flying at minimal power speed or maximum 

range speed as both of these speeds should decrease with increasing flock size (Hummel, 

1983; Kshatriya & Blake, 1992). This result is also expected to hold up for foraging birds 

while searching for food or flying between feeding patches (Hedenstrom & Alerstam, 

1995).  

2.4.3. Adjusted model 

I will here explain how the environmental factors described in the previous paragraphs can 

be incorporated into the predictions made by Hedenstrom & Alerstam (1995). While wind 

can be accounted for with adjustments of the flight speed, by taking away the speed 

increment caused by wind, flight distance and flock size can be accounted for with 

adjustments of the flight power expenditure, which can be incorporated into the model as 

I describe below.  

Wind 

To account for wind we can use the estimated zero-wind speed as input for the model 

where flight speed V in Eqs. (2.5) – (2.6) is replaced by the zero-wind speed Vzw. The 

travel time Tt in Eqs. (2.10) – (2.13) is then calculated by dividing the flight distance D by 

the zero-wind speed Vzw. The speed increment from wind on airspeed is removed as 

shown in Eq. (2.15). To illustrate this correction I plotted 290 airspeed estimates from 

foraging western sandpipers (Calidris mauri) (see Chapter 4 for details) with 

corresponding zero-wind speed against the speed increment from wind (Fig. 2.3).  
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Figure 2.3.  Effect from wind on airspeed and zero-wind speed.  
Note: Negative values of speed increment are heading wind whereas positive values are tailwind.   

In earlier studies the zero-wind speed referred to the flight speed in zero-wind conditions, 

which are situated on the intercept when plotting airspeed against speed increment from 

wind (Pennycuick, 1987). Since this would heavily reduce the sample size, I choose to 

apply the described correction to keep the sample size unchanged.  

Distance 

To predict the net energy intake rate with the inclusion of the take-off cost we can simply 

add Eq. (2.16) to Eq. (2.1), as demonstrated with equation 10 in Houston (1986). Eq. (2.1) 

will then become: =                  (2.18) 

 

If we want to predict the net energy intake rate from the derivative of flight cost C with 

respect to flight time Tt, we need to take the derivative of Eq. (2.16), which is calculated 

as follows: 

 = ƞ          (2.19) 

 

Now Eq. (2.19) can be incorporated into Eq. (2.13), which can be written as follow: 
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= ƞ − + ( ƞ) ++  + −1      (2.20) 

 

Houston (1986) already illustrated the effect from the additional cost from take-off on the 

net energy intake rate maximizing flight speed when flight distance increases, which 

shows that flight speed should increase steeply at first and then more slowly with greater 

distance as the proportion of take-off cost decreases with distance flown. To illustrate the 

difference between the rate maximizing flight speed with and without the take-off cost I 

calculated the rate maximizing flight speed across distance with Eqs. (2.1), (2.18), where 

energy gain En is set as natural logarithmic function of patch time Tp (i.e., lnTp). I used the 

mass, wingspan, wing area and basal metabolic rate of an average western sandpiper to 

calculate the flight cost (see Chapter 4 for details). I then adjusted the flight speed and 

patch time to find the rate maximizing flight speed.  

We can see that flight speed without take-off cost is unrealistically high at short distances 

(Fig. 2.4); it is unlikely that birds are able to accelerate to this speed at such a short 

distance, if at all.  

 
Figure 2.4.  Predicted effect of flight distance on rate maximizing flight speed.  
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Flock size 

To account for the cost savings from flying in a flock we can calculate the flight power 

expenditure using Eq. (2.17) instead of Eq.(2.5). To predict the net energy intake rate from 

the derivative of flight cost C with respect to flight time Tt, we need to take the derivative 

of Eq. (2.17), which is as follows: = /         (2.21) 

 

Now Eq. (2.21) can be incorporated into Eq. (2.13), which leads to the following equation: 

= ƞ / − ++  + ( ƞ)    (2.22) 

 

Although several studies have indicated how the optimal flight speed should decrease with 

increasing flock size (Hummel, 1983; Kshatriya & Blake, 1992; Hedenstrom & Alerstam, 

1995), none of them have illustrated what the relation between flock size and flight speed 

would look like. The difference between the rate maximizing flight speed with and without 

the cost savings from flying in flocks of different sizes, calculated by dividing the induced 

drag by the flock size, is shown in Fig. 2.5. Flight speed does not change without the drag 

reduction but decreases with increasing flock size when drag reduction is included. This 

effect is greatest at flock sizes of fifteen and smaller). 
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Figure 2.5.  Predicted effect of flock size on rate maximizing flight speed.  

When we account for flock size as well as flight distance the equation becomes: 

 

= ƞ / − + ( ƞ) ++  + −1   (2.23) 

 

To visualize the combined effects from flight distance and flock size I plotted the rate 

maximizing flight speed over distance with and without the drag reduction, with flock size 

set to 25 (Fig. 2.6), as well as the rate maximizing flight speed over flock size with and 

without take-off cost, with the distance set to 500 meters (Fig. 2.7). In both cases the rate 

maximizing flight speed is lower when both effects are accounted for, although the effect 

from flight distance is much greater. 
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Figure 2.6.  Distance effect with and without drag reduction, flock size set at 25. 

 

 

Figure 2.7.  Flock size effect with and without take-off cost, distance set at 
500m. 
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2.5. Discussion and recommendations 

My intention of this chapter was to provide a step-by-step procedure to predict net energy 

intake rates from foraging flight speeds of birds so as to make this procedure more 

accessible to those less familiar with the optimal flight speed theory. I provided all 

equations necessary to predict net energy intake rates from foraging flight speeds, and I 

demonstrate what factors may need to be considered. The equations provided should 

allow other researchers to make similar predictions for their species of interest.  

To make predictions more comparable between days with different wind conditions I 

provide details on how to account for wind. Calculating airspeed from ground speed is a 

relatively easy and well described procedure that should always be considered. My 

calculation of the zero-wind speed however is something no one else seems to have done, 

although I have used this procedure before (Reurink, et al., 2016). It is well known that 

birds should fly faster into headwinds and slower with tailwinds to minimize the flight cost 

per unit distance travelled (Pennycuick, 1978; Alerstam, et al., 1993). The same prediction 

is expected for birds flying between feeding patches (Liechti, et al., 1994). Since birds 

should compensate for the effect from wind, we could argue whether we even need to 

calculate a zero-wind speed. There are however a few good reasons why we would want 

to do so. First of all birds don’t seem to be able to fully compensate for the effect from wind 

on ground speed, if they could, there would be no effect of speed increment from wind on 

ground speed. In my earlier work I found a significant effect from speed increment on 

ground speed showing that birds were not able to fully compensate for wind (Reurink, et 

al., 2016). Incomplete compensation is expected due to the steep increase in power 

expenditure with an increase in airspeed (Pennycuick, 1968a). Since birds are not able to 

fully compensate for the effect from wind, the net energy intake rate predicted from 

airspeed will be different on days with wind than days without wind. As such we cannot 

equally compare predictions from a day with heavy winds with a day without winds. The 

same can be said when we compare predictions from one habitat with another as the wind 

conditions may have been very different between the sites. Zero-wind speed also benefits 

from a smaller standard error than the corresponding airspeeds (see Appendix B). Thus 

the zero-wind speed not only eliminates the variation in airspeed, making predictions more 

comparable across wind conditions, but the smaller standard error could make it easier to 

detect a significant difference when comparing predictions from one habitat to another.       
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In Figure 2.4 we see that the rate maximizing flight speeds without take-off cost included 

are unrealistically high at short distances. At short distances birds would simply not have 

enough time or muscle power to accelerate to such a high speed as it would basically 

have to be instantaneous. At greater distances there is not such a great difference so 

including the take-off cost may become less relevant. Since the flight distance between 

feeding patches may vary widely between habitats, take-off cost becomes an important 

factor to include to make predicted net energy intake rates comparable between sites. For 

example if a bird flies at the same speed in a small habitat as a large habitat, the flight power 

expenditure and hence predicted net energy intake rates would be the same without the 

inclusion of take-off cost. However, if we include the cost from take-off, then the proportion of 

this cost would be much greater at the small site and hence power expenditure and predicted 

net energy intake rates will be higher at the small site while flight speed remains the same. Thus 

knowing the take-off cost will allow us to compare predicted net energy intake rates between 

sites where flight distance vary widely.    

In Figure 2.5 we see that the rate maximizing flight speed decreases with increasing flock 

size when induced drag is divided by flock size, as suggested by Kshatriya & Blake (1992). 

This matches very well with the predictions that the flight speed between feeding patches 

should decrease with increasing flock size (Hedenstrom & Alerstam, 1995). Empirical data 

however indicates that flight speed increases with increasing flock size (Noer, 1979; 

Hedenstrom & Akesson, 2016). A proposed explanation is that birds maintain their flight effort 

at a certain level, and as such, birds should increase their speed when power requirements 

decrease (Hedenstrom & Akesson, 2017). Increasing flight speed when flight cost becomes 

lower also makes sense when time is of essence, such as when foraging time is limited, or 

during migration when early arrival at the breeding grounds is important (Ydenberg & 

Welham, 1994; Kokko, 1999). We may thus expect the rate maximizing flight speed to 

increase with increasing flock size as birds in a flock can travel faster for the same amount 

of energy as a single bird. If this is true, then perhaps the drag reduction as suggested by 

Kshatriya & Blake (1992) needs to be revaluated with empirical data.  

To anyone who is interested in using the provided equations to predict net energy intake 

rates from foraging flight speeds of birds I recommend accounting for wind and flight 

distance as suggested here. If the species of interest tends to fly in flocks, then I 

recommend estimating flock size and looking into the effect from flock size on airspeed. If 
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it matches the presented predictions, then you may consider using the proposed 

corrections; if not, then I would consider leaving it out.  
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Chapter 3.  
 
Testing predictions from the optimal flight speed 
theory with temporal changes in resource availability 

 

3.1. Abstract 

The optimal flight speed theory shows that birds should adjust their flight speed to the 

attenable energy intake rate in the habitat to maximize their net energy intake rate. This 

flight speed adjustment should in theory allow us to predict net energy intake rate from 

flight speed. Although the theory for these predictions have been well developed, there is 

little empirical data to support these predictions. In this study I therefore tested the 

predictions from the optimal flight speed theory with temporal changes in resource 

availability. Because shorebird prey on intertidal mudflats in the northern hemisphere 

generally depletes over the course of the winter due to reduced primary production and 

shorebird foraging, I predicted that wintering dunlins (Calidris alpina) should decrease their 

flight speed in response to the depleting resources. I tested these predictions by 

measuring flight speeds of wintering dunlin between November 2017 and May 2018 at two 

different intertidal mudflats in the Fraser River Estuary. My data shows that dunlin reduced 

their flight speed at one site but not the other. It is unclear why flight speeds did not decline 

at one of the sites, but a possible explanation may be that dunlins maximized foraging 

gain ratio instead of net rate, in which case flight speed is not adjusted to the attenable 

energy intake rate. This is also supported by the fact that dunlins flew on average below 

maximum range speed during most months, which is a flight speed more closely 

associated with maximizing foraging gain ratio. Lastly, model-predicted net energy intake 

rates were generally lower than net energy intake rates shown in other studies, which also 

suggests that dunlins may have maximized foraging gain ratio instead of net energy intake 

rate. A possible reason for dunlins to maximize foraging gain ratio in winter is food scarcity 

or high predation risk in which case it might become more important to minimize their 

energy cost rather than minimizing their foraging time.  

  



48 

3.2. Introduction 

Behavioural models show how birds should adjust flight speed to manage their energy 

budget under different circumstances. For example, when the goal is to remain airborne 

as long as possible, the minimal power speed becomes the optimal speed with the lowest 

cost per unit time. If it is the goal to fly as far as possible for the least amount of energy, 

then the maximum range speed becomes optimal with the least amount of energy per unit 

distance (Pennycuick, 1968; Pennycuick, 1969). While foraging, birds are expected to fly 

at maximum range speed or faster (Hedenstrom & Alerstam, 1995). These optima are well 

defined in flight mechanical theory and can be calculated for any species (Pennycuick, 

1989). Since flight speed is relatively easy to measure in the field, researchers have been 

able to measure how well empirical data match these theoretical predictions (Alerstam, et 

al., 1993; Welham, 1994; Hedenstrom, 1998). Most studies have tested predictions about 

migration flights, with relatively little attention given to foraging flights. Theory predicts that 

inter-patch foraging flight speeds should be adjusted to the energy intake rate in the 

habitat to maximize net energy intake rate (Hedenstrom & Alerstam, 1995). These 

theoretical models have been developed such that the net energy intake rate can be 

predicted from the field estimated flight speeds, which potentially allows for precise 

estimates of net energy intake rate with less effort than conventional methods. Full details 

on the model calculations can be found in Chapter 2.   

In earlier work I demonstrated that flight speeds of wintering dunlins (Calidris alpina 

pacifica), and hence the model-predicted net energy intake rates, varied significantly 

between foraging sites on the Fraser River Estuary in British Columbia, matching in rank 

order with resource availability (Reurink, et al., 2016). This is the first study to provide 

empirical support for predictions from the optimal flight speed theory in a foraging context. 

Since this study was very limited as it only focused on a single species over a period of 

just three months, there are a lot more questions to be answered to test the accuracy of 

the theoretical predictions from the optimal flight speed theory. For instance, do flight 

speeds of other shorebird species also match in rank order with resource availability? 

What factors other than resource availability effect the optimal flight speed? Does the 

optimal flight speed also change temporally throughout the year? These are just a few 

questions we have no answer to yet, I address the later one in this study.  
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While my earlier work focused on spatial differences in resource availability, research 

shows that resource availability also fluctuates temporally throughout the year. Due to the 

increased photosynthesis in the spring and summer primary production (i.e., carbon fixation by 

microflora) is greater in the summer than in winter  (Joint, 1978). The increased microflora in 

turn drives the intertidal invertebrate abundance on estuary mudflats (Schwinghamer, 1983), 

causing invertebrate abundance to be generally higher in spring and summer then in the fall and 

winter (Schneider & Harrington, 1981; Colwell, 1993). Research in the Fraser River Estuary in 

British Columbia also found total organic content and invertebrate densities to be lower in winter 

than in spring and summer (Hemmera, 2015; Schnurr, et al., 2019). Some species of 

invertebrates also burry deeper into the sediment during the winter months, which may then 

become out of reach for some shorebird species. Energetic value of prey species may also 

become lower in the winter compared to summer (Zwarts & Wanink, 1993).  Since intertidal 

invertebrates form an important food source for many shorebirds (DitDurell & Kelly, 1990; 

Dierschke, 1998; Elner, et al., 2005; Pedro & Ramos, 2009), it is evident that prey availability 

and prey quality on estuary mudflats is generally lower in winter than in summer. In addition 

shorebird foraging is also known to deplete resources furthermore when birds remain at a site 

for long periods of time (Schneider & Harrington, 1981; Piersma, 1987; Gill, et al., 2001; Hamer, 

et al., 2006).  

These well described temporal changes in resource availability allow for another test of the 

optimal flight speed theory. When food availability declines over the course of the winter birds 

should decrease their flight speed to maximize their net energy intake rate, and then increase 

their speed again in the spring when food availability is expected to increase again. In this study 

I will examine whether shorebirds adjust their foraging flight speed in response to the 

seasonal decline in resource availability. I will do this by measuring foraging flight speeds 

of wintering dunlin from when they arrive in the Fraser Estuary in late fall until they depart 

in the spring. When the predictions are correct, we should see a gradual decline in flight 

speed over the course of the winter followed by an increase by the onset of spring.    

3.3. Methods 

3.3.1. Study species  

I measured foraging flight speeds of wintering Pacific dunlins (Calidris alpina pacifica) 

between November 2017 and May 2018. This subspecies breeds in Alaska and 
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overwinters along the west coast from Canada to Mexico. Pacific dunlins arrive in the 

Salish Sea in October and overwinter there until May (Ydenberg, et al., 2010). Dunlins are 

tide following shorebirds that can be found close to shore during high tide and moving out 

with the tide as it drops (Jimenez, et al., 2015). When the mudflat is immersed birds either 

roost along the marsh edge, feed on the pastures or show a typical anti-predation 

behaviour called over-ocean flocking where they gather in large flocks several hundred 

meters from shore, flying just fast enough to remain airborne (Dekker, 1998; Shephard, 

2001). The primary predators of dunlins are peregrine falcons (Falco peregrinus) and 

merlins (Falco columbarius)  (Butler, et al., 2002; Dekker & Drever, 2016).  

3.3.2. Field work 

I selected two sites from my earlier study to measure flight speeds at a high productivity 

site (Roberts Bank) and a low productivity site (Boundary Bay) (Reurink, et al., 2016). 

Flight speeds were recorded with a trailer mounted X-band radar (see Chapter 1 for more 

details) twice a week for up to two hours before or after high tide, which is the period 

dunlins' flights are closest to shore and therefore easiest to measure. The radar was 

stationed in close proximity to the mudflat, using a fixed location at each site that offered 

minimal obstructions from shrubs or trees that could block the radar signal. Measurements 

could not be made on days with heavy rain as it caused too much disturbance for the radar 

signal to locate targets properly. Hourly weather data were collected from the Tsawwassen 

Ferry Terminal weather station. Wind speeds were adjusted with a linear regression 

between the windspeed from the Tsawwassen Ferry Terminal and a Kestrel 5000 weather 

station mounted on a ≈2m high tripod stationed on the mudflat. I correlated windspeeds 

averaged over 10 min periods using the Kestrel weather station with that reported for the 

same hour from the Tsawwassen Ferry Terminal on twelve days between February and 

May 2018 (R2 = 0.782, F (1,12) = 40.49, P < 0.001). 

I made co-observations simultaneously with the radar recordings to confirm the species. 

A transect was created across each of the study sites with a series of 2m posts placed at 

intervals of 100 meters. An observer sighted along the transect, timing the moment that a 

flock of dunlins crossed the transect, which allowed that flock to be located on the radar’s 

log videos. The species was confirmed with the help of binoculars.  
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I classified four easily distinguished flight types: foraging flight, transit flight, escape flight 

or over-ocean flocking. Only foraging flights were used in this analysis. A typical dunlin’s 

foraging flight was defined as relatively straight, constant in speed, and low (Melcher, et 

al., 2006). Both transit and escape flights were easy to distinguish from foraging flights as 

the former were typically much higher, faster and directed away from the habitat. During 

high tide dunlins are known to flock over the ocean in response to predation risk on shore 

(Dekker, 1998), but this was rarely observed during foraging activities. When these flights 

occur, they are easy to distinguish from foraging flights as the birds aggregate in large 

flocks far offshore and fly slowly over the surface of the water rather than the mudflat.  

3.3.3. Flight track estimates 

The radar was designed to track and monitor migratory birds in flight (Millikin, 2001). 

Shorebird foraging flights are typically low, so background noise from the ground surface 

and vegetation often obscured the bird’s radar signal, rendering the automated 

construction of flight tracks unreliable. As co-observation times were synchronized with 

radar video times it was generally easy (though time consuming) to locate the co-observed 

tracks from dunlins on the radar videos, and to re-construct the track. Each track consists 

of successive target locations made during consecutive radar rotations (full 360 spin of 

antenna) with an interval of 1.33s. Pixel count software (PixelStick) was used to determine 

the distance and position of the target relative to the radar. A track was recorded for as 

long as the target was visible. Flight distance was calculated and divided by the scan 

interval time to calculate the ground speed. Flight speeds greater than 30 ms-1 or less than 

3 ms-1 (based on the minimum and maximum flight speeds reported in Reurink 2016) were 

considered outliers and were therefore removed from analysis. A total of three track-

segments and one entire track were removed from the dataset.   

3.3.4. Predicting net energy intake rate 

Net energy intake rates were predicted from foraging flight speeds of dunlins using the 

optimal flight speed model of Hedenstrom & Alerstam (1995) as described in Chapter 1. 

Flight power expenditure was calculated from the radar-derived airspeeds using 

Pennycuick’s flight model (Pennycuick, 1989). Power estimates require measures of 

species-specific variables which are derived from four easy-to-obtain measures: body 

mass, wingspan, wing area and basal metabolic rate (BMR). Wingspan, wing area and 
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body mass were taken from Hentze (2012). I used the resting metabolic rate (BMR + 

Thermoregulation) from Kelly (2002) (see full list of variables in Appendix A).    

Since wind has a strong effect on flight speed, I had to account for this. Airspeed was 

calculated with vector subtraction of wind and ground speed following the standard triangle 

of velocities. The speed increment from wind is calculated by subtracting airspeed from 

groundspeed. To estimate the ‘zero-wind speed’ at each site, I calculated the speed 

increment of wind on airspeed by subtracting airspeed from ground speed and took the y-

intercept of the regression of speed increment on airspeed for each site. I considered 

these transformed airspeeds the hypothetical speed that the birds would fly in zero-wind 

conditions.  

The total flight cost includes the costs of take-off and landing. I incorporated the take-off 

cost into the model as described by Houston (1986). Following the procedure of 

Hedenstrom & Alerstam (1995), I took the derivative of the total flight cost (accounting for 

wind and take-off cost) with respect to flight time for each track to estimate the net energy 

intake rate Rn: = −  dd  =   − −  + p         (3.1) 
 

The left side of the solution is the derivative of the flight cost with respect to travel time, C 

is the energy cost of the flight between feeding patches, and tt is the travel time between 

feeding patches. The right side of the solution is the net energy intake rate, where En is 

the net energy gain in the patch, Et is the take-off cost and tp is the patch residence time. 

Since the later two variables are unknown, and especially En is often very difficult or 

impossible to estimate in the field, it is very convenient that net energy intake rate should 

be equal to the derivative of flight cost, as this is quite easily estimated in the field. See 

details in Chapter 2.     

3.3.5. Statistics 

I used a linear mixed-effect model to test the overall effect of date, wind, and flight distance 

on airspeed (i.e., Airspeed ~ Date + (1|Site) + Speed increment + log (Flight distance)). I 

included site as a random effect and a log-transformed distance to linearize it for analysis 

of its effects on airspeed. A GLM was used to test the effect of date, wind, and flight 
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distance for each site (i.e., Airspeed ~ Date + Speed increment + log (Flight distance)). I 

report the unstandardized beta coefficient (B) to show the degree of change in the 

dependent variable for every 1-unit of change in the predictor variable. An ANOVA was 

used to test for interaction effects of wind and flight distance between sites. Since the 

residuals of a linear regression from model-predicted net energy intake rate over time were 

skewed, I used non-parametric Spearman rank correlations to test the significance of the 

effect of date on model-predicted net energy intake rates. I used a segmented regression 

analysis to test for a breaking point in airspeed and model-predicted net energy intake rate 

around the spring equinox at Roberts Bank. 

3.4. Results 

A total of 139 flight tracks were measured over the course of the winter between November 

2017 and May 2018 (Roberts Bank (RB), n = 104; Boundary Bay (BB), n= 35).  

Flight speed 

Airspeeds declined significantly over the course of the study period (B = -0.013, t (134) = 

-2.994, p = 0.003).  However, when we look at each site separately, we see a significant 

decline at Roberts Bank (B = -0.017, t (134) = -3.194, p = 0.001), and a significant increase 

at Boundary Bay (B = 0.021, t (134) = -2.051, p = 0.048) (Fig. 3.1). There was no significant 

breaking point in airspeed detected at the spring equinox at Roberts Bank (p = 0.835).   

 
Figure 3.1.  Estimated airspeeds over the course of the winter at Roberts Bank 

and Boundary Bay. 
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The estimated zero-wind speed at Roberts Bank is higher than maximum range speed at 

the start of the winter but falls below maximum range speed after January. The estimated 

zero-wind speed for Boundary Bay remains below maximum range speed (Table 3.1).    

Table 3.1.  Average zero-wind speed and the maximum range speed (Vmr). 

    Roberts Bank   Boundary Bay 

Month n Mean SE Vmr n Mean SE Vmr 

November  19 13.78 0.94 12.64 NA NA NA NA 

December 21 11.03 0.86 10.52 3 7.75 0.37 10.47 

January 11 11.95 1.46 9.21 16 7.85 0.34 10.68 

February 18 9.38 0.64 10.79 3 13.72 4.41 14.20 

March 11 8.02 0.42 9.73 13 11.38 0.70 11.95 

April 9 10.55 1.17 12.39 NA NA NA NA 

May 15 11.92 0.61 12.92 NA NA NA NA 

 

As predicted, there is a strong effect of wind on airspeed: the speed increment is negative, 

meaning that dunlins increase airspeed into heading winds and decrease speed with tail 

winds (B = -1.297, t (134) = -10.612, p < 0.001). There was no significant difference 

between the sites (F (1,137) = 0.464, p = 0.496) (Fig. 3.2a). The results from the take-off 

cost analysis match the predictions from Houston (1986) very well. Flight speeds at short 

distances are slow, increase steeply as flight distance increases, and asymptote at greater 

distances (Fig. 3.2b). This effect is significant (B = 2.798, t (134) = 8.162, p < 0.001) with 

no significant difference between sites (F (1,137) = 0.195, p = 0.340).  
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Figure 3.2.  The effect from wind and flight distance on airspeed. 
Note: a: a linear regression of the effect from speed increment from wind on airspeed with 95% CI 
in grey; b: a logistic regression of the effect from flight distance on airspeed with 95% CI in grey.  

A multivariate analysis of the effects of date, windspeed and flight distance on airspeed at 

each site shows that there is a negative effect of date at Roberts Bank (airspeed falling by 

0.017 units every day) and a positive effect at Boundary Bay (with airspeed increasing by 

0.021 units every day), a decrease in airspeed with tail wind (airspeed falling by 1.255 

(RB) or 1.221 (BB) units for every unit increase in tailwind), and an increase in airspeed 

with flight distance (airspeed rising by 2.609 (RB) or 2.812 (BB) units for every unit 

increase in flight distance) (Table 3.2).    

Table 3.2.  Statistical analysis of airspeed in relation to date, wind, and flight 
distance. 

  Date Wind Distance 

Roberts Bank (n=104)   -0.017 **   -1.255 ***   2.609 *** 

Boundary Bay (n=35)   0.021 *   -1.221 ***   2.812 *** 
Note: Effect and statistical significance on airspeed of date, tailwind, and flight distance.  
*P<0.05; **P<0.01; ***P<0.001 

As expected, both wind and flight distance have a strong effect on airspeed. The effect of 

both factors are very similar between the two sites. The effect of heading wind is the exact 

reverse of the tailwind effect shown in Table 3.2.  

a b 
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Model predictions 

Using the estimated airspeed corrected for wind and flight distance, the optimal flight 

speed model predicts that net energy intake rates significantly declined over the course of 

the winter at Roberts Bank (rs104 = -0.309, p = 0.001). The apparent increase after the 

spring equinox is not significant in a segmented regression analysis (p = 0.277). In contrast 

the model predicts that net energy intake rates significantly increased at Boundary Bay 

(rs35 = 0.541, p <0.001) (Fig. 3.3).     

 

Figure 3.3.  A linear regression of the model-predicted net energy intake rates 
over time at Roberts Bank and Boundary Bay.  

Note: The horizontal line represents zero net energy intake rate, and the 95% CI of the regression 
lines are illustrated in grey.   

3.5. Discussion 

Optimal flight speed theory predicts that birds should adjust their foraging flight speed to 

the obtainable energy intake rate to maximize net energy intake rate, i.e., increase their 

flight speed when intake rate increases and decrease their flight speed when intake rate 

declines (Hedenstrom & Alerstam, 1995). I therefore predicted that foraging flight speeds 

should decline over the winter reaching a minimum in late winter in response to depleting 

resources and increase again around the spring equinox in response to increasing 

resource availability (Joint, 1978; Zwarts & Wanink, 1993). This prediction is only partially 

supported by my data. As predicted flight speeds at Roberts Bank declined over the course 

of the winter (Fig. 3.1) and were on average higher in the spring (April-May) than in late 

winter (February-March) (Table 3.1). The effect from wind and flight distance on flight 
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speed also matched very well with the theoretical predictions and are therefore accounted 

for in the model-predicted net energy intake rates. Contrary to my predictions however 

flight speeds did not decline but instead increase over the course of the winter at Boundary 

Bay (Fig. 3.1).  

Comparing flight speeds with theoretical predictions 

Theory predicts that birds should increase their speed into heading winds and decrease 

their speed with tail winds to minimize the flight cost per unit distance travelled 

(Pennycuick, 1978; Alerstam, et al., 1993). The effects of wind and flight distance on flight 

speed in this study matched very well with the theoretical predictions. Dunlins increased 

their flight speed into heading winds and decreased their speed with tailwinds (Fig. 3.2a). 

I found similar results with my earlier work where I measured flight speeds of wintering 

dunlin at the Fraser River Estuary between November 2012 and January 2013 (Reurink, 

et al., 2016).     

The effect of flight distance also matched well with theoretical predictions. Theory predicts 

that due to the additional cost from take-off the rate maximizing flight speed should start 

very low at short flight distances and increase when flight distance increases (Houston, 

1986). Because the proportion of take-of cost diminished with distance flown, the 

magnitude of increase in flight speed will gradually decrease with distance flown. This is 

exactly what I found for dunlins which flew slowest at short distances and increased flight 

speed with distance flown, and the magnitude of increase in flight speed diminished at 

greater distance (Fig. 3.2b).  

Contrary to my predictions flight speeds do not consistently decline over the course of the 

winter. Flight speeds at Roberts Bank declined from November until March and seem to 

increase again in April (Fig 3.1). While a segmented regression showed no significant 

breaking point between November and May, on average flight speeds are higher in April 

and May than in March (Table 3.1), which is what I expected to happen in response to the 

increased resource availability in the spring. Flight speeds at Roberts Bank also follows a 

very similar annual pattern as the primary production and invertebrate energy content 

found in other studies (Joint, 1978; Zwarts & Wanink, 1993). In contrast to Roberts Bank, 

flight speeds at Boundary Bay show a significant increase over the observation period 

(Fig. 3.1). This trend may have looked different however if I had data from November and 

December, where flight speeds may have been faster resulting in a decline from 
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November till January. An increase from January till March may also be expected due to 

the increased daylight hours, photosynthesis, and primary production. Some invertebrate 

species also increase in density earlier in the season than other species (Colwell, 1993), 

and since invertebrate communities are quite different between Roberts Bank and 

Boundary Bay (Hemmera, 2014a), this may explain the earlier increase in flight speed at 

Boundary Bay compared to Roberts Bank.   

Comparing flight speeds with my earlier work 

Comparisons of the data from this study with my earlier work (Reurink, et al., 2016), shows 

that flight speeds were on average substantially slower in this study (Table 3.3). An 

important difference between 2012/2015 and 2018 lies in the method used to estimate 

flight speeds, i.e., radar versus pole method. Average flight speeds measured with both 

methods in February and March 2018 (3 days at Roberts Bank, 2 days at Boundary Bay) 

show a variation of 1.2-2.1 ms-1 (Table 3.3). The difference is perhaps attributable to the 

more precise measures of the radar, which relocates the target every 1.33 seconds 

compared to only two points with the pole procedure. However, this difference doesn’t 

seem to be large enough to fully explain the differences between 2012/2015 and 2018, 

which range from 3.3 – 5.1 ms-1. It is therefore possible that there is a true difference 

between years in food availability. Though weather conditions were similar between the 

years (with an average temperature of 4.9°C in the winter of 2012 and 4.6°C in the winter 

of 2018, and an average 12.0°C in the spring of 2015 and 12.1°C in the spring of 2018) 

mudflats are known to have large and irregular variations in shorebird food availability 

between years (Zwarts & Wanink, 1993; Zhang, et al., 2019).  
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Table 3.3.  Average airspeeds per year per site. 

  Year Period Method Roberts Bank (n) Boundary Bay (n) BB / RB   

  2018 Nov-May Radar 11.7  (104)   9.68 (35)   0.83   

  2015 Apr-May Pole 15.0 (66)   14.5 (66)   0.97   

  2012 Nov-Jan Pole 16.5 (70)   14.8 (71)   0.90   

  2018* Feb-Mar 
Pole 13.6 (18)   10.5 (20)   0.77   

  Radar 11.5 (18)   11.7 (13)   1.02   
Note: * Simultaneous Pole and Radar estimates. 

In addition to changes in food availability, dunlins could also alter foraging strategies 

between years. As predicted flight speeds at Roberts Bank exceeded maximum range 

speed from December till January and dropped below maximum range speed in February 

(Table 3.1). This suggests that dunlins may have switched from a rate maximizing foraging 

strategy to maximizing foraging gain ratio. A possible explanation may be that the danger 

imposed by peregrine falcon (Falco peregrinus) significantly increases in January 

(Dekker, et al., 2012; Dekker & Drever, 2016). This increased danger likely makes the 

birds forage more cautiously and in return net energy intake rates could decrease. When 

net energy intake rates become very low foraging gain ratio will likely become the more 

ideal foraging currency and maximum range speed becomes the optimal flight speed 

(Hedenstrom & Alerstam, 1995). Since flight speeds remained below maximum range 

speed at Boundary Bay (Table 3.1) the birds were perhaps maximizing foraging gain ratio 

during the entire observation period, which could also explain why there was no significant 

decline of airspeed.    

Comparing model-predicted net energy intake rate with other studies 

Model-predicted net energy intake rates at Roberts Bank decline from November until 

March and seem to increase again in April (Fig. 3.3). As observed with the flight speeds a 

segmented regression does not show a significant breaking point between November and 

May and model-predicted net energy intake rates also seem to increase in the spring when 

accounted for wind and flight distance (Appendix B). Boundary Bay shows a significant 

increase in model-predicted net energy intake rates as observed in flight speeds, which 

may therefore also be explained by the limited observation period and an early increase 

of invertebrate densities.  
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The model-predicted net intake rates range on average from -1.65 – 9.03W at Roberts 

Bank, and between -2.51 – 0.08W at Boundary Bay. A study on dunlins in the Baltic Sea 

estimated a net energy intake rate of 8W (Dierschke, 1998) while a linear regression 

between body mass and intake rate compiled from fifteen shorebirds shows a range of 3-

30W for dunlins weighing 54 grams (Bryant & Westerterp, 1980), which is a typical weight 

for dunlins overwintering in the Fraser River Estuary (Hentze, 2012). The model-predicted 

net energy intake rates at Boundary Bay are thus far below what we would expect from 

dunlins. Flight speeds were also on average 0.48 – 2.83 m/s slower than maximum range 

speed (Table 3.1), which is closer to the optimum for maximizing foraging gain ratio than 

for maximizing net energy intake rate. Predicted net energy intake rates at Roberts Bank 

are more or less within the range of what we expect from dunlins from November till 

January but drop noticeably in February and remain low until May (Table 3.1). I 

consequently expect that dunlins have been maximizing net energy intake rate from 

November till January and may have switched from rate maximizing to foraging gain ratio 

in February. As mentioned above this switch may be caused by the danger imposed by 

peregrine falcons (Falco peregrinus). It may also be that food availability for dunlins was 

very low in the winter and spring of 2018 forcing the birds to minimize total energy 

expenditure and switch from maximizing net energy intake rate to foraging gain ratio, 

which becomes the ideal currency when resources are scarce (Hedenstrom & Alerstam, 

1995).  

Conclusions and recommendations 

The results from Roberts Bank seem to match quite well with the theoretical predictions 

as airspeed and model-predicted net energy intake rates decline over the course of the 

winter, and airspeeds are on average higher in the spring (April-May) than at the end of 

the winter (February-March). Dunlins also adjusted their flight speed to wind and flight 

distance as predicted by theory, which indicates that the estimated flight speeds are 

accurate. It is however unclear why flight speeds at Boundary Bay increased. A possible 

explanation for the low flight speeds after January at Roberts Bank, or those at Boundary 

Bay overall, is that birds maximize foraging gain ratio rather than net energy intake rate. 

If this is the case than food scarcity or predation risk may be responsible. Since I did not 

estimate resource availability or predation risk over the course of the winter, I recommend 

that future studies include estimates of these factors to see if they can explain the low 

flight speeds. 
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Chapter 4.  
 
Testing predictions from the optimal flight speed 
theory with spatial differences in predation risk and 
resource availability 

 

4.1. Abstract 

While the optimal flight speed theory suggests that we can predict net energy intake rate 

from flight speed, there is little empirical data to support these predictions. In this study I 

therefore tested the predictions from the optimal flight speed theory with spatial differences 

in predation risk and resource availability. Since small sites are generally riskier than large 

sites due to a greater proportion of the feeding habitat being close to shore where 

predation risk is higher, I predicted that small sites should provide a higher energy intake 

rate than large sites to be worth the higher risk. To test this prediction I measured flight 

speeds of western sandpipers (Calidris mauri) at six sites, three large and three small, 

during southwards migration from July through August in 2019 and 2020. My data shows 

that flight speeds were generally much slower at the small sites, which did not match my 

predictions. However, when I accounted for the effect of wind and take-off cost, the 

corresponding model-predicted net energy intake rate become significantly higher at small 

sites than the large sites. I also measured total organic matter and feeding action rates to 

see how these “traditional” methods compare with my model-predicted net energy intake 

rates. Both total organic matter and feeding action rate did not match in rank order with 

my model-predicted net energy intake rate, which may suggest that western sandpipers 

were not maximizing net energy intake rate but instead foraging gain ratio. However, when 

I compared small sites with large sites, I found that total organic matter was significantly 

higher at the small sites, matching my predictions. Western sandpipers also flew faster 

than maximum range speed at all sites, as expected for birds maximizing net energy intake 

rate, and model-predicted net energy intake rates overlap with other studies. Overall my 

data suggests that small and nuanced differences in net energy intake rate between sites 

are difficult to detect with estimates of flight speed, but perhaps a rough qualitative 

estimate is possible.                
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4.2. Introduction 

Models of bird flight show how flight speed can be optimized with respect to energy 

considerations in different circumstances. In general there is a ‘U-shaped’ relationship 

between flight speed and flight power expenditure (Pennycuick, 1968; Tucker, 1969; 

Rayner, 1979) and as such birds can adjust their flight speed to manage energy budgets. 

Several studies demonstrate how birds adjust their flight speed to their particular needs. 

A study on Pacific Dunlin (Calidris alpine pacifica) found that when bird were simply 

remaining airborne during their typical over-ocean flight, rather than traveling, birds flew 

close to the predicted minimal power speed (Hentze, 2012). Numerous studies have also 

demonstrated that birds on migration fly within the range of predicted maximum range 

speeds (Alerstam, et al., 1993; Welham, 1994; Hedenstrom, 1998), and that, as predicted, 

birds flying between feeding patches fly faster than the maximum range speed 

(McLaughlin & Montgomerie, 1990; Elliott & Gaston, 2005; Pennycuick, et al., 2013; 

Reurink, et al., 2016).  

Birds travelling between feeding patches are expected to adjust their flight speed to 

maximize one of two main currencies: net energy intake rate (maximum difference 

between rates of energy gain and energy cost) or foraging gain ratio (maximum ratio of 

energy gain to energy cost) (Hedenstrom & Alerstam, 1995). Birds are expected to 

maximize foraging gain ratio when energy saving is of immediate importance, such as 

during food scarcity or when there are high risks associated with their energy intake. Birds 

are also expected to maximize foraging gain ratio when the energy intake is constrained 

by a metabolic ceiling. In most other circumstances birds are expected to maximize their 

net energy intake rate. Theory predicts that the maximum range speed is the optimal flight 

speed for birds maximizing foraging gain ratio, as this is the speed that minimizes the cost 

of transport, while birds should fly faster than maximum range speed to maximize net 

energy intake rate and increase their speed with increasing energy gain (Norberg, 1981). 

A graphical solution for finding the rate maximizing flight speed can be found in Figure 4.1. 

Note the curve shown on the left side of the graph is the flight cost (measured in Joules) 

in relation to the flight time (seconds), which is calculated as the product of power 

expenditure (Watts), and flight time (which is flight distance divided by flight speed). This 

curve is referred to as the cost curve.  
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The net energy intake rate is represented by the slope of the dashed line drawn tangent 

to both the cost and gain curves. The maximum range speed can be found at the bottom 

of the cost curve, resulting in a flat tangent line and a net energy intake rate of zero, and 

as such birds should fly faster than the maximum range speed to maximize their net 

energy intake rate. When the attainable energy intake rate in the patch is higher, the gain 

curve becomes steeper, and as such the rate-maximizing flight speed increases (travel 

time decreases and travel cost increases). Birds should therefore adjust their flight speed 

to the amount of energy they can gain from the habitat. 

 
Figure 4.1.  A graphical solution of the optimal flight speed between feeding 

patches when maximizing net energy intake rate.  
Note: The left side illustrates the flight cost of flight between feeding patches while the right side 
illustrates the energy gain function while feeding in a patch. The net energy intake rate is 
represented by the dashed line and is maximized when it becomes tangent to both curves as 
illustrated in (Hedenstrom & Alerstam, 1995).  

In the winter of 2012 I put this theory to the test by measuring foraging flight speeds of 

wintering dunlins (Calidris alpina pacifica) at four mudflats on the Fraser River Estuary, 

BC (Reurink, et al., 2016). This study demonstrated that the measured flight speeds were 

consistently different between the sites and matched in rank order with what was known 

about site quality, supporting the prediction that birds should adjust their flight speed to 

the energy gain in the habitat. However, there are several factors not considered in that 

study that may have contributed to those differences in flight speed, such as wind and 

flight distance. This encouraged me to test this model further with the inclusion of other 

factors known to affect flight speed.  
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It is well known that wind impacts flight speed and should therefore be considered when 

predicting energy intake rate from flight speed. To minimize the energy expended over a certain 

distance travelled birds are expected to increase airspeed into head winds and decrease 

airspeed with tail winds (Pennycuick, 1978; Alerstam, et al., 1993; Reurink, et al., 2016). Another 

factor expected to influence flight speed is the take-off cost of flight, i.e., the cost of accelerating 

to the flight speed. The take-off cost is an increasing function of both body mass and flight speed 

(Oster 1976). As the take-off cost is an expense only at the start of flight, the proportion of the 

take-off cost relative to the total flight cost should diminish with distance traveled. To account for 

this additional cost birds are expected to accelerate to a lower speed at short distances, and to 

increase the speed attained with increasing distance. The measured flight speed should 

therefore increase as flight distance increases (Houston, 1986).  

The primary aim of this study is to examine further whether optimal flight speed theory can 

be used to predict net energy intake rate based on flight speed of foraging birds flying 

between feeding patches. I compared flight speeds of migrant western sandpipers 

foraging at six stopover sites, using optimal flight theory to predict the net energy intake 

rate, and applying corrections for the effects of wind and flight distance on flight speed. I 

tested whether the predicted net energy intake rates matched  resource availability, 

assessed with measures of total organic matter and feeding action rate (i.e., number pecks 

and probes per minute). In addition I tested whether predicted net energy intake rates 

were higher at more dangerous sites, assessed using a predation risk index (Pomeroy, et 

al., 2008; Canham, 2019). I predicted that the net energy intake rates should increase with 

increasing total organic matter and feeding action rates, and that intake rates should be 

higher at smaller, more dangerous sites, than at large sites. Small sites are expected to 

be more dangerous than large sites since a greater proportion of the site is close to shore 

where predation risk is higher (Pomeroy, 2006).  
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4.3. Methods 

4.3.1. Study species and study area  

I measured flight speeds of western sandpipers (Calidris mauri) flying between foraging 

patches on mudflats (hereafter ‘foraging flights’) during their southward migration in the 

summers of 2018 and 2019. The western sandpiper breeds in the Alaskan arctic and 

overwinters at Pacific coastal sites from Oregon to Perú, as well as along Caribbean and 

Gulf coasts. This study was conducted at six locations across the Salish Sea located in 

southwest British Columbia, Canada, and extending into northwest Washington state, 

USA. From north to south: Oyster Bay, San Malo, Roberts Bank, Boundary Bay, English 

Boom and Crockett Lake (Fig. 4.2).  

 
Figure 4.2.  The six research locations indicated with open circles. 
Source: Google Earth 
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This region consists of three main waterbodies: the Strait of Juan de Fuca, the Strait of 

Georgia, and Puget Sound and provides important stop-over locations for this species. 

Western sandpipers pass through this region from April-May during spring migration, and 

from June-September during fall migration. Juveniles leave Alaska about a month later 

than adults (Butler, et al., 1987). The southward migration of western sandpipers partially 

overlaps with that of peregrine falcons, the primary predator of western sandpipers (Lank, 

et al., 2003). During this stop-over period western sandpipers have to trade off between 

food availability and safety. Dangerous sites are generally used only when the food 

availability is sufficiently high, while sites with low food availability are only used when they 

are sufficiently safe (Pomeroy, et al., 2008).  

4.3.2. Measuring flight speed 

Flight speeds were recorded with a trailer mounted X-band radar from the first week of 

July through the third week of August of 2018 and 2019 (see Chapter 1 for full details on 

the radar). Measurements were made for two hours before or after high tide, on a minimum 

of five consecutive days per site in each year. In 2018 measurements started at the 

northern sites and ended at the southern sites. The order was reversed in 2019. To keep 

measurements consistent, at each site, the radar was parked each day at the same 

location, chosen to minimize interference from obstacles in close proximity to the mudflat. 

I made co-observations to confirm the species tracked by the radar. A transect was 

created across each of the study sites with a series of 2m posts placed at intervals of 50 

or 100 meters. I sighted along the transect and use a stopwatch to record the moment a 

flock of western sandpipers crossed the transact. The species was confirmed with the help 

of binoculars. I classified four different flight types: foraging flight, transit flight, escape 

flight or over-ocean flocking. Only foraging flights were used for further analysis. A typical 

foraging flight of a western sandpiper was defined as relatively straight and constant in 

speed, and low above the ground surface (Melcher, et al., 2006). Transit and escape 

flights were easy to distinguish from foraging flights as they are typically much higher, 

faster and directed away from the foraging habitat. Measurements could not be made on 

days with heavy rain as the radar could not locate targets properly.  

The radar was designed to track and monitor migratory birds in flight (Millikin, 2001). 

During good weather a target in the sky is easy to detect as the background noise is 
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minimal. However, tracking a target low above the ground can become a challenge as the 

ground surface and vegetation create background noise. Because shorebirds' foraging 

flights are typically low above the ground, the background noise became an immediate 

concern. Co-observed tracks therefore had to be located manually from the video 

recording of the radar screen (see chapter 3 for procedure). The estimated flight speeds 

were then checked carefully for errors. The airspeed was calculated with factor subtraction 

of wind and ground speed following the standard triangle of velocities (Pennycuick, 2008). 

4.3.3. Environmental factors affecting flight speed  

Theory predicts that birds should adjust their flight speed to external factors such as wind, 

altitude, carry load, vertical flight and flying in flock formation (Hedenstrom & Alerstam, 

1995). In this study I examined effects of wind and flight distance. Because wind conditions 

can differ between sites and days, I accounted for this effect by calculating the zero-wind 

speed for each site. Since the proportion of take-off cost is greater for short flights, birds 

should fly slower if the flight distance is short (i.e., small sites) than when it is long (i.e., 

large sites). Take-off cost was calculated following Houston (1986). I divided the take-off 

cost by the flight time to obtain the average power expenditure (J/s) for each flight, which 

was added to the power expenditure calculated with Pennycuick’s model. See Chapter 2 

for more details. 

Wind 

Wind speed and direction was measured with a Kestrel 5500 weather station placed on a 

tripod 2m in height stationed at the edge of the mudflat. Because western sandpipers fly 

relatively low over the surface of the mudflat during foraging flights, I assumed that the 

birds experienced the same wind conditions as was measured by the weather station. The 

weather station was programmed to record wind speed and direction every minute. The 

time on the weather station was synchronized with the radar time every day before 

measurements took place. This allowed me to get a wind measurement within one minute 

of each flight track recorded. Airspeed was calculated with vector subtraction of wind and 

ground speed following the standard triangle of velocities. The speed increment from wind 

is calculated by subtracting airspeed from groundspeed.  
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Flight distance 

Flight distance was measured from the radar recorded flight tracks. The distance between 

each target relocation was measured with pixel count software (Meazure 2.0) for as long 

as the target was visible in the video. In some cases a target disappeared in the 

backscatter caused by vegetation along the shore. If the target appeared again after a few 

frames, I was able to reconstruct the missing frames by interpolation. In other cases the 

target became undetectable at greater distances from the radar, or targets simply flew 

beyond the radar image circle. Flight distances measured at small sites (San Malo and 

Oyster Bay) all remained within the radar image circle. To assess flight distances that went 

beyond the scope of the radar, I observed flight distances in the field. I timed foraging 

flights of western sandpipers at Boundary Bay and Roberts Bank in the first two weeks of 

August 2020, which was roughly the same period as I measured flight speeds in previous 

years. Observations were made for two hours before or after high tide for five days at each 

site. Binoculars were used to locate and observe the foraging western sandpipers, and a 

stopwatch was used to time the duration of each flight. The flight time was multiplied by 

the average flight speed to obtain a second estimate of flight distances.  

4.3.4. Estimating resource availability 

To assess whether the model-predicted net energy intake rates are reasonable I 

compared model predictions against field measured resource availability. There are many 

ways to estimate resource availability directly or indirectly (Johnson, 2007). I choose to 

measure total organic matter and feeding rates (i.e., number of prey consumed per 

minute) as these methods seemed easy to implement into this study. Since total organic 

matter is often positively correlated with fine sediments and invertebrate densities (Yates, 

et al., 1993; Hemmera, 2014a), and flight speeds from my earlier work also matched in 

rank order with total organic content (Reurink, et al., 2016), I believed that this would give 

me a good indication of the amount of food available to western sandpipers. I also believed 

that feeding rates would be a good indicator of resource availability (Dierschke, 1998; 

Beauchamp & Ruxton, 2008).  
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Total organic matter 

Total organic matter was measured at all six sites during western sandpiper southward 

migration. A stratified random sampling procedure was used to select twenty random 

sample locations for each site. ArcGIS was used to create five equal buffer zones (25-100 

meters) from the shoreline to the low tide line to use as strata. At large sites the five buffer 

zones extended to 500-meters from shore, as flight speeds were usually not measured 

beyond this point. The “Fishnet” tool was used to create evenly distributed sample 

locations in all strata. Random numbers were generated for each sample location, with 

the four lowest numbers in each strata selected as sample site locations. A total of 120 

samples were collected in summer 2019. 

A Garmin GPSMAP 64s was used to locate the sampling site locations generated in 

ArcGIS. If a sample location was immersed, the nearest exposed surface area was used 

for sampling. A 26mm syringe with the nozzle removed was used to collect the samples. 

The syringe was pushed in the undisturbed surface of the mudflat and sediment was 

gently drawn to the 15mm mark. The excess mud was cut off with a knife. Samples were 

immediately placed in zipper bags on dry-ice and stored in a -40°C freezer until processed 

in October - December 2019.   Lost-on-Ignition (LOI) procedure was used to measure total 

organic matter (Schumacher, 2002). Ceramic crucibles were used for processing the 

samples in a dry oven and furnace. Empty crucibles were weighed before a sample was 

added. Samples were dried overnight at 100°C to measure dry weight and placed in a 

muffle furnace at 550°C for 4h. This procedure removes all organic material (Heiri, et al., 

2001). Samples were cooled and reweighed the next day. Total organic mass was 

calculated as the percentage of weight lost. 

Feeding action rates 

Western sandpiper feeding rates were measured at all six sites during southward 

migration in summer 2019. A video camera (Fujifilm X-T2) and telephoto lens (Fujinon 

XF100-400mm) were used to record slow motion videos (120 fps) of feeding western 

sandpipers. Twenty individual birds were recorded at each site for a duration of one minute 

per bird. Videos were slowed down four times to analyze feeding behaviour. Feeding 

behaviour was analyzed with Behavioural Observation Research Interactive 

Software (BORIS). I distinguished three feeding modes: grazing, pecking, and 

probing. Grazing refers to biofilm feeding, which is a typical feeding behaviour from 
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western sandpipers and is distinct from other feeding modes (Elner, et al., 2005). 

This behaviour was defined by the relative slow approach of the bill to the sediment 

compared to pecking or probing, followed by a repeated back and forth motion of 

the head while progressing over the surface of the sediment (Kuwae, et al., 2008). 

Sometimes the bill could be observed slightly open exposing a bolus of mud. 

Pecking refers to invertebrate feeding at the surface of the mudflat. This feeding 

mode can be distinguished from probing as the bill does not disappear into the 

sediment. A peck was considered a single contact of the bill to the sediment surface 

whereas a probe was defined as the insertion of the bill into the sediment for at least 

1/3 the bill length (Mathot & Elner, 2004). Due to the small prey items it was 

impossible to estimate the number of successful feeding attempts as was done in 

earlier studies (Dierschke, 1998; Beauchamp & Ruxton, 2008). Since the different 

feeding modes were also difficult to distinguish on the videos, I calculated the 

feeding action rate (i.e., number of pecks, probes and grazing per minute) instead 

of feeding rate (i.e., number of preys consumed per minute).   

4.3.5. Predation risk trade-off 

Since western sandpipers often have to make a trade-off between prey availability and 

predation danger (Pomeroy, et al., 2008), I also wanted to test whether energy intake rates 

are higher at sites where predation danger is high to be worth the trade-off with the 

increased risk of predation. Research shows that foraging close to shore is more 

dangerous than far from shore, and thus the distance to shore can be used as measure 

of safety (Pomeroy, et al., 2006; Canham, 2019). It has also been demonstrated that 

energy intake rates of western sandpiper are higher at small enclosed sites than at large 

open sites (Ydenberg, et al., 2002). I therefore believed that the so called “predation risk 

index” would be a good measure of danger. I will now describe how I measured each of 

these variables.   

Predation danger 

I used the predation danger index described by Pomeroy (2008) to compare danger 

between sites. This value is obtained by measuring the distance between the shoreline 

and low watermark at sites fully exposed to the ocean, or half the distance across enclosed 
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sites measured at the greatest width. This value essentially expresses the maximum 

distance a bird would be able to forage from shore, the greater the distance the safer the 

site. Low watermark information was obtained from the BC Geographic Warehouse and 

distances were measured in ArcGIS.  

4.3.6. Predicting net energy intake rate from flight speed  

I used the optimal flight speed model of Hedenstrom & Alerstam (1995) to predict net 

energy intake rates from measured foraging flight speeds of western sandpipers. Power 

expenditure was calculated from the radar derived airspeeds using Pennycuick’s flight 

model (Pennycuick, 1989). Power estimates require measures of species-specific 

variables which are derived from four easy-to-obtain measures: body mass, wingspan, 

wing area and basal metabolic rate (BMR) (see full list in Appendix A). I measured 

wingspan, wing area and body mass from 24 adult western sandpipers, 12 males and 12 

females, caught at Boundary Bay during southward migration in July 2007 by David B. 

Lank. Body mass was measured directly after capture while I measured wingspan and 

wing area from the frozen specimens in 2021. The wingspan and wing area were 

measured following Pennycuick’s procedure (Pennycuick, 1989). The semi wingspan was 

obtained by measuring the length from the wingtip to the spinal cord and doubled to obtain 

the wingspan. Wing area was measured from photographs of a stretched wing on a 1x1cm 

grid. The number of squares covered by the wing were counted to calculate the surface 

area of a single wing. The root area of each wing was calculated from the difference 

between the single wing length and semi wingspan multiplied by the width of the wing 

base. BMR was calculated using Pennycuick’s procedure (Pennycuick, 1989), which 

required body mass as input. 

Since wind has a strong effect on flight speed I had to account for this effect. Airspeed 

was calculated with vector subtraction of wind and ground speed following the standard 

triangle of velocities. The speed increment due to wind was calculated by subtracting 

airspeed from groundspeed. The ‘zero-wind speed’ was calculated with a linear regression 

of wind increment on airspeed at each site and taking the y-intercept for each site. This 

was similar to what was described by Pennycuick (1987), but instead of taking a single 

estimate from the intercept, I corrected all airspeeds from each site with the regression 

coefficient from a linear regression of the speed increment on airspeed from each site as 
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shown in eq. (4.1) below. Where Vzw stands for zero-wind speed, Va for airspeed, Vinc for 

the speed increment from wind and B for the regression coefficient.   =  + (− )        (4.1) 
 

The total flight cost also includes the take-off cost of flight. The take-off cost is an 

increasing function of body mass and flight speed (Oster 1976). As the take-off cost is an 

expense only at the start of flight the proportion of the take-off cost relative to the total 

flight cost should diminish with distance traveled. To account for these additional costs 

birds are expected to fly slower at shorter distances and increase their speed with 

increasing distance as the proportion of take-off cost becomes smaller. The rate at which 

flight speed increases should therefore diminish when flight distance increases and 

asymptote at a certain distance such that the proportion of the take-off cost will be so small 

that the optimal flight speed will become almost indistinguishable from the optimum speed 

when the take-off cost is not considered. I incorporated the take-off cost into the model as 

described by Houston (1986).  

Following the procedure of Hedenstrom & Alerstam (1995), I took the derivative of the total 

flight cost (accounting for wind and take-off cost) with respect to flight time for each track 

to estimate the net energy intake rate Rn: = −  dd  =   −  −  + p         (4.2) 
 

The left side of eq. (4.2) is the derivative of the flight cost with respect to travel time, C is 

the energy cost of the flight between feeding patches, and tt is the travel time between 

feeding patches. The right side of the equation is the net energy intake rate, where En is 

the net energy gain in the patch, Et is the take-off cost and tp is the patch residence time. 

Since the latter two variables are unknown, and especially En is often very difficult or 

impossible to estimate in the field, it is very convenient that net energy intake rate should 

be equal to the derivative of flight cost, as this is quite easily estimated in the field. See 

details in Chapter 2.   
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4.3.7. Statistics 

An ANOVA and Kruskal-Wallis test was used to test whether ground and airspeeds 

differed between sites. I used a linear mixed-effect model to test the effects of wind and 

flight distance on airspeed (i.e., Airspeed ~ Speed increment + log (Flight distance) + 

(1|Site)). Where site is included as a random effect and distance is log-transformed as it 

has a non-linear relation with airspeed. A GLM was used to test the effects of wind and 

distance on airspeed separately for each site (i.e., Airspeed ~ Speed increment + log 

(Flight distance). I added the unstandardized beta coefficient (B) to show the degree of 

change in the dependent variable for every 1-unit of change in the predictor variable. An 

ANOVA was used to test for an interaction effect from wind and flight distance between 

sites. A Kruskal-Wallis test was used to test for a significant differences in model-predicted 

net energy intake rates, total organic matter, and feeding action rate between the six sites. 

A Mann-Whitney U test was used to test for significance between small and large sites.  

Since the residuals of a linear regression between model-predicted net energy intake rate 

and total organic matter or feeding action rate had a non-normal distribution, I applied a 

square root transformation to the model-predicted net energy intake rate before analysis. 

A regression analysis was used to test for a significant relationship between total organic 

matter and predicted net energy intake rates, and between feeding action rate and 

predicted net energy intake rates. Finally a t-test was used to test if model-predicted net 

energy intake rate was significantly higher at small sites than at large sites.     

4.4. Results 

A total of 290 flight tracks were measured during the summers of 2018 and 2019 

(Boundary Bay (BB), n=50; Roberts Bank (RB), n=50; English Boom (EB), n=50; Crockett 

Lake (CL), n=50; Oyster Bay (OB), n=42; San Malo (SM), n=48). Both ground speed (F 

(5,284) = 9.07, p < 0.001) and airspeed (X2 (5, N=290) = 46.10, p < 0.001) differed 

significantly between sites, but flight speeds did not match in rank order with my 

measurements of resource availability (Fig. 4.5). Flight speeds exceeded the maximum 

range speed (Vmr) at all sites (Table 4.1), which is expected from birds maximizing their 

net energy intake rate (Hedenstrom & Alerstam, 1995). Since maximum range speed 

changes with flight distance I corrected these for the site-specific flight distances. 
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Table 4.1.  Ground speed, airspeed, and Vmr for each site.  

  Boundary  Roberts  English Crockett Oyster  San  
  Bay Bank Boom Lake Bay Malo 

  
Mean 
(SE) 

Mean 
(SE) 

Mean 
(SE) 

Mean 
(SE) 

Mean 
(SE) 

Mean 
(SE) 

Ground speed (m/s) 12.87 
(0.36) 

11.86 
(0.37) 

12.77 
(0.38) 

11.62 
(0.50) 

11.54 
(0.27) 

9.66 
(0.33) 

Airspeed (m/s) 13.35 
(0.31) 

12.14 
(0.26) 

12.97 
(0.47) 

10.44 
(0.81) 

11.45 
(0.28) 

9.89 
(0.37) 

Zero-wind speed (m/s) 13.26 
(0.31) 

12.12 
(0.26) 

12.73 
(0.38) 

12.58 
(0.39) 

11.52 
(0.27) 

9.65 
(0.33) 

Vmr (m/s)  12.25 11.28 12.25 11.11 10.21 8.53 
Note: Sites are ranked from large too small. 

Environmental factors affecting flight speed 

As predicted, there is a strong effect of wind on airspeed. As in my earlier work (Reurink, 

et al., 2016) birds increase their speed into head winds and decrease speed with tail winds 

(B = -1.067, t (287) = -14.810, p < 0.001) (Fig. 4.3a). This effect varies significantly 

between sites (F (5,284) = 18.323, p < 0.001), with the greatest effect at Crockett Lake (B 

= -1.669, t (48) = -13.828, p < 0.001) and the least effect at Roberts Bank (B = -0.127, t 

(48) = -0.957, p = 0.019). The westerns did however not to fully compensate for wind as 

flight cost per unit distance significantly declined with tail winds (rs290 = -0.575, p < 0.001).    

 
Figure 4.3.  The effect from wind and flight distance on airspeed. 
Note: a: the speed increment from wind and b: flight distance on airspeed. 

a b
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The results regarding take-off cost match very well with the predictions from Houston 

(1986). Flight speeds at short distances are slow and increase steeply as distance 

increases, with the effect size diminishing at greater distances (Fig. 4.3b). This effect is 

significant (B = 2.337, t (287) = 12.767, p < 0.001) with no significant difference between 

sites (F (5,284) = 2.014, p = 0.076). These flight speed adjustments are also reflected in 

power expenditure, which increases with distance (rs290 = 0.516, p < 0.001). However, 

when take-off costs are added there is no significant effect of flight distance on power 

expenditure (rs290 = -0.085, p = 0.147).  

A multivariate analysis of the effects of wind and flight distance on airspeed show that 

there is a negative effect of wind at all sites (with airspeed falling by 0.12-1.67 units for 

every unit increase in tailwind); and an increase in airspeed with distance flown (with 

airspeed increasing by 1.21-3.32 units for every unit increase in log-distance) (Table 4.2).    

Table 4.2.  Statistical analysis of airspeed in relation to wind and flight distance 
per site. 

  
Boundary 

Bay 
Roberts 

Bank 
English 
Boom 

Crockett 
Lake 

Oyster 
Bay San Malo 

  (N=50) (N=50) (N=50) (N=50) (N=42) (N=48) 

Wind (m/s) -0.249 -0.127 -1.388 *** -1.669 *** -0.639 * -1.243 *** 

Distance (m)   2.692 *** 1.217 * 3.326 *** 2.346 *** 1.725 *** 3.076 *** 
Note: Analysis of the joint effect of wind and flight distance assessed at each study site with a GLM. 
(Airspeed ~ wind increment + log (Flight distance)). The unstandardized beta co-efficient for each 
factor and significance level are given. *P<0.05, ***P<0.001 

As expected, both wind and flight distance have a strong effect on airspeed at most sites. 

While the effect of wind is clearly very different between the sites, the effect of flight 

distance is overall much stronger and more similar between the sites.  

Estimated resource availability and predation risk 

Total organic matter was estimated in percentage of total dry weight of each sample and 

ranged from 0.2 – 6.5 percent. Feeding action rate was estimated as total feeding actions 

for each one-minute video and ranged from 20 – 159 feeding actions per minute. Both 

total organic matter (X2 (5, N=115) = 91.244, p < 0.001) and feeding action rates (X2 (5, 

N=161) = 33.221, p < 0.001) are significantly different between the sites (Fig. 4.4).  
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Figure 4.4.  Boxplot of total organic matter and feeding action rate between 
sites. 

As estimate of predation risk I measured the following predation risk index values from 

high to low: Boundary Bay (4888m); Roberts Bank (4440m); English Boom (4073m); 

Crockett Lake (340m); Oyster Bay (130m) and San Malo (80m). Based on these estimates 

I considered Boundary Bay, Roberts Bank and English Boom as large and safe sites, and 

Crockett Lake, Oyster Bay and San Malo as small and dangerous sites.  

Model-predicted net energy intake rates 

Flight distance measured by radar were on average 425m at Boundary Bay, 300m at 

Roberts Bank, 465m at English Boom, 370m at Crockett Lake, 210m at Oyster Bay and 

85m at San Malo. Using the radar-derived flight distances, and accounting for wind and 

take-off cost, model-predicted net energy intake rates are not significantly different 

between sites (X2 (5, N=290) = 3.074, p = 0.69) (Fig. 4.5a).   

 

b a 
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Figure 4.5.  Boxplot of model-predicted net energy intake rates. 
Note: Calculated from a: average radar derived flight distances, and b: average field estimated 
flight distances at Boundary Bay and Roberts Bank.  

The field estimated flight distances were on average 1050m at Boundary Bay and 420m 

at Roberts Bank; this is substantially greater than the average flight distances I recorded 

with the radar. These greater flight distances reduce the average rate of power 

expenditure and lower the predicted net energy intake rate. Boundary Bay drops from 0.80 

Js-1 to 0.38 Js-1 and Roberts Bank drops from 0.56 Js-1 to 0.11 Js-1. This shows how 

important it is to know the exact flight distance to make model predictions more 

comparable between sites where flight distances are different. Even though the model-

predicted net energy intake rates are noticeably lower with the field estimated flight 

distances, the predicted net energy intake rates remain not significantly different between 

sites (X2 (5, N=290) = 3.88, p = 0.57) (Fig. 4.5b).  

Since the flight tracks recorded at Crockett Lake, Oyster Bay and San Malo largely 

remained within the radar image circle, I believe that the average radar derived flight 

distances from these sites are accurate. When it comes to Boundary Bay and Roberts 

Bank, I believe that the field estimated flight distances are more accurate since birds flew 

often out of the radar image circle at these sites. Birds also frequently flew out of the radar 

image circle at English Boom but since I was not able to obtain field estimates from this 

site the radar derived flight distances remain the best available estimates for this site. With 

this in mind I believe that the predictions shown in Figure 4b are a better representation 

of each site than Figure 4a. The data shown in Figure 4b are therefore used for further 

a b 
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analysis. As predicted the net energy intake rates are significantly higher at small sites 

than at large sites (t (288) = 2.472, p = 0.014) (Fig. 4.5b), and total organic matter was 

also significantly higher at small sites than at large sites (W = 220, p < 0.001) (Fig. 4.4a). 

Contrary to my predictions feeding action rates are significantly higher at large sites than 

at small sites (t (159) = 3.756, p < 0.001) (Fig. 4.4b). Note however that Boundary Bay, 

Roberts Bank, Crockett Lake and San Malo are not significantly different, thus English 

Boom and Oyster Bay are the mean reason for the significant difference between small 

and large sites. 

A regression analysis shows that neither total organic matter (B = 0.032, t (288) = 1.221, 

p = 0.224) nor feeding action rate (B = -0.002, t (288) = -0.871, p = 0.385) have a significant 

effect on model-predicted net energy intake rates (Fig. 4.6).  

 
Figure 4.6.  The effect from total organic matter and feeding action rate on 

model-predicted net energy intake rate.  
Note: The mean predicted net energy intake rate with 95% CI bars, and linear regression with 
95% CI in grey.  

 

4.5. Discussion 

This study aimed to test and evaluate the predictions from the optimal flight speed theory. 

The prediction that flight speeds between foraging patches should vary with site-specific 

food availability is generally not supported as flight speeds did not match in rank order 
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with my measures of resource availability. What matched my prediction however is that 

total organic matter as well as model-predicted net energy intake rates were higher at the 

small sites than large sites, suggesting that resource availability and energy intake rates 

are indeed higher at small sites. Contrary to my predictions my estimates of feeding rates 

were higher at large sites, and model-predicted net energy intake rates declined with 

increasing feeding action rate.   

Comparing flight speeds with estimated recourse availability 

As predicted estimated airspeeds differed significantly between the six sites. Airspeeds 

however don’t match in rank order with the total organic matter nor the feeding action rate 

(Fig. 4.5). In contrast to my predictions, flight speeds were higher at Boundary Bay than 

at Roberts Bank, although several studies indicate that resource availability is greater at 

Roberts Bank than at Boundary Bay (Acevedo Seaman, et al., 2006; Kuwae, et al., 2012; 

Hemmera, 2014b; Reurink, et al., 2016). Census data and dropping densities of western 

sandpipers in summer do not indicate much difference between Roberts Bank and 

Boundary Bay (Hemmera, 2014c; Hope, 2018), which suggests that intake rates for 

western sandpipers may be similar between the sites during southwards migration.  

Flight speeds were significantly slower at small sites than large sites (Table 4.1). Based 

on flight speeds alone this would suggest that energy intake rates are higher at the large 

sites. When accounted for the additional cost of take-off we see that the model-predicted 

net energy intake rates become significantly higher at small sites than large sites, 

matching my predictions. This shows how important it is to account for the additional cost 

from take-off to compare predicted net energy intake rate at small and large sites. This is 

probably less of a concern when flight distances are greater than approximately 500 

meters as the effect of flight distance asymptotes around this point (Fig. 4.3b).  

Environmental factors effecting flight speed 

The effect of wind on airspeed found in this study matches well with the theoretical 

predictions (Pennycuick, 1969). Western sandpipers increased their airspeed into heading 

winds and decreased their airspeed with tailwinds (Fig. 4.3a), which is significant at most 

sites (Table 4.2). Birds are expected to make these adjustments to minimize the flight cost 

per unit distance (Liechti, et al., 1994). The effect of wind on airspeed is also reflected in 

their flight power expenditure, and as such I calculated a zero-wind speed to make the 
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model-predicted net energy intake rates comparable between sites. Zero-wind speeds 

were also faster than maximum range speed at all sites (Appendix B), suggesting that the 

birds were maximizing their net energy intake rate at all sites. This is expected of western 

sandpipers during stopover to minimize their stopover duration. The effect of flight 

distance on airspeed also matches very well with the theoretical predictions (Houston, 

1986). Western sandpipers flew slower at short distances and increasingly faster when 

flight distance increased (Fig. 4.3b), an effect seen at all sites (Table 4.2).  

Estimated resource availability and predation risk 

As predicted total organic matter was significantly higher at small sites than at large sites 

and model-predicted net energy intake rates increased with increasing total organic matter 

(Fig. 4.6). Contrary to my predictions however model-predicted net energy intake rates 

declined with increasing feeding action rate (i.e., number of pecks and probes per minute) 

(Fig. 4.6). A possible explanation is that birds become more selective as prey availability 

increases (Baker & Baker, 1973), and as such the feeding action rate may decrease when 

prey availability increases. Since birds select more profitable prey their energy gain may 

in fact be higher when intake rate is lower.  

The total organic matter at the small sites is significantly higher than at the large sites (Fig. 

4.5). All small sites are partially or fully enclosed making it easier for fine sediments and 

debris to settle, which likely explains the higher organic matter at those sites. Of the large 

sites, Roberts Bank has higher total organic matter than Boundary Bay and English Boom, 

which is likely caused by fine sediment input from the Fraser River, which flows directly 

into Roberts Bank. I observed that English Boom is much muddier than Boundary Bay, 

consistent with the finding that total organic matter is higher there. Research also shows 

that fattening rates of western sandpipers at English Boom are higher than at Boundary 

Bay, but lower than at Roberts Bank (Acevedo Seaman, et al., 2006), which matches in 

rank order with the total organic matter in this study. Based on personal observation both 

Crocket Lake and Oyster Bay are very organic rich with a lot of wood debris, which likely 

explains why those sites have the highest total organic matter. Based on the comparisons 

with other studies I believe that the estimated total organic matter is a good representation 

of the resource availability at most sites. The estimates from Crocket Lake and Oyster Bay 

may, however, be overly high due to the large amount woody debris that is not a food 

source.  
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When we look at the estimated feeding action rate (i.e., number of pecks and probes per 

minute) then we see a very different pattern. The feeding action rate is generally much 

higher at the larger sites than at the small sites, which is the opposite of what I predicted. 

Two reasons that may explain why feeding action rates are higher at large sites are 

predation risk and prey selection. It is well known that predation danger is inversely related 

to the size of the habitat, because predation risk increases with proximity to shore 

(Pomeroy, et al., 2006). It is therefore likely that birds were more vigilant at small sites, 

and hence may have been unable to reach feeding action rates as high as at the large 

sites. The video analysis shows that vigilance time was on average greater at the small 

sites than at the large sites. Regressing the feeding action rate against vigilance time 

shows that the feeding action rate decreases with increasing vigilance time, though not 

significantly (rs34 = -0.118, p = 0.504). Although feeding rates are generally expected to 

increase with increasing prey availability (Dierschke, 1998; Fuller, et al., 2013), it is argued 

that feeding rates decrease as birds become more selective when prey availability 

increases (Baker & Baker, 1973). So it could be that the birds at the small sites select for 

more profitable prey and as such their energy gain may actually be higher than at the large 

sites.   

 Model-predicted net energy intake rates 

Model-predicted net energy intake rates range from 0.27 to 0.81 Watt (Appendix B), which 

is at the low end of what is found in other studies. A linear regression of body mass and 

foraging rate from 15 shorebirds shows an estimated 0.63W for a western sandpiper 

weighing 24.7 grams (Bryant & Westerterp, 1980). Another more recent study estimated 

a gross energy intake rate of approximately 1.66W for little stint (Calidris minuta), a 

shorebird similar in size to western sandpipers (Masero, 2003). This estimate is 

substantially higher than what I found, but both studies don’t seem to include the cost of 

flight during foraging, which is included in the model-predicted net energy intake rates of 

this study. To make my data comparable with these other studies, I calculated the potential 

daily energy gain for both cases. For the other two studies I subtracted the daily energy 

expenditure predicted with the estimates from Crocker (2002) (derived from doubly labeled 

water measures from Nagy (1987,1999), which includes the cost of flight) from the 

predicted intake rates combination with the available foraging time. For my case I use the 

model-predicted net energy intake rates and available foraging time to estimate the total 

energy gain and use their basal metabolic rate (BMR) to estimate the energy expenditure 
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for the remaining hours. Using their BMR for the remaining hours seems reasonable since 

shorebirds are mostly resting during the high tide period (Rosa, et al., 2006). Western 

sandpipers should have approximately 12 hours available for foraging per day (Kuwae, et 

al., 2008). Based on these foraging times and a daily energy expenditure of 56 kJ, 

following the estimates from Crocker (2002), western sandpipers would, strangely, lose 

30 kJ per day with a gross intake rate of 2.27 kJ/h (0.63W) following Bryant & Westerterp’s 

predictions, and would gain 15 kJ per day with a gross intake rate of 6 kJ/h (1.66W) based 

on estimates from little stint (Masero, 2003). When I use a net energy intake rate from this 

study ranging from 0.9-2.9 kJ/h (0.27-0.81W) then the birds would gain about 11-34 kJ 

per day. When I subtract the energy lost over the remaining hours based on a BMR of 

0.24W, the birds expend approximately 10 kJ during the non-foraging period. This comes 

to a net energy gain of about 1-24 kJ per day. Based on these hypothetical estimates the 

model-predicted energy gain from this study is higher than Bryant & Westerterp’s 

predictions, but within the range of the energy gain based on feeding rates of the little stint 

(Masero, 2003), which seems reasonable as they are quite similar in size and weight. 

Regardless of this hypothetical estimate the model-predicted net energy intake rate seem 

reasonable albeit quite low, particularly at the large sites (Appendix B).   

My findings also seem reasonable when I compare the potential fattening rates with other 

studies. Using a minimal assimilation efficiency of 75% (Kersten & Piersma, 1987), the 

birds from this study could potentially deposit 6-30 kJ per day into body tissue, which 

translates to a fattening rate of approximately 0.15-0.76 g per day assuming a fat storage 

of 39.3 kJ per gram fat (Schmidt-Nielsen, 1975). This seems reasonable compared to a 

fattening rate of 0.4 grams per day found in other studies of foraging western sandpipers 

(Warnock & Bishop, 1998; Williams, et al., 2007) and this falls within the fattening range 

of what western sandpipers are capable of (Seaman, et al., 2005).     

As predicted the model-predicted net energy intake rates increased with increasing total 

organic matter (Fig. 4.6). This was expected since total organic matter is generally 

positively correlated with invertebrate density (Yates, et al., 1993; Hemmera, 2014a). 

Contrary to my predictions however the model-predicted net energy intake rates 

decreased with increasing feeding action rates (Fig. 4.6). As mentioned earlier, this may 

be due to birds becoming more selective when prey availability increases. This means 

that although the observed feeding action rates are lower, the energy gain may be higher 

due to selection for more profitable prey. Research also demonstrates that feeding rates 
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for some species of shorebird are independent of prey density (Goss-Custard, et al., 

2006), suggesting that other factors may play a more important role in explaining 

differences in feeding rates. The most likely cause in this study is the danger associated 

with feeding at small sites. Feeding rates generally decrease when birds have to allocate 

more time to vigilance behaviour (Fritz, et al., 2002; Beauchamp & Ruxton, 2008). It is 

likely a combination of prey selection and predation risk (and possibly other factors not 

considered in this study) that caused feeding action rates to decline with increasing net 

energy intake rate. As predicted the model-predicted net energy intake rates were also 

significantly higher at small sites than at large sites (Fig. 4.4), which is similar to what was 

found in earlier work estimating fattening rates at a large and small site (Ydenberg, et al., 

2002).    

Conclusion  

The findings of this study show partial support for the theoretical predictions from the 

optimal flight speed theory. While the effect of wind and flight distance on airspeed 

matches very well with the theoretical predictions, flight speed and model-predicted net 

energy intake rate did not match in rank order with my estimates of resource availability. 

This suggests that western sandpipers did not adjust their flight speed to the energy intake 

rate in the habitat. Both total organic matter and model-predicted net energy intake rate 

was however significantly higher at the small sites, which matches very well with my 

prediction that intake rates should be higher at small sites to be worth the trade-off with 

the higher risk of predation (Ydenberg, et al., 2002; Ydenberg, et al., 2004; Pomeroy, 

2006; Pomeroy, et al., 2008). Flight speeds corrected for wind were also on average higher 

than maximum range speed at all sites, which is expected from birds maximizing net 

energy intake rate. Overall my data seems to suggest that we may not be able to make a 

nuanced quantitative assessment of energy intake rates based on foraging flight speeds, 

but perhaps flight speeds can be used to make a qualitative assessment of the energy 

intake rate to know roughly in what habitats birds are gaining more energy.  
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Chapter 5.  
 
Experimentally testing the predictions from the 
optimal flight speed theory 

 

5.1. Abstract 

Although the optimal flight speed theory has been well studied, only few researchers have 

tested the theoretical predictions for a bird foraging in a patchy habitat with empirical data, 

and the few studies that have tested these predictions have only done so qualitatively. It 

has therefore remained unclear how precise these model predictions based on the optimal 

flight speed theory reflect how quickly birds are gaining energy. In this study I therefore 

designed an experiment where I manipulated the energy intake rate and I simultaneously 

measured flight speed response. The study was conducted with six Steller’s jays 

(Cyanocitta stelleri) who had to fly between two feeders at a fixed distance to gather their 

food. I provided either one or two mealworms at both feeders every other day. I used two 

cameras to record both feeders to estimate the take-off and landing times, patch residence 

times, and energy intake rates. My data shows that five out of six jays did not significantly 

increase their flight speed when energy intake rate was significantly higher. The model-

predicted net energy intake rates were also very low for all jays and did not match or 

positively correlate with field estimated net energy intake rates. This suggesting the jays 

may have been maximizing foraging gain ratio rather then net energy intake rate. This is 

further supported by the fact that all jays flew much slower than the rate maximizing flight 

speed and instead flew much closer to and even below the maximum range speed, which 

is the speed more closely associated with maximizing foraging gain ratio. Since the model-

predicted net energy intake rates are so low, the predictions as described in Chapter 2 

may be missing a flight cost saving. Perhaps the flap-glide flight behaviour seen in Steller’s 

jays is less costly than continues flapping flight as suggested by other researchers. If this 

is the correct than these flight cost savings should be incorporated into my model-

predictions to make more accurate predictions for Steller’s jays or other birds with a flap-

glide flight behaviour.        
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5.2. Introduction 

The optimal flight speed theory has been extensively studied (Norberg, 1981; Pyke, 1981; 

Houston, 1986; Alerstam & Lindstrom, 1990; Liechti, et al., 1994; Hedenstrom & Alerstam, 

1995; Hedenstrӧm & Alerstam, 1996; McLaren, et al., 2016; Alerstam, et al., 2019), though 

only few researchers have compared the theoretical predictions for a bird foraging in a 

patchy habitat with empirical data. Experiments where the patch gain was manipulated 

found that patch residence time decreased when energy gain increased (Ydenberg, et al., 

1994), and birds where willing to wait longer for a food item when their self-feeding rate 

was lower (Waite & Ydenberg, 1994). This matches the theoretical prediction that patch 

residence time should decrease when energy intake rate increases (Norberg, 1981). Field 

measurements of provisioning Lapland longspurs (Calcarius lapponicus) found that the 

birds flew on average faster than maximum range speed,  which is expected for birds 

maximizing energy delivery to their young (Norberg, 1981), though birds did not adjust 

their speed to increased food availability (McLaughlin & Montgomerie, 1985). A study on 

provisioning Northern fulmars (Fulmarus glacialis) found that foraging flight speed 

increased during the chick rearing period compared to the incubation period (Elliott & 

Gaston, 2005), which matches the theoretical prediction that birds should increase their 

flight speed to maximize the energy delivery to their young (Norberg, 1981; Houston, 

1986). Although these studies show support for the theoretical predictions for a bird 

foraging in a patchy habitat, research on whether these theoretical predictions can be 

used to predict energy intake rates from flight speed is limited. In my earlier work I 

demonstrated that wintering dunlins (Calidris alpina) adjusted their flight speed to the 

resource availability, which supports the prediction that birds should adjust their flight 

speed to their energy intake rate (Hedenstrom & Alerstam, 1995). Although this was a 

good qualitative test of the theoretical predictions, a quantitative test would allow us to 

judge how accurate these theoretical predictions are and hence whether flight speed can 

provide an accurate measure of net energy intake rate.  

If birds adjust their flight speed to their energy intake rate in the habitat as predicted by 

theory, then flight speed may be the easiest and quickest way to predict the net energy intake 

rate, which could have implications for habitat assessments and conservation planning. To test 

the quantitative accuracy of model predictions it is necessary to manipulate and estimate 

energy intake rate in the patch and simultaneously measure flight speed while keeping 
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other factors constant. Such an experiment would enable a test of whether birds fly faster 

when the energy intake rate in the feeding patches is higher, but also allow me to see how 

well the model predictions match up with net energy intake rates measured in the field.    

I designed such an experiment, in which birds had to fly between two feeders to receive 

either one or two food items. I estimated energy intake rates and foraging flight speeds 

from video footage. Body measurements (i.e., mass, wingspan, and wing area) were taken 

from each subject to calculate individual-specific power expenditure from flight speeds. I 

compared flight speeds between the one and two food item treatments to test whether 

birds fly faster when the energy intake rate is higher. I compared the field-estimated and 

model-predicted net energy intake rates to see how accurate the theoretical model 

predictions are. If the model predictions are correct then birds should fly faster in the two-

food item treatment than in the single-food item treatment, and the model predicted net 

energy intake rates should match field estimated net energy intake rates. 

5.3. Methods 

5.3.1. Study area and study species 

The experiment was conducted at the UBC Malcolm Knapp Research Forest located at 

the foot of the Golden Ears Provincial Park in Maple Ridge, approximately 40km east of 

Vancouver (Fig. 5.1). The forest is dominated by coniferous trees, of which the most 

common species are Douglas fir (Pseudotsuga menziesii), western redcedar (Thuja 

plicata) and western hemlock (Tsuga heterophylla). The forest had an established study 

population of 70 color-banded Steller’s jays (Cyanocitta stelleri) habituated to 40 feeder 

traps across 24 clear cuts used for an earlier study. Like other corvids, Steller’s jays hoard 

and cache their food,  are highly responsive to human activities and often feed on leftovers 

or hand-outs from humans (Goldenberg, et al., 2016). Because these birds are intelligent 

and quickly habituate to human presence (Harvey, 2015; Billings, et al., 2017) they are a 

good choice for behavioural experiments. I selected ten feeder traps to attract jays for the 

feeding experiment, of which five were used regularly. The experiments were situated in 

close proximity to the feeder traps so that it was easy to lure the jays to my feeder setup.  
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Figure 5.1.  Malcolm Knapp Research Forest indicated with open circle. 
Source: Google Earth 

5.3.2. Study design 

I designed and built two feeders with six dispenser cups each that could each be operated 

manually from a distance. A jay could make up to six feeding visits to each feeder, with up 

to eleven flights between the feeders before reloading was required. Each feeding period 

until reloading was considered a feeding session; I aimed to have each jay feed four 

sessions per day. The two treatments alternated by day, so that the jays could learn what 

treatment they would have that day. This was important since the jays needed to have an 

expectation about the amount of food that they were able to obtain to adjust their flight 

speed accordingly.  

The feeder was constructed almost entirely of wood (a material familiar to jays) and 

operation was nearly silent. Before I conducted the experiment, I tested whether jays were 

comfortable using the feeders and learned that the operation of the feeders had to be as 

gentle and quiet as possible to prevent any disturbances. The feeders are built out of five 

main components: a top platform for the jays to land on with a hole exposing a feeding 

cup, a lower flatform that holds the six feeding cups, a rotating mechanism that was kept 

under tension with an elastic band with six slots for each feeder cup and a lever to lock 
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and unlock the lower platform, and a pole in the center to keep the platform 1.5 meters 

above the ground (see Appendix C).  

The feeders were operated manually from a distance using a transparent fishing line 

attached to the lever: when pulled it unlocked the lower platform holding the feeder cups 

causing the next feeding cup to become exposed. I made the feeders manually operated 

so that I could dispense food only to the jays that I trained to participate in the experiment. 

The feeders were placed 20 meters apart and placed parallel to a  road so that there were 

no obstacles in the flight path between the feeders. I placed a video camera on a tripod 

across the road from each feeder to record landing and take-off times. A weather station 

recorded wind direction and speed.    

5.3.3. Estimating and manipulating energy intake rate 

Theory predicts that birds should adjust their flight speed to changes in the energy intake 

rate and they should fly faster when energy intake rate is higher (Hedenstrom & Alerstam, 

1995). Since the distance between the feeding patches is a fixed 20 m I manipulated the 

energy intake rate within the feeding patches while keeping everything else equal between 

the treatments. The estimated energy intake rate in this study thus refers to the energy 

intake rate within the feeding patches. To estimate the energy intake rate I needed to know 

how much energy the birds were gaining and how quickly they were able to obtain the 

energy. Since jays naturally hoard their food items, I selected a food item that they were 

likely to directly consume such that their flight speed would reflect their self-feeding rate. 

A pilot study showed that live mealworms were much more likely to be consumed directly 

than peanuts or sunflower seeds. I predicted the energy value of the mealworms based 

on their weight using two nutritional studies (Finke, 2015; Martin, et al., 2021). I randomly 

selected 100 live mealworms from two store-bought packages. The mealworms had an 

average weight of 112.5 mg with a standard deviation of 23.3 mg. Based on the reported 

energy values of 1520 kcal/kg (Finke, 2015) and 1616 kcal/kg (Martin, et al., 2021) 

(corrected for a moisture content of 68 percent), and the average mealworm weight, I 

estimated an energy value of 176 calories or 738 Joules per mealworm.  
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The patch residence time was estimated from video recordings as the time between 

landing and take-off. Landing time was defined as the time at which both feet contacted 

the feeder, and a slight movement of the feeder was observed, while take-off time was 

defined as the moment that both feet left the feeder. The time could be measured very 

accurately through the software Avidemux 2.7, which allowed me to go through the videos 

frame by frame. Both cameras ran at 30 frames per second, so I could be as precise as 

1/15 of a second.    

The energy intake rate R was then calculated as the energy gain in the patch En divided 

by the average patch residence time Tp as shown in Eq. (5.1). 

=     p          (5.1) 
 

here En is the energy gain provided in the single-mealworm treatment (738 Joules) or the 

two-mealworm treatment (1476 Joules), and Tp is the average patch time per feeding 

session. I calculated the long-term (i.e., over repeated patch visits) net energy intake rate 

(Rn) with the following equation:  

=        p         (5.2) 
 

where C is the average flight cost per session, Et the average take-off cost per session, 

and Tt is the average travel time between the feeders per session. Flight time Tt and patch 

residence time Tp were measured from the videos; together they make up for the total 

foraging time. Time spent off the feeders was recorded as non-foraging time. The flight 

cost C was calculated from flight speed following Pennycuick’s procedure (Pennycuick, 

1989) by multiplying the flight power expenditure by the flight time. The take-off cost Et 

was calculated as described in Houston (1986). (See Chapter 2 for more details.)  

I manipulated the energy intake rate by switching between single and double mealworm 

treatments. I alternated between the treatments every day, and let each jay fly four 

sessions per day or until they no longer came back to the feeders. Jays made 2-12 patch 

visits per session.        
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5.3.4. Measuring flight speed  

I measured flight speeds from six Steller’s jays at five sites from October-November of 

2019 and 2020. Flight speeds were measured by dividing the flight distance between the 

feeders (20 m) by the flight time recorded with the video cameras. A stopwatch was used 

to synchronize the cameras. The flight time between the feeders was measured as the 

time difference between take-off and landing (see Paragraph 5.2.3). The measured flight 

times were averaged per feeding session for analysis. A feeding session had 1-11 flights 

between the feeders.  

The speed calculated from the videos is the ground speed. Airspeed was calculated from 

ground speed by vector subtraction of the windspeed following the triangle of velocity 

(Pennycuick, 2008). Wind speed and direction were measured every minute with a Kestrel 

5000 weather station placed in close proximity to the feeders.    

5.3.5. Predicting net energy intake rate from flight speed  

I used the optimal flight speed model from Hedenstrom & Alerstam (1995) to predict net 

energy intake rates from flight speeds of Steller’s jays. Power expenditure was calculated 

from airspeeds with Pennycuik’s flight model (Pennycuick, 1989), which requires species-

specific parameter estimates, most of which are derived from four easy-to-measure 

variables: body mass, wingspan, wing area and basal metabolic rate (BMR) (see full list 

in Appendix II). After the experiment was completed, I captured all experimental jays with 

a feeder trap and measured wingspan, wing area and body mass of each jay. The 

wingspan and wing area were measured following Pennycuick’s procedure (Pennycuick, 

1989). The semi-wingspan was obtained by measuring the length from the wingtip to the 

spinal cord and doubled to obtain the wingspan. Wing area was measured from 

photographs of a stretched wing on a 1x1cm grid. The number of squares covered by the 

wing were counted to calculate the surface area of a single wing. The root area of each 

wing was calculated from the distance between the wing base and the spinal court 

multiplied by the width of the wing base. BMR was calculated with Pennycuick’s procedure 

(Pennycuick, 1989), which required body mass as input. Body mass was measured with 

the jay in a bird bag clipped onto a 300-gram spring scale after which the weight of the 

bird bag was subtracted.   
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Since the experiment was conducted in a dense forest there was little to no wind during 

the experiment. As a result there was no significant effect of wind on airspeed and zero-

wind speed differed little from ground speed and airspeed (Appendix III). The total 

energetic cost of each flight between the feeders also includes the take-off costs. I 

incorporated the take-off costs into the model as described by Houston (1986). Using the 

solution provided by Hedenstrom & Alerstam (1995), as shown in Eq. (5.3), I estimated 

net energy intake rate as the derivative of the total energetic cost of flight (accounting for 

wind and take-off cost) with respect to flight time for each track.  

 − dd   =  
     p            (5.3)    

 

The left-hand side of the equation is the derivative of the flight cost with respect to travel 

time, C is the flight cost between feeding patches, and tt is the travel time between feeding 

patches. The right side is the net energy intake rate, where En is the net energy gain in 

the patch, Et is the take-off cost and tp is the patch residence time. Since En is often very 

difficult or impossible to estimate in the field, it is very convenient that net energy intake 

rate is predicted to be equal to the derivative of flight cost, as this is quite easily measured 

in the field.  

5.3.6. Statistics 

A linear mixed-effect model was used to test for a significant difference between the two-

mealworm and single-mealworm treatments in the energy intake rate, airspeed, field 

estimated net energy intake rate and model predicted net energy intake rate. I added bird 

(i.e., the different birds I measured) as random effect to each of these models and I applied 

a square root transformation to normalize the energy intake rate, field estimated net 

energy intake rate and model predicted net energy intake rate. A t-test was used to test 

for a significant difference in the energy intake rate, airspeed, field estimated net energy 

intake rate and model predicted net energy intake rate between the treatments for each 

individual bird. A Pearson correlation was used to test for a correlation between model 

predicted and field estimated net energy intake rates for each jay. 



92 

5.4. Results 

A total of 2401 flights were recorded from six Steller’s jays over 278 feeding sessions in 

81 days between October and November 2019 and 2020. I recorded a total of 130 

sessions under the single-mealworm treatment (T1), and 148 sessions under the two-

mealworm treatment (T2). An activity overview from each jay can be seen per treatment 

in Table 5.1 below. 

Table 5.1.  Activity overview from each jay per treatment.  

  BBGM GMOR GOMP GYYM POWM PWPM   
  T1 T2 T1 T2 T1 T2 T1 T2 T1 T2 T1 T2 Total 
Days 4 4 10 9 7 8 7 7 7 8 2 8 81 

Sessions 16 12 34 33 18 23 24 25 31 32 7 23 278 

Sessions per day 4 3 3 4 3 3 3 4 4 4 4 3   

Flights 89 64 350 347 151 191 234 200 272 291 56 156 2401 

Flights per day 22 16 35 39 22 24 33 29 39 36 28 20   
Flights per 
session 6 5 10 11 8 8 10 8 9 9 8 7   

Flight time (min) 5 3 13 13 6 7 7 6 14 16 3 8 101 

Patch time (min) 30 28 81 75 47 63 47 43 53 57 7 130 661 
Foraging time 
(min) 35 31 94 88 53 70 54 49 67 73 10 138 762 
Non-foraging time 
(min) 73 112 210 203 111 145 221 358 123 117 9 120 1802 

Foraging time (%) 32 22 31 30 32 33 20 12 35 38 53 53 30 
Note: ‘T1’ and ‘T2’ are the one- and two-mealworm treatments. The table shows the total days, 
sessions, and flights; average sessions and flights per day; average flights per session; and the 
total flight, patch, foraging and non-foraging times in minutes.  

Table 5.1 shows 4-10 successful field days for each jay per treatment and the jays flew 

on average 3-4 sessions per day. Jays flew on average 5-11 times between the feeders 

per session and as expected they spent much more time in the patch than in flight. The 

amount of time foraging during the field observation period varied from 12-53%. Foraging 

time is the sum of patch time and flight time. 
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The experimental manipulation was successful: the within patch energy intake rates were 

overall much higher under the two-mealworm treatment (T2) than the single mealworm 

treatment (T1) (t (277) = 10.25, p < 0.001) (Fig. 5.2a), though jay BBGM (t (26) = 1.452, p 

= 0.158) and PWPM (t (28) = 0.528, p = 0.602) did not show a significant difference in 

energy intake rates between the treatments. 

 
Figure 5.2.  Boxplots of airspeed and energy intake rate for each jay per 

treatment.  
Note: a: the energy intake rates within the feeding patches and b: corresponding airspeed for all 
jays per treatment. Boxplots represent the minimum, maximum, median, first quartile, third quartile 
and outliers for each bird-treatment combination. T1 is the single mealworm treatment and T2 is 
the two-mealworm treatment. 

Contrary to the main prediction, neither ground speed (t (277) = 1.299, p = 0.195) 

nor airspeed (t (277) = 1.401, p = 0.162) differed significantly between the two 

treatments. BBGM was the only bird that flew significantly faster in T2 than T1 (t 

(27) = 5.642, p < 0.001), while POWM was the only bird that flew significantly faster 

in T1 than T2 (t (62) = -2.86, p = 0.005) (Fig. 5.2b).  

 

a b 
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Figure 5.3.  Distribution of estimated airspeeds for all jays per session.  
Note: The rate maximizing flight speeds are indicated with the red and blue bars for each treatment, 
respectively. The maximum range speed is indicated with a black bar, and the minimum power 
speed is indicated with a grey bar. T1 is the single mealworm treatment and T2 is the two-mealworm 
treatment. 

It is interesting to note here that BBGM was the only bird with no significant difference in 

the within patch energy intake rates between the treatments, yet it was the only bird that 

flew significantly faster in T2 than T1. Most other birds had a significantly higher energy 

intake rate but no significant difference in airspeed. Airspeed from all jays were much 

lower than the predicted rate maximizing flight speed (calculated from the field estimated 

net energy intake rate), higher than the minimal power speed, and closest to the predicted 

maximum range speed (Fig. 5.3).  

Similar to the within-patch energy intake rates, the field estimated net energy intake rates 

are overall significantly higher in T2 than T1 (t (277) = 12.84, p < 0.001). The field 

estimated net energy intake rate is also significantly higher for BBGM (t (26) = 2.999, p = 

0.005), but remains non-significantly different for PWPM (t (28) = 0.907, p = 0.372) (Fig. 

5.4a). In contrast the model-predicted net energy intake rates were overall not significantly 

different between the treatments (t (277) = 1.414, p = 0.158). BBGM was the only bird with 

a significantly higher model-predicted net energy intake rate in T2 than T1 (t (27) = 5.218, 

p < 0.001), while POWM was the only bird with a significantly higher model predicted net 
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energy intake rate in the T1 than T2 (t (62) = -2.808, p = 0.006) (Fig. 5.4b).  In contrast to 

my predictions the model-predicted net energy intake rates were significantly lower than 

field estimated net energy intake rates in both T1 (t (258) = -34.98, p < 0.001) and T2 (t 

(294) = -31.51, p < 0.001) for all jays (Fig. 5.4b). It seems that the model predicted net 

energy intake rates shown in Figure 5.4b are largely determined by the estimated 

airspeeds shown in Figure 5.2b as the rank order of individuals is very similar.  

When I correlate field estimated net energy intake rates with the model predicted net 

energy intake rates for each jay, we see that only BBGM show a significant correlation (t 

(26) = 2055, p = 0.050) (Fig. 5.5). All birds show a model predicted net energy intake rates 

much lower than expected from a bird maximizing net energy intake rate, which should be 

well above the zero-intercept.    

 

 
Figure 5.4.  Boxplots of field estimated- and model-predicted net energy intake 

rates.  
Note: These boxplots represent the minimum, maximum, median, first quartile, third quartile and 
outliers in the data set. T1 is the single mealworm treatment and T2 is the two-mealworm treatment. 

 
 

a b 
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Figure 5.5.  Correlation between model-predicted and field estimated net energy 
intake rate for each jay. 

 

5.5. Discussion 

This study was designed to test quantitatively how well the predictions from the optimal 

flight speed theory match manipulated intake rates. The prediction that birds should fly 

faster when their energy intake rate increases is generally not supported by my data. 

Although the manipulation of the energy intake rate in the patch was successful, only one 

out of six jays flew faster when energy intake rate was higher. None of the observed flight 

speeds came close to the rate maximizing flight speed calculated from the field estimated 

net energy intake rate and were instead much closer to the maximum range speed. This 

could suggest that the jays were maximizing foraging gain ratio rather than net energy 

intake rate. Also contrary to my predictions the model-predicted net energy intake rates 

were much lower than the field estimated net energy intake rates and only one out of six 

jays showed a positive correlation between model-predicted net energy intake rate and 

field estimated net energy intake rate.   
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Manipulating energy intake rate and measuring flight speed response 

Field estimated energy intake rates were significantly higher in T2 than T1 for all jays. This 

was expected since the jays were able to obtain twice as many food items and hence 

twice as much energy in T2 than T1. The patch residence time was not significantly longer 

in T2 than T1 (t (275) = 1.203, p = 0.230), meaning that the jays were able to obtain about 

twice as much energy in T2 in about the same time on the feeders as in T1. Contrary to 

my predictions however only one out of six jays flew significantly faster in T2 than in T1 

(Fig. 5.2b).  

Contrary to my predictions flight speeds were on average much lower than maximum 

range speed for all jays in both treatments (Fig. 5.3). This may suggest that birds were not 

maximizing net energy intake rate but instead maximizing foraging gain ratio. Similar 

results have been found in other studies comparing empirical data with predictions from 

the optimal flight speed theory. A study on provisioning Lapland longspurs (Calcarius 

lapponicus) found that the birds flew on average faster than maximum range speed, 

though their speed was much closer to maximum range speed than that maximizing 

energy delivery to their young (McLaughlin & Montgomerie, 1985). A study on Black Terns 

(Chlidonias nigra) also found that foraging flight speeds matches best with maximizing 

foraging efficiency even though the food availability was unnaturally high (Welham & 

Ydenberg, 1993). Proposed explanations are that faster flight speeds would not increase 

offspring fitness as energy demands can already be met by flying efficiently, and flight 

speeds faster than that maximizing foraging efficiency may exceed the metabolic limits of 

the parent birds (McLaughlin & Montgomerie, 1985; Welham & Ydenberg, 1993). It may 

therefore be that the jays in my experiment easily meet their energetic demands and have 

therefore no need to maximize their net energy intake rate and hence no need to fly faster 

than maximum range speed.  

Comparing model-predicted with field estimated net energy intake rates 

In contrast to my predictions the model predicted net energy intake rates were significantly 

lower than the field estimated net energy intake rates (Fig. 5.4), and only one out of six 

jays showed a positive correlation between model-predicted net energy intake rates and 

field estimated net energy intake rates (Fig. 5.5).  
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The low model predicted net energy intake rates are directly related to the lower than 

predicted flight speeds, but this effect may be amplified when the birds flew below the 

optimum for maximizing net energy intake rate. Since the model predictions are based on 

the derivative of the flight cost with respect to time (see Chapter 2), a flight speed below 

the optimum would result in a lower cost and longer flight time and a predicted net energy 

intake rate that is lower than the actual net energy intake rate (Fig. 5.6; see Chapter 1 for 

more details). Note that these predictions also no longer hold when the jays are 

maximizing their foraging gain ratio, in which case the optimal flight speed becomes 

independent from their energy intake rate (Hedenstrom & Alerstam, 1995).  

 

 
Figure 5.6.  Model preditions when birds fly faster or slower than optimum. 
Note: Net energy intake rate predicted as the derivative from flight cost with respect to time when 
birds are flying faster or slower than the theoretical optimum. 

Lower than predicted flight speeds 

If the jays were indeed maximizing their foraging gain ratio, then maximum range speed 

should be their optimal flight speed (Hedenstrom & Alerstam, 1995). Flight speeds were 

on average however much lower than maximum range speed for all jays (Fig. 5.3; 

Appendix III). This suggests that there may be a flight cost unaccounted for in this study. 
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A potential cost saving is the reduced drag from flap-glide flight compared to continues 

flapping flight (Tobalske, 2001). The video recordings show that the jays used a flapping 

flight for about half the distance between the feeders and glided the rest of the way until 

landing on the other feeder. Although Pennycuick’s model assumes flapping and flap-glide 

flight to have the same cost (Pennycuick, 2008), more recent studies suggest a cost saving 

of about 15 percent for a flap-glide flight compared with a flapping flight (Muijres, et al., 

2012; Sachs, 2015). If this is true than I expect the maximum range speed to be 

substantially lower than Pennycuik’s prediction, and perhaps much closer to what I 

estimated in this study. In this case flight speeds may still be closer to the optimum for 

maximizing foraging gain ratio rather than net rate, which in addition to reasons mentioned 

earlier, may also be explained by a shift from rate maximization to foraging efficiency in 

the winter as observed in other jays (Waite & Ydenberg, 1994).  

Conclusion and recommendations 

The data from this study suggest that the jays were not maximizing their net energy intake 

rate as none of the predictions from the optimal flight speed theory for birds maximizing 

their net energy intake rate were met. The jays did not adjust their flight speed to changes 

in the energy intake rate and neither did the model predicted net energy intake rates match 

or correlate with the field estimated net energy intake rates. This all suggests that the jays 

were more likely maximizing their foraging gain ratio, or they were maximizing nothing at 

all. It is therefore possible that the model I used (see Chapter 2) is missing an important 

cost saving, such as a reduction in drag from flap-glide flight compared to continuous 

flapping flight (Muijres, et al., 2012; Sachs, 2015). Perhaps future researchers can 

incorporate these cost savings into the model to see whether this explains the slower than 

predicted speeds in birds with flap-glide flight.  
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Chapter 6.  
 
General discussion 

6.1. Summary 

Throughout my thesis I developed and tested the predictions from the optimal flight speed 

theory. The optimal flight speed theory is largely developed from the flight mechanical 

theory which allows us to predict the flight power expenditure (J/s) of birds based on their 

flight speed (m/s) (Pennycuick, 1968; Tucker, 1969; Rayner, 1979). This relationship 

between flight power expenditure and flight speed is U-shaped meaning that flight power 

expenditure will initially decrease when flight speed increases until it reaches the minimal 

power speed (speed with minimal cost per unit time) at the bottom of the curve; any further 

increase in flight speed will then become increasingly more costly (Pennycuick, 1969). A 

similar relationship exists between flight cost (J) and flight time (s) where now the 

maximum range speed (speed with minimal cost per unit distance) is situated at the bottom 

of the curve (Hedenstrom & Alerstam, 1995). These U-shaped relationships allow us to 

predict at what speed a bird should fly, depending on its energetic needs. When birds need 

to minimize their energy expenditure for a given amount of time, for example when birds need 

to remain airborne for as long as possible, then minimum power speed becomes the optimal 

flight speed (Hentze, 2012). When birds need to minimize their energy expenditure for a given 

distance covered, such as during migration, then maximum range speed becomes the optimal 

flight speed (Welham, 1994; Hedenstrom, 1998). These optima are also affected by external 

factors such as wind, flight distance and flock size (Pennycuick, 1978; Houston, 1986; Kshatriya 

& Blake, 1992). Although some of these factors have yet to be tested against empirical data, 

research has repeatedly demonstrated that birds adjust their flight speed to wind as predicted 

by theory (Alerstam, et al., 1993; Reurink, et al., 2016; Hedenstrom & Akesson, 2017; Alerstam, 

et al., 2019). This demonstrates that birds show a high degree of flexibility and adjust their 

flight speed to different circumstances largely in line with theoretical predictions. As such 

bird flight is thought to be a behavioural attribute potentially rich in ecological implications 

(Hedenstrom & Alerstam, 1995).   

Although the optimal flight speed for birds has been well described (Norberg, 1981; Pyke, 

1981; Houston, 1986; Alerstam & Lindstrom, 1990; Liechti, et al., 1994; Hedenstrom & 
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Alerstam, 1995; Hedenstrӧm & Alerstam, 1996; McLaren, et al., 2016; Alerstam, et al., 

2019), little attention has been given to testing the theoretical predictions for a bird foraging 

in a patchy habitat. Theory predicts that birds should adjust their flight speed between 

feeding patches to the energy intake rate in the habitat and continue to increase their speed 

as long as the increased travel cost can be more than compensated for by foraging in the time 

saved by traveling faster (Norberg, 1981; Houston, 1986). In this case flight speeds should be 

faster than maximum range speed and increase when energy intake rate increases 

(Hedenstrom & Alerstam, 1995). This flight speed adjustment could theoretically be used in 

reverse to predict net energy intake rate from flight speed. In my earlier work I demonstrated 

that foraging flight speeds of wintering dunlins (Calidris alpina) matched in rank order with the 

predicted resource availability across four intertidal mudflats (Reurink, et al., 2016). These 

findings support the prediction that birds adjust their flight speed to their energy intake rate 

suggesting we may indeed be able to predict net energy intake rates from foraging flight speeds. 

To my knowledge there have been no other studies to date that have tested these theoretical 

predictions and so more research on this topic is required to get a better understanding of the 

accuracy of these predictions. While my earlier work was a good first test of the theory, 

showing promising results, I had not mathematically predicted net energy intake rates from 

flight speeds, nor had I looked into the external effects from flight distance and flock size. 

Direct estimates of the resource availability were also missing, nor did I look at the effect 

from temporal changes in resource availability on flight speed. In this study I therefore 

aimed to describe and develop a model to predict net energy intake rates from flight 

speeds based on existing theories, and test whether empirical data supported the 

theoretical predictions in two different foraging scenarios in the wild, and one manipulative 

feeding experiment in a forest. If birds indeed adjust their flight speed to the energy intake rate 

as predicted by theory, then flight speed may be the easiest and quickest way to predict the net 

energy intake rate and hence habitat quality, which could have huge implications for habitat 

assessments and conservation planning.  

In Chapter 2 I described step-by-step how the net energy intake rate can be predicted 

from the foraging flight speed of birds. I provide detailed mathematical solutions based on 

existing theories (Houston, 1986; Kshatriya & Blake, 1992; Hedenstrom & Alerstam, 1995; 

Pennycuick, 2008), and demonstrate how the factors of wind, flight distance and flock size 

can be incorporated into these predictions. Although the mathematical solutions are 

largely based on existing theories, no other author to date has put these equations 
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together in a way that allows the reader to calculate net energy intake rates from foraging 

flight speeds. This chapter will therefore make it much easier for future researchers to use 

this model to predict net energy intake rates from foraging flight speeds, and further test 

and develop this model.  

In Chapter 3 I tested the prediction that birds should decrease their flight speed in 

response to food depletion over the course of the winter. Due to the increased 

photosynthesis in the spring and summer, primary production (i.e., carbon fixation by microflora) 

is greater in the summer than in winter (Joint, 1978). The increased microflora in turn drives the 

intertidal invertebrate abundance on estuary mudflats (Schwinghamer, 1983), causing 

invertebrate abundance to be generally higher in spring and summer than in the fall and winter 

(Schneider & Harrington, 1981; Colwell, 1993). In addition, shorebird foraging is known to 

deplete resources further when birds remain at a site for long periods of time (Schneider & 

Harrington, 1981; Piersma, 1987; Gill, et al., 2001; Hamer, et al., 2006). To test whether birds 

adjust their flight speed to seasonal food depletion I measured foraging flight speeds of wintering 

dunlins (Calidris alpina) biweekly at two intertidal mudflats between November 2017 and May 

2018. My data show that flight speeds only declined at Roberts Bank and increased at 

Boundary Bay. It is unclear why flight speeds at Boundary Bay increased. A possible 

explanation could be that the birds were not maximizing their net energy intake rate but 

instead were maximizing foraging gain ratio, where maximum range speed becomes the 

optimal flight speed and flight speed becomes independent from energy intake rate 

(Hedenstrom & Alerstam, 1995). 

In Chapter 4 I tested the prediction that flight speeds and corresponding model-predicted 

net energy intake rates match in rank order with resource availability. Theory predicts that 

birds should adjust their flight speed between feeding patches to the energy intake rate in 

the habitat (Hedenstrom & Alerstam, 1995). As such flight speed and model-predicted net 

energy intake rate should match in rank order with the resource availability in the habitat. 

I tested this prediction by measuring foraging flight speeds of western sandpipers (Calidris 

mauri) across six different intertidal mudflats during southward migration in July and 

August in 2019 and 2020. I also measured total organic matter and feeding rates at each 

site to use as a measure of resource availability. My data show that neither flight speed 

nor model-predicted net energy intake rates matched in rank order with my estimates of 

total organic matter and feeding rate. This suggests that western sandpipers did not adjust 

their flight speed to the resource availability in the habitat. However, the total organic 
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matter and model predicted net energy intake rates were both significantly higher at small 

sites than large sites, which matches the prediction that energy intake rates should be 

higher at small sites to be worth the increased risk of predation (Ydenberg, et al., 2002; 

Ydenberg, et al., 2004; Pomeroy, 2006; Pomeroy, et al., 2008). This result suggests that 

we can predict roughly in what habitats birds are gaining more energy than in another at 

a coarser scale.  

The data from Chapters 3 and 4 support the theoretical predictions on how birds should 

adjust their flight speed to wind and flight distance. Both bird species increased their 

airspeed into heading winds and decreased their airspeed with tail winds as predicted by 

theory (Pennycuick, 1978). This supports the conclusion that birds adjust their flight speed 

in a predictable way and do not simply fly at a random speed. This is further supported by 

the fact that both species flew much slower at shorter distances and increased their speed 

when flight distance increased, as predicted by theory (Houston, 1986). The fact that the 

birds in both studies adjusted to wind and flight distance as predicted by theory also 

supports the incorporation of wind and flight distance into the model-predicted net energy 

intake rate as I outlined in Chapter 2. 

In Chapter 5 I experimentally tested the theoretical prediction that birds should adjust their 

flight speed to their energy intake rate. Theory predicts that birds should fly faster when 

their energy intake rate is higher (Hedenstrom & Alerstam, 1995), and theoretically, the 

model-predicted net energy intake rate (as described in Chapter 2) should match or 

positively correlate with field estimated net energy intake rate. To test these predictions I 

conducted a feeding experiment with six Steller’s jays (Cyanocitta stelleri) in October 

and November of 2020 and 2021 where I manipulated and estimated energy intake rate 

while simultaneously measuring flight speed response. I used single and two mealworm 

treatments to manipulate energy intake rate in the patch, and the jays had to fly between 

two artificial feeding patches (feeders) to gather their food. A camera recorded each feeder 

so that flight time and patch residence time could be measured from video footage, which 

was also used to measure energy intake rates and flight speed and flight power 

expenditure from the flights between the feeders. The data show that my manipulation of 

the energy intake rate in the patches was successful: the energy intake rate of the two-

mealworm treatment was significantly higher for all jays. However, neither flight speed nor 

model-predicted net energy intake rate were significantly different between the treatments 

for five out of six jays. Similarly the model-predicted net energy intake rate did not match 
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with the field estimated net energy intake rate for all jays and was only positively correlated 

for one out of six jays. This suggests that the jays generally did not optimize their flight 

speed to maximize their net energy intake rate. It is unclear why the jays did not adjust 

their flight speed to the energy intake rate in the patch or why the model-predicted net 

energy intake rates don’t match the field estimated net energy intake rate. A potential 

explanation may be that the jays switched from maximizing net rate to foraging efficiency 

in the winter as observed in other jays (Wait & Ydenberg, 1994), in which case flight speed 

becomes independent from the energy intake rate (Hedenstrom & Alerstam, 1995). 

My results from Chapters 3 to 5 show that predicting net energy intake rates from foraging 

flight speeds of birds is not as straight forward as the theory suggests. The theoretical 

prediction that birds adjust their flight speed to their energy intake rate, and hence flight 

speed can be used to predict net energy intake rate, is only partially supported by my data. 

When birds maximize their net energy intake rate, they should theoretically fly faster than 

maximum range speed and increase their speed when their energy intake rate increases 

(Hedenstrom & Alerstam, 1995). My data, however, show that only roughly half of the 

estimated flights from each study were greater than maximum range speed, suggesting 

that birds were only optimizing about half of their flights to maximize net energy intake 

rate. A possible explanation may be that birds switch from a rate maximizing currency to 

foraging gain ratio throughout the day, in which case their flight speed is lower and flight 

speed becomes independent from energy intake rate (Hedenstrom & Alerstam, 1995). 

Possible causes for this could be changes in prey availability, appetite, or state of 

saturation.   

Another factor that could partially explain the low model-predicted net energy intake rates 

calculated for the birds in this study is the value used for the induced power factor k (see 

Table 2.1). In Pennycuick’s flight program version 1.25 that I used for calculations of flight 

power expenditure the default k value is 1.2., Pennycuick’s later work however argues that 

using a default k value of 0.9 might be more appropriate and result in better predictions of 

maximum range speed and minimal power speed (Pennycuick, et al., 2013). Using a k 

value of 0.9 increases the model-predicted net energy intake rate in this study by ~20% 

for dunlins, by ~25% for western sandpipers and by ~40% for steller’s jays. The increase 

in model-predicted net energy intake rate strongly depending on the flight speed, the effect 

is greatest at slow speeds approaching minimal power speed and diminishes as flight 

speed increases. The same paper also argues that the body drag coefficient Cbd should 
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be reduced for birds with a well-streamlined body such as waders. Reducing the body 

drag coefficient increases the predicted maximum range speed such that it matches the 

observed flight speeds. In the case of dunlins, the default Cbd of 0.1 should be reduced to 

0.06. Applying this reduced Cbd value to the model predictions for dunlins and western 

sandpipers in this study results in an increase of ~10% for dunlins and a decrease of ~25% 

for western sandpipers compared to my initial predictions. Reanalysing some of the major 

results showed that these changes to the model-predicted net energy intake rate are not 

significant enough to change the conclusions in this study. I do however recommend future 

studies to be aware of these alterations in induced power factor and body drag coefficient 

as this will likely result in better estimates of the minimal power speed, maximum range 

speed, and model-predicted net energy intake rate. 

 

6.2. Future directions  

6.2.1. The importance of foraging currency 

My findings demonstrate the importance of knowing what foraging currency birds are 

maximizing to predict net energy intake rates from foraging flight speeds. The model 

outlined in Chapter 2 can only be used when birds are maximizing their net energy intake 

rate. If birds maximize their foraging gain ratio, then they should fly at maximum range 

speed (Hedenstrom & Alerstam, 1995), and hence we would be unable to predict net 

energy intake rate from flight speed. Generally birds are expected to maximize their net 

energy intake rate when minimizing foraging time is of importance, for example when 

feeding time is limited due to tidal cycle, due to risk associated with foraging or when 

external energy accumulation needs to be maximized (Ydenberg & Welham, 1994; 

Hedenstrom & Alerstam, 1995; Ydenberg & Hurd, 1998). These are the conditions that I 

expected for western sandpipers on migration as prey are only available during low tide 

(Jimenez, et al., 2015), there is a risk associated with foraging (Pomeroy, 2006) and 

western sandpipers are expected to fatten up quickly to shorten stop-over time and stay 

ahead of the peregrine falcon migration front (Hope, et al., 2011). A rate maximizing 

foraging strategy was also expected for dunlins who are limited by the same tidal cycle 

and the risk of predation by peregrine falcons (Dekker & Ydenberg, 2004; Dekker & 

Drever, 2016). The jays were also expected to maximize their net energy intake rate during 
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the feeding experiment as the easy to obtain prey items were only available for a limited 

time during the day. My data, however, show that roughly half of the estimated flocks of 

dunlins and western sandpipers flew at maximum range speed or slower, which is lower 

than we would expect for birds maximizing their net energy intake rate. Similar results 

were found for the jays, the majority of the flights from all jays were at maximum range 

speed or slower. It is unclear why the birds flew slow, but a possible explanation could be 

that the birds were not maximizing their net energy intake rate but instead were maximizing 

foraging gain ratio, where maximum range speed becomes the optimal flight speed 

(Hedenstrom & Alerstam, 1995). I therefore highly recommend that future studies carefully 

select a foraging scenario in which birds should maximize their net energy intake rate 

before making any prediction with the model.  

Use pilot study to see what currency birds are maximizing 

Since it might be challenging to know what currency birds are maximizing it may be worth 

conducting a pilot study to see at what speed birds are flying when they travel between 

feeding patches. When flight speeds exceed the maximum range speed (when accounting 

for travel distance) then the model described in Chapter 2 can be used to predict net 

energy intake rates. If flight speeds are at maximum range speed or lower however, we 

can assume that the birds are either maximizing foraging gain ratio or some related 

currency, and so the model cannot be used o predict net energy intake rates.  

Look for daily temporal changes in foraging currency 

It may also be that birds are very flexible with regards to flight speed and adjust it 

throughout the day depending on their energy intake rate, such that their average flight 

speed throughout the day represents the currency the birds are optimizing for. In this case 

a researcher would ideally follow the same bird (or flock of birds) throughout the foraging 

period. This would also allow the researcher to see whether birds switch between 

currencies throughout the foraging period, or perhaps switch at a particular time, 

depending on prey availability. Note however that flight speeds at maximum range speed 

and lower no longer reflect the energy intake rate, so taking an average flight speed from 

both currencies may not reflect the average energy intake rate. When birds maximize their 

foraging gain ratio the maximum range speed becomes the optimal speed and flight speed 

becomes independent from the energy intake rate (Hedenstrom & Alerstam, 1995). 
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6.2.2. Model improvements 

In Chapter 2 I demonstrate that the predictions of the rate maximizing flight speed improve 

when the additional cost of take-off is included. This is especially true for flights at short 

distances (Fig. 2.4). Including the take-off costs resulted in a higher model-predicted net 

energy intake rate at the small sites as described in Chapter 4, which matches the 

prediction that energy intake rate should be higher at small sites to be worth the increased 

risk of predation. While the model described in Chapter 2 is probably a good starting point 

for future studies wanting to predict net energy intake rate from flight speed, I think there 

are two factors worth-while looking into when studying birds who fly in flocks, or birds 

having a flap-glide flight.   

Flock size effect 

While theory predicts that birds should fly slower when flock size increases (Kshatriya & 

Blake, 1992; Hedenstrom & Alerstam, 1995), empirical data show that birds increase their 

speed when flock size increases (Noer, 1979; Hedenstrom & Akesson, 2016). Since my 

findings also didn’t match the theoretical predictions (Appendix D) I did not account for the 

effect of flock size as suggested by theory. I think it will be worthwhile exploring the effect 

of flock size on rate maximizing flight speed further. Because the effect from flock size 

seems to be greatest between a single bird and a flock of about twenty birds (Appendix 

A) I recommend focusing in particular on those smaller flocks. Sufficient data on the effect 

of flock size on flight speed may then be used to predict what the flight speed would have 

been for a single bird to make flight speed estimates across various flock sizes more 

comparable, and hence make model-predicted net energy intake rates more comparable.      

Cost saving with flap-glide flight 

In Chapter 5 I demonstrate that most of my estimated flight speeds from Steller’s jays 

were well below maximum range speed, which is the slowest speed a bird is expected to 

fly when maximizing foraging gain ratio. These very slow speeds may however be 

explained by the flap-glide flight of Steller jays which is different from the continuous 

flapping flight used for the model predictions as outlined in Chapter 2. Although the flight 

mechanical theory that I used in this study (Pennycuick, 2008) assumes no difference in 

flight cost between the two flight types, more recent studies suggest that flap-glide flight 

is less costly than continuous flapping flight (Muijres, et al., 2012; Sachs, 2015). It may 
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therefore be worthwhile for future studies with birds having a flap-glide flight to investigate 

the possibility of incorporating these potential cost savings into the model described in 

Chapter 2, which can potentially make the model-predicted net energy intake rates more 

accurate.  



109 

References 

Acevedo Seaman, D., Guglielmo, C., Elner, R. & Williams, T., 2006. Lanscape-scale 
physiology: Site differences in refueling rates indicated by plasma metabolites 
analysis in free-living migratory sandpipers. The Auk, 123(2), pp. 563-574. 

Alerstam, T., 1987. Radar Observations of the Stoop of the Peregrine Falcon Falco 
Peregrinus and the Groshawk Accipiter Gentilis. Ibis, Volume 129, pp. 267-273. 

Alerstam, T., Backman, J. & Evans, T., 2019. Optimal central place foraging flights in 
relation to wind. Journal of Ornithology, Volume 160, pp. 1065-1076. 

Alerstam, T., Gudmundsson, G. & Larsson, B., 1993. Flight Tracks and Speeds of 
Antarctic and Atlantic Seabirds: Radar and Optical Measurements. Philosophical 
Transactions: Biological Sciences, 340(1291), pp. 55-67. 

Alerstam, T. & Lindstrom, A., 1990. Optimal bird migration: the relative importance of 
time, energy, and safety.. In: Bird migration: physiology and ecophysiology (ed. 
E. Gwinner), pp. 331-351. 

Argos, 1978. User's guide-satellite based data collection and location system., Toulouse, 
France: Service Argos. 

Backwell, P., O'Hara, P. & Christy, J., 1998. Prey availability and selective foraging in 
shorebirds. Animal Behaviour, Volume 55, pp. 1659-1667. 

Baker, M. & Baker, A., 1973. Niche Relationships Among Six Species of Shorebirds on 
Their Wintering and Breeding Ranges. Ecological Society of America, 43(2), pp. 
193-212. 

Beauchamp, G. & Ruxton, G., 2008. Disentangling risk dilution and collective detection 
in the antipredator vigilance of semipalmated sandpipers in flocks. Animal 
Behaviour, Volume 75, pp. 1837-1842. 

Bell, B., 2020. BirdWeb. [Online]  
Available at: http://www.birdweb.org/birdweb/site/crockett_lake/3 

Billings, A., Greene., E. & MacArthur-Waltzb, D., 2017. Steller’s jays assess and 
communicate about predator risk using detection cues and identity. Behavioral 
Ecology, 28(3), pp. 776-783. 

Borelli, G. A., 1680. De Motu Animalium, Romae: Ex typographia Bernabo. 

Bouten, W., Baaij, E. W., Shamoun-Baranes, J. & Camphuysen, K. C. J., 2013. A 
flexible GPS tracking system for studying bird behaviour at multiple scales. 
Journal of Ornitology, 154(2), pp. 571-580. 



110 

Brooks, M., 1945. Electronics as a possible aid in the study of bird flight and migration. 
Science, 101(2622), p. 329. 

Brown, J., 1988. Patch use as an indicator of habitat preference, predation risk, and 
competition. Behavioral Ecology and Sociobiology, Volume 22, pp. 37-47. 

Bruderer, B. & Boldt, A., 2001. Flight characteristics of birds: I. radar measurements of 
speeds. Ibis, Volume 143, pp. 178-204. 

Bryant, D. & Westerterp, K., 1980. Energetics of foraging and free existence in birds.. 
Berlin, Acta XVII Congressus Internationalis Ornithologici. 

Buss, I. O., 1946. Bird detection by radar. Auk, Volume 63, pp. 315-318. 

Butler, R., Kaiser, G. & Smith, G., 1987. Migration Chronology, Length of Stay, Sex 
Ratio, and Weight of Western Sandpipers, (Calidris mauri) on the South Coast of 
British Columbia. Journal of Field Ornithology, 58(2), pp. 103-111. 

Butler, R., Shepherd, P. & Lemon, M., 2002. Site fidelity and local movements of 
migrating western sandpipers on the Fraser River Estuary. The Wilson 
Ornithological Society, 114(4), pp. 485-490. 

Canham, R., 2019. Slime, Safety and Shorebirds:Biofilm Production and Grazing by 
Migrating Western Sandpipers (Calidris mauri) (M.Sc. Thesis), Burnaby, BC, 
Canada: Simon Fraser University. 

Cayford, J., 1988. A field test of the accuracy of estimating prey size-selection in 
Ostercatchers from recovered mussel shells. Wader Study Group Bull, Volume 
54, pp. 29-32. 

Charnov, E., 1976. Optimal foraging, the marginal value theorem. Theoretical Population 
Biology, Volume 9, pp. 129-136. 

Charnov, E. L., H., G. & Hyatt, O. a. K., 1976. Ecological Implications of Resource 
Depression. The American Naturalist, 110(972), pp. 247-259. 

Colwell, M. A., 1993. SHOREBIRD COMMUNITY PATTERNS IN A SEASONALLY 
DYNAMIC ESTUARY. The Condor, Volume 95, pp. 104-114. 

Cooke, 1937. Flight speed of birds, Washington, D.C.: United States Department of 
Agriculture. 

Craighead, F. C. J., Craighead, J. J., Cote, C. E. & Buechner., H. K., 1972. Satellite and 
ground radiotracking of elk. Pages 99-111 in S.R. Galler, K. SchmidtKoenig, G.J. 
Jacobs and R.E. Belleville, eds. Animal ireintation and navigation symposium, 
s.l.: NASA. 



111 

Curatolo, J. A. .., 1986. Evaluation of a satellite telemetry system for monitoring 
movements of caribou. Rangifer, Spec, Issue 1, pp. 73-80. 

Dagenais, D., 2016. The habitat association of bats in the South Okanagan Valley, 
British Columbia, Canada: Radar-acoustic surveys to assess the use of 
vineyards by insectivorous bats (Vespertilionidae) (M.Sc. Thesis), Burnaby, BC, 
Canada: Simon Fraser University. 

Darling, F. F., 1934. Speed of a Golden eagle’s flight.. Nature, Volume 134, pp. 325-326. 

Dekker, D., 1998. Over-Ocean Flocking by Dunlins, Calidris alpina, and the Effect of 
Raptor Predation at Boundary Bay, British Columbia. Canadian Field-Naturalist, 
112(4), pp. 694-697. 

Dekker, D. & Drever, M., 2016. Interactions of peregrine falcons (Falco peregrinus) and 
Dunlin (Calidris alpina) wintering in British Columbia, 1994-2015. Journal of 
Raptor Research, 50(4), pp. 363-369. 

Dekker, D., Out, M., Tabak, M. & Ydenberg, R., 2012. THE EFFECT OF 
KLEPTOPARASITIC BALD EAGLES AND GYRFALCONS ON THE KILL RATE 
OF PEREGRINE FALCONS HUNTING DUNLINS WINTERING IN BRITISH 
COLUMBIA. The Condor, 114(2), pp. 1-5. 

Dekker, D. & Ydenberg, R., 2004. Raptor predation on wintering dunlins in relation to the 
tidal cycle. The Condor, Volume 106, pp. 415-419. 

Dierschke, V., 1998. High profit at high risk for juvenile dunlin Calidris alpina stopping 
over at Helgoland (German Bight). Ardea, Volume 86, pp. 59-69. 

Dierschke, V., 1998. High profit at high risk for juvenile Dunlins Calidris alpina stopping 
over at Helgoland (German Bight).. Ardea , Volume 86, p. 59–69. 

Dierschke, V., Kube, J., Probst, S. & Brenning, U., 1999. Feeding ecology of dunlins 
Calidris alpina staging in the southern Baltic Sea, 1. Habitat use and food 
selection. Journal of Sea Research, Volume 42, pp. 49-64. 

DitDurell, S. V. & Kelly, C., 1990. Diets of Dunlin Calidris alpina and Grey Plover 
Pluvialis squatarola on the Wash as determined by dropping analysis. Bird Study, 
Volume 37, pp. 44-47. 

Dobbs, R., Sillett, T., Rodenhouse, N. & Holmes, R., 2007. Population Density Affects 
Foraging Behavior of Male Black-Throated Blue Warblersduring the Breeding 
Season. Association of Field Ornithologists, 78(2), pp. 133-139. 

Douglas-Hamilton, I., 1998. Tracking African elephants with a global positioning system 
(GPS) radio collar. Pachyderm, Volume 25, pp. 81-92. 



112 

EchoTrack, 2017. Radar-Acoustic Airborne Wildlife Surveillance System, Operations 
Guide, s.l.: EchoTrack. 

Elliott, K. & Gaston, A., 2005. Flight speeds of two seabirds: a test of Norberg’s 
hypothesis. Ibis, Volume 147, pp. 783-789. 

Elner, R., Beninger, P., Jackson, D. & Potter, T., 2005. Evidence of a new feeding mode 
in western sandpiper (Calidris mauri ) and dunlin (Calidris alpina) based on bill 
and tongue morphology and ultrastructure. Marine Biology, Volume 146, p. 
1223–1234. 

Fancy, S.G.; Pank, L.F.; Douglas, D.C.; Curby, C.H.; Garner, G.W.; Amstrup, S.C.; 
Regelin, W.L., 1988. Satellite telemetry: a new tool for wildlife research and 
management, Washington, D.C.: U.S. Fish and Wildlife Service. 

Fijn, C. R. & Gyimesi, A., 2018. Behavioural related flight speeds of Sandwich Terns and 
their implications for wind farm collision rate modeling and impact assesment.. 
Environmental Impact Assesment Review, Volume 71, pp. 12-16. 

Finke, M., 2015. Complete Nutrient Content of Four Species of Commercially Available 
Feeder Insects Fed Enhanced Diets During Growth. Zoo Biology, Volume 34, pp. 
554-564. 

Finn, P., Catterall, C. & Driscoll, P., 2008. Prey versus substrate as determinants of 
habitat choice in a feeding shorebird. Estuarine, Coastal and Shelf Science, 
Volume 80, pp. 381-390. 

Fritz, H., Guillemain, M. & Durant, D., 2002. The cost of vigilance for intake rate in the 
mallard (Anas platyrhynchos): an approach through foraging experiments. 
Ethology Ecology & Evolution, 14(2), pp. 91-97. 

Fuller, R., Bearhop, S., Metcalfe, N. & Piersma, T., 2013. The effect of group size on 
vigilance in Ruddy Turnstones Arenaria interpres varies with foraging habitat. 
IBIS, Volume 155, pp. 246-257. 

Galilei, G., 1623. The Assayer, Discoveries and Opinions of Galileo, as translated by 
Stillman Drake (1957), Rome: Doubleday & Co.. 

Gaydos, J. & Pearson, S., 2011. Birds and mammals that depend on the Salish Sea. 
Northwestern Naturalist, Volume 92, pp. 79-94. 

Gignoux, G., 1920. Speed of flight of the red-shafted flicker.. Condor, Volume 23, pp. 33-
34. 

Gill, J., Sutherland, W. & Norris, K., 2001. Depletion models can predict shorebird 
distribution at different spatial scales.. Proc. R. Soc. Lond., p. 268: 369 –376. 



113 

Goldenberg, W., George, T. & Black, J., 2016. Steller’s Jay (Cyanocitta stelleri) space 
use and behavior in campground and non-campground sites in coastal redwood 
forests. The Condor, Volume 118, pp. 532-541. 

Goss-Custard, J. D. et al., 2002. Beware of these errors when measuring intake rates in 
waders. Wader Study Group Bulletin, Volume 98, pp. 30-37. 

Goss-Custard, J. et al., 2006. Intake rates and the functional responsein shorebirds 
(Charadriiformes) eatingmacro-invertebrates. Biological Reviews of the 
Cambridge Philosophical Society, Volume 81, pp. 501-529. 

Hamer, G., Heske, E., Brawn, J. & Brown, P., 2006. Migrant shorebird predation on 
benthic invertebrates along the Illinois River, Illinois.. Wilson Journal of 
Ornithology, p. 118: 152–163. 

Harper, W. G., 1958. Detection of bird migration by centimetric radar; a cause of radar 
angels.. Proceedings of the Royal Society B: Biological Sciences, Volume 149, 
pp. 484-502. 

Harvey, D., 2015. Innovative problem solving in wild Steller's jays , Arcata, CA, USA: 
Humboldt State University. 

Hedenstrom, A., 1998. Flight speed of Ross’s Gull Rhodostethia rosea and Sabine’s Gull 
Larus sabini. The Arctic Institute of North America, 51(3), pp. 283-285. 

Hedenstrom, A. & Akesson, a. S., 2016. Ecology of tern flight in relation to wind, 
topography and aerodynamic theory. Phylosophical Transactions of the Royal 
Society B: Biological Sciences, Volume 371, p. 20150396. 

Hedenstrom, A. & Akesson, S., 2017. Flight speed adjustment by three wader species in 
relation to winds and flock size. Animal Behaviour, Volume 134, pp. 209-215. 

Hedenstrom, A. & Alerstam, T., 1995. Optimal Flight Speed of Birds. Philosophical 
Transactions: Biological Sciences, 348(1326), pp. 471-487. 

Hedenstrӧm, A. & Alerstam, T., 1996. Skylark optimal flight speeds for flying nowhere 
and somewhere.. Behavioral Ecology, Volume 7, pp. 121-126. 

Heiri, O., Lotter, A. & Lemcke, G., 2001. Loss on ignition as a method for estimating 
organic and carbonate content in sediments: reproducibility and comparability of 
results. Journal of Paleolimnology, Volume 25, pp. 101-110. 

Hemmera, E. I., 2014a. Roberts Bank Terminal 2 Technical Data Report: Infaunal and 
Epifaunal Invertebrate Communities, Vancouver: Hemmera Envirochem Inc.. 

Hemmera, E. I., 2014b. Roberts Bank Terminal 2 Technical Data Report: Sediment and 
Water Quality Characterisation Studies, Burnaby, BC, Canada: Hemmera 
Envirochem Inc.. 



114 

Hemmera, E. I., 2014c. Roberts Bank Terminal 2 Technical Data Report, Coastal 
Waterbirds, Shorebird Abundance and Foraging Use in the Fraser River Estuary 
during Migration, Vancouver: Hemmera Envirochem Inc.. 

Hemmera, E. I., 2015. Roberts Bank Terminal 2 Technical Data Report, Biofilm annual 
variability, Burnaby, BC, Canada: WorleyParsons. 

Hentze, N., 2012. Characteristics of Over-ocean Flocking by Pacific Dunlins (Calidris 
alpina pacifica) at Boundary Bay, British Columbia, Burnaby, BC, Canada: Simon 
Fraser University. 

Hope, D., 2018. The role of adaptive behaviour in migratory counts of shorebirds (Ph.D. 
thesis), Burnaby, BC, Canada : Simon Fraser University. 

Hope, D., Lank, D., Smith, B. & Ydenberg, R., 2011. Migration of two calidrid sandpiper 
species on the predator landscape: how stopover time and hence migration 
speed vary with geographical proximity to danger. Journal of Avian Biology, 
Volume 42, pp. 522-529. 

Horne van, B., 1983. Density as a Misleading Indicator of Habitat Quality. The Journal of 
Wildlife Management, 47(4), pp. 893-901. 

Houston, A., 1986. The Optimal Flight Velocity for a Bird Exploiting Patches of Food. 
Journal of Theoretical Biology, Volume 119, pp. 345-362. 

Houston, A., 1986. The optimal flight velocity for a bird exploiting patches of for a bird 
exploiting patches of food.. Journal of Theoretical Biology, Volume 119, pp. 345-
362. 

Hummel, D., 1983. Aerodynamic Aspects of Formation Flight in Birds. Journal of 
Theoretical Biology, Volume 104, pp. 321-347. 

Hünerbein von, K., Hamann, H.-J., Rüter, E. & and Wiltschko, W., 2000. A GPS-based 
system for recording the flight path of birds.. Naturwiss, Volume 87, pp. 278-279. 

Hutto, R., 1990. Measuring the availability of resources. Studies in Avian Biology, 
Volume 13, pp. 20-28. 

Jardine, C. et al., 2015. Biofilm Consumption and Variable Diet Composition of Western 
Sandpipers (Calidris mauri) during Migratory Stopover. PLoS ONE. 

Jenkins, A. et al., 2018. Combining radar and direct observation to estimate pelican 
collision risk at a proposed wind farm on the Cape west coast, South Africa. Plos 
One, 13(2), pp. 1-21. 



115 

Jimenez, A. et al., 2015. Intertidal biofilm distribution underpins differential tide-following 
behavior of two sandpiper species (Calidris mauri and Calidris alpina) during 
northward migration. Estuarine, Coastal and Shelf Science, Volume 155, pp. 8-
16. 

Johnson, M., 2007. MEASURING HABITAT QUALITY: A REVIEW. The Condor, Volume 
109, p. 489–504. 

Joint, I., 1978. Microbial Production of an Estuarine Mudflat. Estuarine and Coastal 
Marine Science, Volume 7, pp. 185-195. 

Joint, I. R., 1978. Microbial production of an estuarine mudflat.. Estuar. Coast. Mar. Sci. , 
p. 7:185–195.. 

Kersten, M. & Piersma, T., 1987. HIGH LEVELS OF ENERGY EXPENDITURE IN 
SHOREBIRDS; METABOLIC ADAPTATIONS TO AN ENERGETICALLY 
EXPENSIVE WAY OF LIFE. Ardea, Volume 75, pp. 175-187. 

Kock de, L., Stoddart, D. & Kacher, H., 1969. Notes on Behaviour and Food Supply of 
Lemmings (Lemmus Zemmus, L.) during a Peak Density in Southern Norway, 
1966/67. Zeitschrift für Tierpsychologie, Volume 26, pp. 609-622. 

Kokko, H., 1999. Competition for early arrival in migratory birds. Journal of Animal 
Ecology, Volume 68, pp. 940-950. 

Kshatriya, M. & Blake, R., 1992. Theoretical Model of the Optimum Flock Size of Birds 
Flying in Formation. Journal of Theorectical Biology, Volume 157, pp. 135-174. 

Kuwae, T. et al., 2008. Biofilm grazing in a higher vertebrate: the Western sandpiper, 
Calidris mauri. Ecological Society of America, 89(3), pp. 599-606. 

Kuwae, T. et al., 2012. Variable and complex food web structures revealed by exploring 
missing trophic links between birds and biofilm. Ecology Letter. 

Lack, D. & Varley, G., 1945. Detection of birds by radar. Nature, Volume 156, p. 446. 

Lank, D., Butler, R., Ireland, J. & Ydenberg, R., 2003. Effects of predation danger on 
migration strategies of sandpipers. Oikos, Volume 103, pp. 303-319. 

Lasiewski, R. C. & D., W. R., 1967. A Re-Examination of the Relation between Standard 
Metabolic Rate and Body Weight in Birds. The Condor, 69(1), pp. 13-23. 

Liechti, F., Hedenstrom, A. & Alerstam, T., 1994. Effect of side winds on optimal flight 
speed of birds. Journal of Theoretical Biology, Volume 170, pp. 219-225. 

Longstreet, R. J., 1930. Notes on Speed of Flight of Certain Water Birds. The Auk, 
Volume 47, pp. 428-429. 



116 

Lovette, I. & Holmes, R., 1995. Foraging Behavior of American Redstarts in Breeding 
and Wintering Habitats: Implications for Relative Food Availability. The Condor, 
97(3), pp. 782-791. 

Lyons, J., 2005. Habitat-Specific Foraging of Prothonotary Warblers: Deducing Habitat 
Quality. The Condor, 107(1), pp. 41-49. 

Marey, E. J., 1890. Le vol des oiseaux, Paris: Masson. 

Martin, N., Utterback, P. & Parsons, C., 2021. True metabolizable energy and amino 
acid digestibility in black soldier fly larvae meals, cricket meal, and mealworms 
using a precision-fed rooster assay. Poultry Science. 

Marzluff, J., Millspaugh, J., Hurvitz, P. & Handcock, M., 2004. RELATING RESOURCES 
TO A PROBABILISTIC MEASURE OF SPACE USE: FOREST FRAGMENTS 
AND STELLER’S JAYS. Ecology, 85(5), pp. 1411-1427. 

Masero, J., 2003. Assessing alternative anthropogenic habitats for conserving 
waterbirds: salinas as buffer areas against the impact of natural habitat loss for 
shorebirds. Biodiversity and Conservation, Volume 12, pp. 1157-1173. 

Mathot, K. & Elner, R., 2004. Evidence for sexual partitioning of foraging mode in 
Western Sandpipers (Calidris mauri) during migration. Canadian Journal of 
Zoology, Volume 82, pp. 1035-1042. 

McCann, D. & Bell, P., 2017. Visualising the aspect-dependent radar cross section of 
seabirds over a tidal energy test site using a commercial marine radar system. 
International Journal of Marine Energy, Volume 17, pp. 56-63. 

McLaren, J., Shamoun-Baranes, J., Camphuysen, C. & Bouten, W., 2016. Directed flight 
and optimal airspeeds: homeward-bound gulls react flexibly to wind yet fly slower 
than predicted. Journal of Avian Biology, Volume 47, pp. 476-490. 

McLaughlin, R. & Montgomerie, R., 1985. Flight speeds of parent birds feeding 
nestlings: maximization of foraging efficiency or food delivery rate?. Canadian 
Journal of Zoology, Volume 68, pp. 2269-2274. 

McLaughlin, R. & Montgomerie, R., 1990. Flight speeds of parent birds feeding 
nestlings: maximization of foraging efficiency or food delivery rate?. Canadian 
Journal of Zoology, Volume 68, pp. 2269-2274. 

Melcher, C., Skagen, S. & Randall, L., 2006. Use of NEXRAD to Study Shorebird 
Migration in the Prairie Pothole Region: A Feasibility Study. U.S. Geological 
Survey Biological Resources Discipline, Open-File Report 2006-1033, 8 p.. 

Millikin, R., 2001. Sensor fusion for the localisation of birds in flight (PhD Thesis), 
Kingston, ON, Canada: Royal Military College of Canada. 



117 

Millikin, R. & Buckley, J., 2001. Use of an Adapted Marine Radar for the Short-Range 
Detection and Tracking of Small Birds in Flight. Sidney, NSW, Australia, 
International Geoscience and Remote Sensing Symposium. 

Moen, R., Pastor, J. & Cohen, Y., 1996. Interpreting behaviorfrom activity counters in 
GPS collars on moose.. Alces, Volume 32, pp. 101-108. 

Muijres, F., Henningsson, P., Stuiver, M. & Hedenstrom, A., 2012. Aerodynamic flight 
performance in flap-gliding birds and bats. Journal of Theoretical Biology, 
Volume 306, pp. 120-128. 

Noer, H., 1979. Speeds of migrating waders Charadriidae.. Dansk orn. Foren. Tidsskr., 
Volume 73, pp. 215-224. 

Norberg, R., 1981. Optimal Flight Speed in Birds when Feeding Young. Journal of 
Animal Ecology, 50(2), pp. 473-477. 

Parseval, v. A., 1889. Die Mechanik des Vogelfluges S. , Wiesbaden: Bergmann. 

Parslow, J., 1969. The migration of passerine night migrants across the English Channel 
studied by radar.. Ibis, Volume 111, pp. 48-79. 

Pearson, P., 1950. The Metabolism of Hummingbirds. The Condor, 52(4), pp. 145-152. 

Pedro, P. & Ramos, J., 2009. DIET AND PREY SELECTION OF SHOREBIRDS ON 
SALT PANS IN THE MONDEGO ESTUARY, WESTERN PORTUGAL. Ardeola, 
56(1), pp. 1-11. 

Pennycuick, C., 1968a. A wind-tunnel study of gliding flight in the pigeon Columba livia. 
Journal of Experimental Biology, Volume 49, pp. 509-526. 

Pennycuick, C., 1968b. Power requirements for horizontal flight in the pigeon Columbia 
vivia. Journal of Experimental Biology, Volume 49, pp. 527-555. 

Pennycuick, C., 1968. Power requirements for horizontal flight in the pigeon Columbia 
vivia. Journal of Experimental Biology, Volume 49, pp. 527-555. 

Pennycuick, C., 1969. The mechanics of bird migration. Ibis, Volume 111, pp. 525-556. 

Pennycuick, C., 1978. Fifteen testable predictions about bird flight. Oikos, 30(2), pp. 
165-176. 

Pennycuick, C., 1987. FLIGHT OF AUKS (ALCIDAE) AND OTHER NORTHERN 
SEABIRDS COMPARED WITH SOUTHERN PROCELLARIIFORMES: 
ORNITHODOLITE OBSERVATIONS. Journal of Experimental Biology, Volume 
128, pp. 335-347. 



118 

Pennycuick, C., 1989. Bird flight performance: a practical calculation manual. Oxford: 
Oxford University Press. 

Pennycuick, C., 1997. ACTUAL AND OPTIMUM FLIGHT SPEEDS: FIELD DATA 
REASSESSED. Journal of Experimental Biology, Volume 200, pp. 2355-2361. 

Pennycuick, C., 2008. Moddeling the Flying Bird. s.l.:Academic Press. 

Pennycuick, C., Akesson, S. & Hedenstrom, A., 2013. Air speeds of migrating birds 
observed by ornithodolite and compared with predictions from flight theory. J R 
Soc Interface 10: 20130419. 

Piersma, T., 1987. Production by intertidal benthic animals and limits their predation by 
shorebirds: a heuristic model.. Mar. Ecol. Prog. Ser., pp. 38, pp. 187-196.. 

Piersma, T., 2012. What is habitat quality? Dissecting a research portfolio on 
shorebirds.. In: Robert J. Fuller. (Ed.), Birds and Habitat: Relationships in 
Changing Landscapes. Cambridge University Press, Cambridge, pp. 383-407. 

Pomeroy, A., 2006. Tradeoffs between food abundance and predation danger in spatial 
usage of a stopover site by western sandpipers, Calidris mauri.. Oikos, Volume 
112, pp. 629-637. 

Pomeroy, A. et al., 2008. Feeding–Danger Trade-Offs Underlie Stopover Site Selection 
by Migrants. Avian Conservation and Ecology, 3(1). 

Pomeroy, A., Butler, R. & Ydenberg, R., 2006. Experimental evidence that migrants 
adjust usage at a stopover site to trade off food and danger. Behavioral Ecology, 
Volume 17, pp. 1041-1045. 

Prechtl, 1846. Undersuchungen uber den flug der vogel., Wien: s.n. 

Pyke, G., 1981. Optimal travel speeds of animals.. The American Naturalist, 118(4), pp. 
475--487. 

Pyke, G., 1984. Optimal foraging theory: a critical review.. Annual Review of Ecology 
and Systematics, Volume 15, pp. 523-575. 

Rayner, J., 1979. A new approach to animal flight mechanics. Journal of Experimental 
Biology, Volume 80, pp. 17-54. 

Rempel, R., Rodgers, A. & Abraham, K., 1995. Performance of a GPS animal location 
system under boreal forest canopy.. Journal of Wildlife Management, Volume 61, 
pp. 525-530. 

Reurink, F., Hentze, N., Rourke, J. & Ydenberg, R., 2016. Site-specific flight speeds of 
nonbreeding Pacific dunlins as a measure of the quality of a foraging habitat.. 
Behav. Ecol., Volume 27, p. 803–809. 



119 

Richardson, W. J., 1979. Southeastward shorebird migration over Nova Scotia and New 
Brunswick in autumn; a radar study.. Canadian Journal of Zoology, Volume 57, 
pp. 107-124. 

Robinson, S. & Holmes, R., 1982. Foraging Behavior of Forest Birds: The Relationships 
Among Search Tactics, Diet, and Habitat Structure. Ecological Society of 
America, 63(6), pp. 1918-1931. 

Rosa, S., Encarnacao, A., Granadeiro, J. & Palmeirim, J., 2006. High water roost 
selection by waders: maximizing feeding opportunities or avoiding predation?. 
Ibis, Volume 148, pp. 88-97. 

Sachs, G., 2015. New model of flap-gliding flight. Journal of Theoretical Biology, Volume 
377, pp. 110-116. 

Schmidt-Nielsen, K., 1975. Animal physiology : adaptation and environment. London: 
Cambridge University Press. 

Schneider, D. C. & Harrington, B. A., 1981. Timing of shorebird migration in relation to 
prey depletion.. Auk, pp. 98:801-811.. 

Schneider, D. & Harrington, B., 1981. TIMING OF SHOREBIRD MIGRATION IN 
RELATION TO PREY DEPLETION. The Auk, 98(4), pp. 801-811. 

Schnurr, P. et al., 2019. Seasonal changes in fatty acid composition of estuarine 
intertidal biofilm: Implications for western sandpiper migration. Estuarine, Coastal 
and Shelf Science, Volume 224, pp. 94-107. 

Schumacher, B., 2002. Methods for the determination of total organic carbon (TOC) in 
soils and sediments (PhD Thesis), Las Vegas, NV, United States: United States 
Environmental Protection Agency. 

Schwartz, C. C. & Arthur, S. M., 1999. Radio-tracking large wilderness animals: 
integration of GPS and Argos technology. Ursus, Volume 11, pp. 261-274. 

Schwinghamer, P., 1983. Generating ecological hypotheses from biomass spectra using 
causal analysis: a benthic example. Marine Ecology, Volume 13, pp. 151-166. 

Seaman, D. A., Guglielmo, C. G. & Williams, T. D., 2005. Effects of physiological state, 
mass change and diet on plasma metabolite profiles in the western sandpiper 
Calidris mauri. The Journal of Experimental Biology, Volume 208, pp. 761-769. 

Shephard, P., 2001. Space use, habitat preferences, and time-activ-ity budgets of non-
breeding dunlin (Calidris alpina pacifica) in theFraser River Delta, B.C. (Ph.D. 
Thesis), Burnaby, BC, Canada: Simon Fraser University. 

Stebbins, J. & Fath, E. A., 1906. The use of astronomical telescopes in determining the 
speed of migrating birds.. Science, 24(602), pp. 49-51. 



120 

Tedd, J. & Lack, D., 1958. The detection of bird migration by high power radar.. Royal 
Society, 149(937), pp. 503-510. 

Thiollay, J., 1988. Comparative Foraging Success of Insectivorous Birds in Tropical and 
Temperate Forests: Ecological Implications. Oikos, 53(1), pp. 17-30. 

Thomas, I. & Jardine, C., 2021. Atlas of Breeding Birds of British Columbia. [Online]  
Available at: 
http://www.birdatlas.bc.ca/accounts/speciesaccount.jsp?sp=STJA&lang=en 
[Accessed 27 August 2021]. 

Tobalske, B. W., 2001. Morphology, Velocity, and Intermittent Flight in Birds. American 
Zoology, Volume 41, pp. 177-187. 

Tucker, V., 1969. The Energetics of Bird Flight. Scientific American, 220(5), pp. 70-81. 

Tucker, V. A., 1966. Oxygen Consumption of a Flying Bird. Sience, 154(3745), pp. 150-
151. 

Waite, T. & Ydenberg, R., 1994. Shift to efficiency maximizing in gray jays hoarding in 
winter. Animal behavior, Volume 48, pp. 1466-1468. 

Wait, T. & Ydenberg, R., 1994. Shift to efficiency maximizing in gray jays hoarding in 
winter. Animal behavior, Volume 48, pp. 1466-1468. 

Warnock, N. & Bishop, M., 1998. SPRING STOPOVER ECOLOGY OF MIGRANT 
WESTERN. The Condor, Volume 100, pp. 456-467. 

Weimerskirch, H. et al., 2002. GPS Tracking of foraging Albatrosses. Science, Volume 
295, p. 1259. 

Weiser, C., 1933. Flying with a flock of swans.. Auk, Volume 50, pp. 92-93. 

Welham, C., 1994. Flight speeds of migrating birds: a test of maximum range speed 
predictions from three aerodynamic equations. Behavioral Ecology, 5(1), pp. 1-8. 

Welham, V. & Ydenberg, R., 1993. Efficiency-Maximizing Flight Speeds in Parent Black 
Terns. Ecological Society of America, 74(6), pp. 1893-1901. 

Wetmore, A., 1916. The Speed of Flight of Certain Birds.. Condor, Volume 18, pp. 112-
113. 

Williams, T., Warnock, N., Takekawa, J. & Bishop, M., 2007. Flyway-Scale Variation in 
Plasma Triglyceride Levels as an Index of Refueling Rate in Spring-Migrating 
Western Sandpipers (Calidris mauri). The Auk, 124(3), pp. 886-897. 



121 

Yates, M. et al., 1993. Sediment characteristics, invertebrate densities and shorebird 
densities on the inner banks of the Wash. Journal of Applied Ecology, 30(4), pp. 
599-614. 

Ydenberg, R. et al., 2002. Trade-offs, condition dependence and stopover site selection 
by migrating sandpipers. Journal of Avian Biology, Volume 33, pp. 47-55. 

Ydenberg, R. et al., 2004. Western sandpipers have altered migration tactics as 
peregrine falcon populations have recovered. The Royal Society B Biological 
Sciences, Volume 271, pp. 1263-1269. 

Ydenberg, R. et al., 2010. Winter body mass and over-ocean flocking as components of 
danger management by Pacific dunlins. BMC Ecology, 10(1). 

Ydenberg, R. & Hurd, P., 1998. Simple models of feeding with time and energy 
constraints. Behavioral Ecology, 9(1), pp. 49-53. 

Ydenberg, R. & Welham, C., 1994. Time and energy constraints and the relationships 
between currencies in foraging theory. International Society for Behavioral 
Ecology, 5(1), pp. 28-34. 

Ydenberg, R. et al., 1994. Time and energy constraints and the relationships between 
currencies in foraging theory. International Society for Behavioral Ecology, 5(1), 
pp. 28-34. 

Zhang, S. et al., 2019. Morphological and digestive adjustments buffer performance: 
How staging shorebirds cope with severe food declines. Ecology and Evolution. 

Zwarts, L. et al., 1996a. Causes of variation in prey profitability and its consequences for 
the intake rate of Oystercatchers Haematopus ostralegus.. In: Waders and their 
estuarine food supplies. Van Zee Land, The Netherlands., Volume 60, pp. 173-
210. 

Zwarts, L. & Wanink, J., 1993. How the food supply harvestable by waders in the 
wadden sea depends on the variation in energy density, body weight, biomass, 
burying depth and behaviour of tidal-flat invertebrates. Netherlands Journal of 
Sea Research, 31(4), pp. 441-476. 

 
 



122 

Appendix A. 
 
Flight symbols for each study species 

 

Dunlin (Calidris alpina pacifica) 

Symbol Definition Value 

m Body mass 0.05460 

b Wingspan 0.33400 

Sw Wing area 0.01440 

p Air density 1.27000 

g Acceleration due to gravity 9.81000 

CDb Body drag coefficient 0.10000 

Sb Body frontal area 0.00117 

A Equivalent flat-plate area 0.00012 

Ra Aspect ratio 7.74694 

Sd Disc area 0.08762 

k Induced power factor 1.20000 

C1 Profile power constant 8.40000 

X1 Profile power ratio 1.08430 

Vmp Minimum power speed 9.10000 

Ppro Profile power 0.24516 

h Conversion efficiency 0.23000 

R Respiration factor 1.10000 

Pbmr Basal metabolic rate 1.06700 

Pmet  Metabolic power 0.24541 
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Western sandpiper (Calidris mauri) 

Symbol Definition Value 

m Body mass 0.02470 

b Wingspan 0.28800 

Sw Wing area 0.01028 

p Air density 1.27000 

g Acceleration due to gravity 9.81000 

CDb Body drag coefficient 0.10000 

Sb Body frontal area 0.00069 

A Equivalent flat-plate area 0.00007 

Ra Aspect ratio 8.06848 

Sd Disc area 0.06514 

k Induced power factor 1.20000 

C1 Profile power constant 8.40000 

X1 Profile power ratio 1.04109 

Vmp minimum power speed 7.50000 

Ppro Profile power 0.02571 

h Conversion efficiency 0.23000 

R Respiration factor 1.10000 

Pbmr Basal metabolic rate 0.24612 

Pmet  Metabolic power 0.05661 
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Steller’s jay (Cyanocitta stelleri) 

Symbol Definition BBGM GMOR GOMP GYYM POWM PWPM 

m Body mass 0.130 0.140 0.127 0.122 0.132 0.124 

b Wingspan 0.432 0.488 0.490 0.450 0.468 0.488 

Sw Wing area 0.046 0.058 0.054 0.046 0.050 0.052 

p Air density 1.225 1.225 1.225 1.225 1.225 1.225 

g Acceleration due to gravity 9.810 9.810 9.810 9.810 9.810 9.810 

CDb Body drag coefficient 0.100 0.100 0.100 0.100 0.100 0.100 

Sb Body frontal area 0.002 0.002 0.002 0.002 0.002 0.002 

A Equivalent flat-plate area 0.00021 0.00022 0.00021 0.00020 0.00021 0.00020 

Ra Aspect ratio 4.081 4.138 4.410 4.417 4.423 4.540 

Sd Disc area 0.147 0.187 0.189 0.159 0.172 0.187 

k Induced power factor 1.200 1.200 1.200 1.200 1.200 1.200 

C1 Profile power constant 8.400 8.400 8.400 8.400 8.400 8.400 

X1 Profile power ratio 2.058 2.030 1.905 1.902 1.899 1.850 

Vmp Minimum power speed 10.9 10.5 10.2 10.5 10.5 10.1 

Ppro Profile power 1.370 1.271 1.009 1.069 1.148 0.948 

h Conversion efficiency 0.230 0.230 0.230 0.230 0.230 0.230 

R Respiration factor 1.100 1.100 1.100 1.100 1.100 1.100 

Pbmr Basal metabolic rate 1.379 1.458 1.355 1.314 1.395 1.330 

Pmet  Metabolic power 0.317 0.335 0.312 0.302 0.321 0.306 
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Appendix B. 
 
Summary table from each study species 

 

Dunlin (Calidris alpina pacifica) 

Boundary Bay December January February March 

  (n=3) (n=16) (n=3) (n=13) 

  Mean SE Mean SE Mean SE Mean SE 

Ground speed (m/s) 7.69 0.46 7.96 0.34 14.42 1.53 11.26 0.67 

Airspeed (m/s) 7.95 0.12 7.51 0.35 11.50 1.06 11.74 0.87 

Zero-wind speed (m/s) 7.75 0.37 7.85 0.34 13.72 1.41 11.38 0.70 

P (J/s) 2.29 0.01 3.06 0.02 3.10 0.07 3.29 0.10 

P (Wind) (J/s) 3.47 0.02 3.49 0.02 3.87 0.19 3.64 0.05 

P (Wind+Distance) (J/s) 3.89 0.01 3.88 0.05 5.11 0.48 5.10 0.25 

NIR (J/s) -3.84 0.04 -4.03 0.13 -2.51 0.41 -2.46 0.43 

NIR (Wind) (J/s) -2.75 0.14 -2.72 0.12 -0.32 0.64 -1.39 0.30 

NIR (Wind+Distance) (J/s) -2.47 0.30 -2.51 0.18 -0.17 0.80 0.08 0.69 

P = Chemical power expenditure, NIR = Predicted net energy intake rate      
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Appendix C. 
 
Feeder design 

 

 
Top platform     Lower platform 

  
 
 

 
Rotation mechanism  
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Appendix D. 
 
Affect from flock size on optimal flight speed 

It is well known in the flight mechanical theory that flight in a flock is generally less costly than 

singular flight as birds flying in a flock have an aerodynamic advantage from the lift 

generated by wingtip vortices from other birds in the flock (Hummel, 1983). The lift 

generated by the surrounding birds reduces the induced power, which becomes a function 

of wingtip spacing (i.e., distance between the wingtips of the birds in the flock) and flock 

size (i.e., number of birds in the flock) (Kshatriya & Blake, 1992). When the wingtip spacing 

is unknown, a good approximation for the induced power of a single bird in a flock is the 

induced power divided by the flock size n (Kshatriya & Blake, 1992; Hedenstrom & 

Alerstam, 1995). See figure 3 in Kshatriya & Blake (1992) to see how different wingtip 

spacing effects the induced drag from birds in flock formation compared to a single bird.  

  
Figure D.1.  Airspeed and model-predicted power expenditure with flock size. 
Note: Chemical power expenditure was calculated following Eq. (2.3) with the induced power 
calculated following Eq. (2.17).   
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Using the model calculations as described in Chapter 2 to predict the effect of flock size 

(i.e., induced power divided by number of birds), using the flight parameters shown in 

Appendix I of Chapter 4, shows that there is little to no effect on flight power expenditure 

at flight speeds well above maximum range speed of a single bird. However the effect 

becomes increasingly noticeable at slower speeds. The effect is most noticeable in flocks 

of 1 – 10 birds, and there is essentially no effect in flocks larger than twenty-five birds (Fig. 

D.1.).   

In the prediction shown in Figure D.1 I used a fixed flight distance of 500 meters and 

included the cost of take-off as described by Houston (1986). The maximum range speed 

(Vmr) is slower for the case of ten or more birds than for the single bird situation. For a 

single bird Vmr is 11.5 ms-1 while Vmr for a flock of ten or more birds is at 10 ms-1. At a fixed 

flight distance of 500 meters this translates to flight times of 43.5 seconds and 50 seconds, 

respectively (Fig. D.2).   

 
Figure D.2.  Model-predicted flight cost and flight time with increasing flock size. 
Note: Flight cost and flight time are both a function of airspeed and flight distance. Flight cost was 
calculated following Eq. (2.9) and flight time was calculated by dividing flight distance by airspeed. 
This graph is illustrating the flight cost and flight time of a 500m trip between feeding patches, a 
short flight time corresponds with a fast flight speed and a long travel time corresponds with a slow 
flight speed. The x-axis is the reverse of that shown in Fig. 1.1.  
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When I take the derivative of flight cost with respect to flight time for a single bird, with 

flight speed set at maximum range speed and flight distance set at 500 meters (using Eq. 

2.23), the model-predicted net energy intake rate is nearly zero J/s, shown by the flat 

tangent line (Fig. D.3). When I take the same flight speed and flight distance for a flock of 

10 birds (i.e., induced drag divided by 10), the model-predicted net energy intake rate 

becomes 0.32 J/s, shown by the sloped tangent line (Fig. D.3). This means if the 

theoretical predictions about the effect of flock size are true, we may under predict the net 

energy intake rate (using the model described in Chapter 2) when birds fly in a flock, and 

we don’t account for the effect of flock size. The cost savings of flying in flock formation is 

most noticeable at speeds close to the maximum range speed (which would be an extreme 

case for birds maximizing net energy intake rate) and becomes less noticeable as flight 

speed increases (Fig. D.2 & D.3.).  

  
Figure D.3.  Model-predicted net energy intake rate illustrated with black tangent 

lines, at a flight speed of 11.5 ms-1 for single and 10 birds. 

In a foraging context where maximizing net energy intake rate is of interest, I expect that 

it should pay off to fly faster when flock size increases and hence energy requirements 

decrease to win time for foraging and increase the net energy intake rate. If we apply the 

theoretical predictions (i.e., induced drag divided by number of birds in the flock) to a 
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foraging context where rate maximalization is of interest, then we see those birds flying in 

a flock can indeed fly faster while keeping power expenditure constant. When I use a flock 

of ten birds with a power expenditure of 1.33 Js-1, which is the same power expenditure 

as a single bird flying at maximum range speed, then we see that birds in a flock of ten or 

more birds can fly at a speed of 12.65 ms-1 while a single bird can only fly at a speed of 

11.50 ms-1. This difference is even greater at lower speeds (Fig. D.4).  

 

 
Figure D.4.  Model-predicted effect of flock size on flight speed when power 

expenditure is equal. 

While theory predicts that flight speed should decrease with increasing flock size 

(Kshatriya & Blake, 1992), empirical data show an increase in flight speed (Noer, 1979; 

Hedenstrom & Akesson, 2016). My own data also show a positive effect of flock size. I 

estimated foraging flight speed and flock size for wintering dunlins in winter 2017-2018 

and migrating western sandpipers in summer 2019-2020 (see Chapter 3 & 4). The flock 

size was determined while the co-observations were made along a transect of 2m posts 

placed at intervals of 50 or 100 meters across each site. I estimated flock sizes by counting 

the number of birds while they were on the ground, and then see what the flock looks like 
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in flight. I counted flocks with less than ten birds, and estimated larger flocks as 10, 25, 

50, 100, 200, 500…. birds.  

I recorded a total of 139 dunlin flights and a total of 290 western sandpiper flights. Since 

the effect from flock size has a non-linear relation with airspeed I log-transformed flock 

size to linearize it for analysis of its effects on airspeed. A linear regression analysis shows 

that flock size has a significant effect on airspeed for both dunlins (B = 0.716, t (137) = 

3.539, p < 0.001) and western sandpipers (B = 0.691, t (288) = 4.222, p < 0.001), matching 

my predictions (Fig. D.5).  

 

 
Figure D.5.  Flock size effect on airspeed for both shorebird species. 

A linear mixed effect model including the effect from wind and flight distance (i.e., Airspeed 

~ Speed increment + log (Flight distance) + log (Flock size) + (1|Site)) however shows that 

the effect from flock size becomes non-significant for western sandpipers (B = 0.218, t 

(286) = 1.950, p = 0.056), while remaining significant for dunlins (B = 0.503, t (135) = 

3.379, p < 0.001). Since the effect from flock size is theoretically greatest up till 

approximately ten birds, I limited the flock size to twenty birds. In this case the flock size 

effect is significant for both dunlins (B = 0.784, t (48) = 2.083, p = 0.042) and western 

sandpipers (B = 0.552, t (198) = 3.203, p = 0.002).  
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To test the prediction that birds increase their flight speed when flock size increases to 

keep their power expenditure at a constant, as suggested by Hedenstrom & Akesson 

(2017), I tested the effect of flock size on flight power expenditure using a linear mixed 

effect model including the effects of wind and flight distance (i.e., Power expenditure ~ 

Speed increment + log (Flight distance) + log (Flock size) + (1|Site)) and I limited the flock 

size to twenty birds. In contrast to airspeed both dunlins (B = 0.247, t (48) = 1.648, p = 

0.105) and western sandpipers (B = 0.023, t (198) = 1.076, p = 0.283) showed no 

significant effect of flock size on flight power expenditure (Fig. D.6).    

 

 
Figure D.6.  Flock size effect on power expenditure for both shorebird species. 

My data shows that airspeed increases with flock size, and this effect is greatest at small 

flocks up till approximately ten birds. Although this doesn’t match with the initial theoretical 

predictions (Kshatriya & Blake, 1992; Hedenstrom & Alerstam, 1995), it does match with 

other empirical data (Noer, 1979; Hedenstrom & Akesson, 2016). This also matches my 

predictions for a foraging bird choosing to maximize their net energy intake rate, where I 

expect it should pay off to fly faster when energy cost is less to win time for foraging. When 

we look at the initial prediction for the rate maximizing flight speed (Fig. 1.1) the cost curve 

lowers when flock size increases, which yields a steeper tangent line and a faster flight 

speed. My data also seem to support the prediction that birds increase their flight speed 

with increasing flock size to keep their power expenditure at a constant. I therefore believe 

that the theoretical predictions in regard to the cost savings due to flight in a flock 
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(Kshatriya & Blake, 1992) as well as the prediction that flight speed increases with flock 

size to keep the power expenditure at a constant (Hedenstrom & Akesson, 2017) are 

supported.   

 
 
 


